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ABSTRACT OF THE DISSERTATION

Electrochemical Synthesis of One-Dimensional Nanostructures for
Sensor and Spintronic Applications

by

Carlos Maldonado Hangarter

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, December 2009
Dr. Nosang V. Myung, Chairperson

One-dimensional (1-D) nanostructures, such as nanowires and nanotubes, are
attractive building blocks for electronics because of theillssi=es, which provide for
extremely high density devices, and their unique properties etimerge from their
diminutive sizes and increased surface to volume ratios. In addigaretremely high
aspect ratios offer researchers the potential to build stripedamdal structures with
different components aligned along the cylindrical or radiad akthe wire, respectively.
Composition modulation can be used to incorporate multiple functionalities fronsiatri
properties of the material or through interfacial phenomena. Howesgatial
manipulation and the ability to assemble and position nanostructureonti@lled
manner so they are registered to lithographically defined cisntaa critical step toward

scalable integration in high-density nanodevices. In this dissertat generalized
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template directed approach with ancillary assembly, contact, andaispent techniques
were utilized to synthesize and characterize individual nanostescfuom uniquely

configured conducting polymer, magnetic, and semiconductor nancaster sensor

and spintronic applications.

Conducting polymers are particularly appealing because they exthiable
transport characteristics along with electronic, magnetic andabpiroperties of metals
or semiconductors while retaining the attractive mechanical grepeand processing
advantages of polymers. In the first part of this work single conmpoo@nducting
polymer nanowires were electropolymerized, dielectrophoreticalgembled, and
contacted via maskless electrodeposition. Maskless electrodepaogis developed to
selectively electrodeposit material on prefabricated miecbelide, embedding the
nanowire ends. Two different conducting polymers were investigategyoale (PPy)
and polyethylendioxythiophene (PEDOT). Individual PPy nanowire devices
demonstrated enhanced sensitivity to ammonia vapors, and PEDOT nadewtes
exhibited strong responses to volatile organic compounds. The gasmgeeigormances
of these single nanowire devices were tuned by dopant type and syrdbeditions.
Alternatively, single PEDOT nanowire devices were also coniplete@ated in
ferromagnetic material by implementing non-selective tedeeposition. The
magnetoresistance (MR) of these devices displayed anomalousidoglthastically
deviating from typical anisotropic magnetoresistance responseklitionally, multi-
segmented noble/oxidizable nanowires were electrodeposited and sliligeg@vanic

displacement to create nanopeapod devices with Au peas and Te pods.
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Chapter 1. Introduction

1.1 Introduction

One dimensional (1D) nanostructures, such as nanowires and nanotubes, are
critically important building blocks of nanotechnology for two reasdfisst, their high
aspect ratios and quasi-1D features are appealing for intggnathigh-density devices,
giving rise to electronic devices that are lighter, more compac portable. Second,
nanostructures begin to exhibit unique properties that diverge frenbulk due to
guantum confinement effects, which translates to tunable behavicorsol of shape
and diametet.? These features are crucial for enhancing and realiziplicapions such
as nanoelectronics, spintronics, optoelectronics, sensors, and thermoelectés.devic

Furthermore, nanowires/tubes can be further complexed with amdlradial
interfaces, for segmented, multilayered and core/shell structur€bese intricate
constructs can display novel properties due to interfacial and geéorleéiracteristics.
Their synergistic attributes usually arise due to marketerdiices in nanomaterial
properties such as electron spin, work function, or carrier type. eGoestly,
heterostructures such as ferromagnetic/nonmagnetic, metaldselmator, and p-/n-type
semiconductors have roused interest in the materials and nanosc@Eng®inities®
Hybrid organic/inorganic nanostructures have attracted interestirfatar reasons in
addition to their added benefits of processability and robust mechanical properties.

However, to fully exploit these higher level configurations, nanonasemust be

engineered for specific properties and interfacial chaiattsrthat give rise to enhanced



functionalities for communications, data storage, logic operationsjngg and energy
conversion. This ardent task requires a fundamental understanding s¥ritiesis
approach on the structure-property relationship as well asasideshape dependent
effects. Yet the true values of these physical propertiesnatrealways accurately
measured at this level, as many can only be assessed bygatem of individual
nanostructure$. Additionally, the commercialization of nanowire-based devices has
been severely stunted by stunted by controllable integrationyding alignment and
contact, into existing technologies. Rational assembly andietdaontact are therefore
not only crucial to nanomanufacturing, but are also necessaiptéaogate true
properties of single nanowires. This is especially applicableanowire/tube sensors
and magnetic materials, as unpredictable nanowire-nanowire araina-electrode
contacts can diminish signals and magnetic interactions with neiggbmanostructures
can obscure transport measurements, respectively.

Single nanowire/tube device fabrication is thus essential tasuneg and
nanoengineering the unique properties of 1D elements and is reviewexldantext of
this chapter for conducting polymer nanosensors, hybrid polymer/fagroetic core

shell nanowires, and metal/semiconductor nanopeapods.

1.2 Conducting Polymer s Nanosensor s

Conducting polymers (CPs) are unique materials because theyt etbdbronic,
magnetic and optical properties of metals and semiconductore wtidining the

attractive mechanical properties and processing advantageswfepsi These features,



along with chemical sensitivity and tunable charge transport giegpehave launched
conducting polymers as a major class of chemical transdumeatjng powerful thin
films sensors for over two decades. Additionally, their chdnaicd physical properties
(optical and electrochemical) are conducive to several sensdalities. Traditionally,
various sensor modes provided a tradeoff among sensor performanceetpesa
sensitivity and selectivity vs. response time and portability, however nancsansarow
facilitating overall device enhancement. Among the conducting polyemsirgy modes
poised to exploit nanoscale enhancements, chemiresistive platficampseraaps the most
rigorously studied because of their ease of fabrication and déaglesimprovement in
sensitivity and response time? These features are a consequence of dramatic decrease
in characteristic length and increase in the ratio of suttagelume atoms, allowing for
rapid diffusion into the bulk and for a more significant fraction ofatoens to participate
in surface processes such as chemical/biological binding interstt * Additionally,
the Debye length, which is a measure of electric field pathat into the bulk of the
material, is comparable to the diameter of the nanowire perghitharged adsorbates to
impose a stronger influence on charge carrier transport. @mendional geometries
also enhance response times by virtue of their two-dimensional tngawsfer profilé?
Furthermore, nanowires are heralded for device miniaturization sendor arrays,
enabling duplicate elements to reduce false positives/negativesattechprecognition
systems termed electronic noses/tongues where each sensoraimathdias a unique
response to every analytes creating a fingerprint type resplosisancreases sensitivity

and selectivity. Finally, conductometric sensors are alsoctafor their proven



commercial viability, as this approach uses a single matbabbhving as both the
sensitive layer and transducer to directly covert chemicatnmdtion into an electronic

signal without the need for labels, allowing for real-time and continuous monitoring
1.2.2 Physical and Chemical Properties

Conducting polymers are repeat sequences of monomer units thatncontai
conjugated backbones. The?dpybridized structure gives rise to their conductivity,
however, pristine CPs are insulating or semiconducting at besteguuler the addition
of dopants, typically anions, to achieve high conductivity.  Oxidative caadi
polymerization induces positive charge in the polymer backbone, and hestERs are
p-type semiconductors, that facilitate charge transport usbgllgolaron or bipolaron
carriers. The chemical structures of the most commonly st@fedare shown in Table
1 along with their conductivity ranges. Conducting polymers aredlypiamorphous or
disordered materials composed of one-dimensional chains with both gpakslty and
conformation. The disorder of CPs is highly dependent on the syntloete and
conditions and has been correlated to charge transport models. Although chargettranspor
behavior is dominated by hopping or tunneling between chains, both internteand
chain transport contribute to the overall conductivity. Chemitasinterfere with any
of these transport processes can be conductometrically detected.

The addition of functional groups has also played several roles in the development
of CPs. Thiophene, for example, has improved stability and decreaseation
potentials by the addition of an alkylenedioxy substituent to the 34apdsitions,

preventing cross linking or oxidation that can occur at these positioAdditionally,



side-chain functional groups, as in poly-3alkylthiophenes (P3ATs), haveubiéeed to
induce longer conjugation lengths by inhibiting 2-4 linkages via steric tandes.
However the asymmetry introduced in the monomers can yield differenteggiarities,
head-to-tail vs. head-to-head and tail-to-tail linkages, whitdctathe planarity of the
polymer, disrupting the-conjugation and hence reducing the conductivity. Nevertheless
highly regioregular P3ATs can produce more efficient chain padkingonductivities
several orders of magnitude greater than their parent struct@ide chains and
functional groups have also been recently involved in efforts tort&P affinity for
different volatile organic compounds (VOC8)* While many of these derivative CPs
have yet to be applied to nanosensors, their role in future directionsoarunatorial

efforts with nanostructured CPs will be important.
1.2.3 Conducting Polymer Gas Sensor Background

Gas sensors have become ubiquitous components in our lives, actively involved in

the operation of the vehicles we drive, continuously monitoring airtgualiour homes
and place of employment, and enabling industrial process contrdiemisompliance.
Recent advances have also spurred interest for medical diggagsisulture/food
processing applications, and efforts in long term environmental sasalyExpansion
within existing fields and breadth of impact on emerging fietdiigely contingent on
anticipated improvements in portability, reliability, performance, affdrdability of

nanosensors. Although these improvements will rely on severahdiegies, CP
nanosensors are among the most promising materials due to thepdndiation by

analytes and tunable selectivities/sensistivities.



The first demonstrations of conducting polymer gas sensors typaraployed
thick/thin films of PPy, PANI, PT, and their derivatives. Thesglyeexperiments
provided substantial insight on the utility of these sensing ralteand the dominant
mechanisms governing their performance. In general polar maddewdese found to
dope/dedope (oxidize/reduce) CPs resulting in a decrease/increasesiance. VOC’s
absorb into the polymer causing conformational changes, either swalilalmnment of
the chains. Swelling increases the average hopping distanaeebe chains and
therefore increases the resistance, while chain alignmergases the crystallinity,
decreasing the resistanc®.® These interactions are reversible except in the case of
chain alignment, in which a permanent conformational change is induacede
structure®

Unlike traditional inorganic sensory materials, conducting polymehnghiexan
innate porosity and rich collection of morphologies that are notloghty dependent on
the monomer and synthesis route but were also shown to significdfett their
sensitivity and response timeY: *® In many ways the first conducting polymer
nanosensors were variants of these highly porous thin films or namesnesntaining
ligands of controlled nanoscale diameters. These nanofiber baseorssevere
polymerized both chemically and electrochemically with uniqueufeat to each
approach’®#While chemically synthesized PANI nanomeshes exemplified thetaite
of nanostructured conducting polymer, these particular devices w@ngect to
manufacturing and integration limitations, particularly in teomhadhesion and electrical

contact. This is a continuing challenge with drop cast matesiatsificing robust design



for facile synthesis, which has favored electropolymerizatioresmascent studies with
thin films.

Although the practice of electropolymerizing nanostructuredvzsfirst studied
by Martins group via template directed methods, Ramanathan eewd. the first to
report functional CP nanowires using an in situ procedure to expmisite specific
nature of electrodepositidn. Shortly after, Tseng’s group developed conducting
polymer nanoframework junctions (CPNEJ) by electrochemical d¢rowft PANI
nanofiber networks from one microelectrode to the other. PANWEIB displayed
marked similarity with the sensing results from Kaner's afenetioned chemical route,
but are more universal in that CPNEJs have been applied to liquic seasing and
were synthesized from other polymers such as PPy and PEDOT.

Most recently, a variation of this approach was applied toward the syntiiesi
nanoparticle decorated PANI nanofiber networks. The Au nandpartic
electrodeposited by cyclic voltammetry, improved the sensitbatyd,S by over four
orders of magnitude with a remarkable lower detection limit of 10Gapgtimpressive
dynamic range (Figure 35. These results are an elegant demonstration of deterministic
CP hybridization for tailored sensing properties. This tunadnsisg behavior is a key
feature of nanostructured CPs that would benefit from combinasmiedmes to probe
the effects of dopant level, dopant type and hybrid CP nanostructures.

Despite the improved sensitivity and ease of fabrication for rantmofiber
networks, they forfeit true two-dimensional diffusion profiles thategrise to

unprecedented temporal and spatial resolution, a specific objectittee ipursuit of



miniaturization. The first study of individually addressable condgctpolymer
nanowire gas sensors was performed by Liu and cowotkefBhe results provided
definitive proof of diameter dependent response times, accuratetyibsées by a
diffusion equation for a cylinder, with a well defined dynamiogexand reproducibility.
The unique feature of this approach was the use of four point contacts, impartiragthe m
precise electrical measurements by drastic reduction, ifefiotination, of contact
resistance, to establish key phenomenological aspects of singbhcting polymer
nanowires gas sensors. Unfortunately, the shortcoming was lack oractamaibility,
utilizing a rotating substrate, with no indication of rational adsg, while depositing
electrospun nanowires.

The substantiated utility of one-dimensional conducting polymer nantsg&sc
still faces many scaling and manufacturing hurdles, but reffentsehave recognized the
dilemma of randomly assembled nanosenors, unpredictable nanowiredsdecnd
nanowire-nanowire contact, and have made strides to this end. Mdslynassembly
and integration schemes for template directed electrodeposited ctiogdpolymer
nanowires have been pursued by several researchers. This synthesisi¢éeabmsists of
a nanoporous template, usually polycarbonate or anodized alumina, to formireanow
within, followed by template removal to release the nanowireslutien as shown in
Figure 1. The template provides fine control over the diameigredectrodeposition
time/charge regulates the length. This process has been udadbrittate single
component conducting polymer nanowires and multisegmented nanowiregewstties

of 10'* cmi?, wherein functionality is integrated into each segment.



Naturally, one the first demonstrations of gas sensing bydiaidual template
directed CP nanowire consisted of a drop cast PPy nanowirengitigo prefabricated
microelectrode&® This free-standing nanostructure very likely suffered frostabilities
in contact with the electrode that created high noise with arldetection limit for NH
of only 40 ppm. In an alternate scheme Ni and Au segments in@gorated for
magnetic assembly and electrical contact, respectiVeBithough the approach showed
promise the device performed poorly against the only analyediesH;, probably due
to polymer reduction during electrodeposition of Ni on PPy.

In this respect, Mallouk’s group developed an approach to fabricatePAAMIC
segmented nanowires that preserved the electrical behavior pblimeer by preceding
electrodeposition of Au onto the CP with an electroless seed.?aydndividual
Au/PEDOT/Au nanowires were AC dielectrophoretically assemlitegrefabricated
microelectrodes with a serial capacitor to self-termiaatembly after bridging a single
nanowire. These single wire sensors were exposed to sevefas,\displaying low
sample to sample variation and excellent reproduciBlitfthe same process was later
implemented to distinguish dopant-dependent transport properties amthteothem
with their corresponding sensing properfiés.Low temperature four point contact
measurements provided a neat fit of the nanowire transport behavior to existing.model

A host of novel fabrication schemes have also shown promise in t@rms
manufacturability and/or application towards gas sensing. Brikéige include block
copolymer lithography, dip pen nanolithography (DPN), and nanoimprint lithogfaph

334 The block copolymer litho was used to produce the highest density afr



PEDOT/PSS nanowires to date with a width and pitch of 15 and 30nm, treslyec
These wires produced somewhat conflicting sensing results vaingmaced to analogous
thin films; sensitivities at low concentrations of ethanol weearly identical while
nanowire arrays demonstrated improvement at higher concentratiddisce CP
sensitivity to gaseous analytes is a bulk property these regerésrationalized in terms

of a surface conformation/composition change due to the copolymenizatbcess and
kinetic limitations of thicker films. DPN has achieved analtgy nanostructure
resolution with several CP3,% but few papers report application towards gas sensing.
Two different approaches have been investigated for nanoimprint kiblogiof CPs, an
embossing technique and a lift-off process. Embossing fluidiRs By thermal or
solvent treatment, to physically transfer features from ammaid onto the CP thin film.
Although this embossing procedure was not applied to gas senss¢echnique was
used to tune the chain alignment of PPy nanowires by width of thewna arrays,
providing a combinatorial approach to conformation driven sensor perioema
Alternatively, Fuchs group has developed adhesion promoters, sudat@dnts and a
copolymer strategy, to improve lift-off lithography resolution/corifylity with CPs? 3"
32 The devices displayed a general increase in sensitivityHowith decrease wire
width, which was not fully addressed but may be attributed to ifilmmogeneities or
confinement effects induced from the substrate anisotropy duringnicdle

polymerizatior®” *® Although these are a few select reports, further chasgsport

measurements in general are needed to correlate size depénfiemh P nanosensor
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performance to structural changes (e.g. disorder). This avenueseérch could
differentiate effects of synthesis route and aid in the design of future seum@sde

A number of approaches now exist for the fabrication of conductingmeol
nanosensors. While each has demonstrated its own subtle advartatjsaalvantages,
what differentiates these techniques is their potential to genleegerogeneous arrays of
individually addressable nanosensors. This is a critical featur&-hose devices or
advanced gas sensors with multi-analytes recognition. This dahstaa only be met
with in-situ electropolymerization techniques and assembled namowavices.
Recently, a system of sequential nanochannel electrodepositidna pattern transfer
technique were utilized to create an array of PPy, PT and PER@®dwires® While
this approach requires a series of steps, which appears time cogsamdi not likely
competitive on a cost-benefit analysis, it is an importantiesttowards high density
heterogeneous CP nanowire arrays. The key to their procesmtegration of several
nanoscale fabrication techniques. Future directions for heterogeneays waill also
likely include post synthesis modification, favoring electrochaimioutes for their site
specificity, to alter individual element8.

Through these preliminary studies on CP nanowire based chemiresistRET
based sensors, the utility of one-dimensional CP nanostructures hasdbegiished.
The significance of fabrication route and electrical integrati@me discussed with a
variety of in-situ and ex-situ techniques. The nanoscale enhancememporal and
spatial resolution was illustrated with single nanowire devicedthough CP gas

sensitivity is generally understood as a bulk property, seveaat@es connote synthesis

11



route dependent surface/interface inhomogeneities or confineffests¢hat give rise to
greater sensitivities with decreasing size. Additionareffshould emphasize structural
characterization by charge transport models or spectroscopictaldtetter understand
features of CP nanosensors that give rise enhanced sensitiviiegire efforts to
augment the role of these nanosensor materials should focus on novehtitair
schemes and post-synthesis routes to fully utilize the catalofgaeailable monomers

and dopants for the production of high density, heterogeneous CP arrays.

1.3 Ferromagnetic Nanotubes

Since the discovery of giant magnetoresistance (GMR) in 1988, magnayersil
have formed the basis of spintronics, enabling simultaneous manipulatielectifon
charge and spin. This interface dependent technology is highlyblecaad was
responsible for the hard drive density explosion in the late 1490%he spin valve, a
sandwich structure with a magnetically pinned and free |agmarated by a nanometers
thin nonmagnetic layer, is the canonical structure for theseces that have become
ubiquitous components of the information &9eToday, spintronics are considered a
viable platform for computer logic or solid state memory dudéstmon-volatility, low
power requirements, fast read/write times, and improved scajabilih spin torque
transfer** Additionally, unique magnetic nanostructures have also led to the digadve
the spin torque diode effect, furthering the utility of spintronigsiriclude radio
frequency communications devices, with recent demonstration obaped microwave

detectors and emittef$.
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Extending spin-dependent transport into novel ferromagnetic nanosésichoth
in terms of materials and geometric configuration, is an impogaal for continued
maturation of this field. Although most attention is given to nmayél and spin valve
structures, shape factors may also provide a promising route riputede magneto-
transport properties due to domain wall behavior and magnetization metess In
particular, high surface area nanotube structures may enabldl ahigkness spin
dependent transport. More complex geometric shape and size aresgesuch as
core/shell hybrid ferromagnetic nanostructures, are also oégttdue to magnetic shape
anisotropy and interfacial properties that may induce technolbgicagnificant
aberrations in their magneto-transport characteristics.

Unfortunately, the difficulty of synthesizing ferromagnetic nabes has limited
characterization to arrays, usually embedded in an alumina tentplat to extensive
oxidation that occurs during template removal, prohibiting electaoatact, and their
relative fragility’’ As a consequence, most groups are limited to optical and ritagnet
property measurements without the means to measure and report avtagmsgort

properties.

1.4 Nanopeapods

One of the key directives of nanoscale research is the developmatvarfced
electronic, optoelectronic, and magnetic functionalities through matiqual of size,
shape, interfacial and proximity effects. Of these routes, naleoseterfaces and

proximity can be pursued by two different approaches, assembly ofidinali
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nanowires/tubes and the development of hierarchical nanoconstructs, inteigrate
material interfaces or separate components into the desigis @hysical structure.
Traditional nanowire heterostructures, such as axial supperlatincesadial core/shell
structures, utilize continuous interfaces, either perpendicularratigdao its transport
direction, to consistently impose some magnetic, electrical ocabproperty" ** “®
However, discontinuous interface systems, such as nanopatrticles telémdedded
nanowires/tubes, have recently attracted attention for enhancemémrofoelectric,
sensing, and optoelectronic characteristics. These features @vasequence of the
difference in physical properties of the materials atherfaces and confinement effects
of the nanoparticles, which have the ability to cause biased suatiar phonons,
modulate charge carrier mobility/concentration due to interfaadesing, and surface
plasmon enhanced photocurréht?

Although most demonstrations to date have explored indiscriminatdulisins
of decorated/embedded nanopatrticles, rational control of nanopaitieleaspect ratio,
and placement can provide significant advantages over random syptatiilarly for
nanoparticle embedded nanotubes or nanopeapods. These features indige pre
control over opto/electronic properties and higher level functions suchaamqun
waveguides via nanoparticle chaffisNanopeapods also stand to gain significantly from
synthesis schemes that allow more diverse palettes of nmterise explored and more
interesting material combinations. However to date, nanopeapod syrdappsisches
are confined to a small set of materials for both the pea (nodtial) and the pod (metal

oxide) due to high temperature synthesis technigfies.
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1.5 Resear ch Objectives

Based on the aforementioned discussion, the overall objective of thisnaerto
synthesize unique one-dimensional nanostructures based on templatgeddir
electrodeposition and develop fabrication techniques to integrate a@cterize

individual nanostructures. The specific goals of this work were four fold.

1. Develop a simple and scalable method to create solid mechanictd goid
electrical contact for conducting polymer nanowires to elecérdue selective
maskless metal electrodeposition on electrodes.

2. Develop fabrication techniques for individual conducting polymer nanogése
sensors. Characterize the electronic and sensing performaniesef sensors
based on monomer, dopant, and solvent.

3. Establish single nanowire processes for the design of pofigmemagnetic
core/shell nanostructures and characterize the magneto-transport psopiestid
devices with respect to temperature, angle, and nanotube composition.

4. Investigate a generalized galvanic displacement reaction fothesis of
metal/semiconductor nanopeapods. Formulate specific conditions for the
synthesis of Te/Au nanopeapods. Investigate nanopeapod synthesigfengmt

nanowire diameters, segment lengths, and sacrificial metals.
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Table 1.1: Comparison of chemical structures and electrical

conducting polymers

condiestiof selected

Conducting Polymer Chemical Structure o(S/cm)
101¢-103
Polyaniline
(PANI) N
H n
105-103
Polypyrrole / N\
(PPy) H,
n
R 10-101
Polythiophene m
n
CH2(CH3)4CH3 | 101-102
Poly(3-hexylthiophene) /B
(P3HT) S
n
Vo 10-2-103
Poly(3,4- o O
ethylendioxythiophene)
(PEDOT)
n
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Figure 1.1: Schematic of template directed synthesis of condymbiygher nanowires,
starting with a (A) nanoporous template (B) sputtering a goldl dager (C)
electrodeposition of the sacrificial layer and subsequent nanowiceagolymerization,
(D) removal of the seed layer and sacrificial layer, and (E) dispersion ofribe/ines.
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Chapter 2. Individual Polypyrrole Nanowire

Ammonia Sensor

Reproduced in part with permission froApplied Physics Letters 2008, 92, 07104.

Copyright 2008 American Institute of Physics.
Abstract

A simple and scalable method to create mechanical joints andaalecontacts
of conducting polymer nanowires to electrodes by selective nsasklaetal
electrodeposition on electrodes is reported. This is an attradite for contacting
conducting polymer nanowires as it bypasses harsh processingawhditiconventional
methods used for inorganic materials. The basis of this approagtoiential window in
which greater cathodic current exists for the microfabric#adelectrodes than the
conducting polymer nanowire and that the cathodic current for the naniewarimarily
ionic. The applied potential and initial resistance of the nanewiges found to have a
significant impact on the selectivity of maskless deposition.fe@iht maskless
electrodeposition baths, including Au, Ni, and Cu, and nanowire dopantg, &iQ
dodecyl sulfate, were also investigated to understand the polgtection during the
maskless process. A single dodecyl sulfate doped polypyrrole imanwith maskless
electrodeposited nickel contacts was shown to have improved seysitviiard

ammonia gas.
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2.1 Introduction

One-dimensional (1-D) conducting polymer nanostructures provide sgymifi
promise for miniaturized devices. The inherent properties of polgmanostructures
are particularly suited for sensors because their mechafiedbility, chemical
sensitivity, room temperature operation and potential for high densitysaare ideal for
compact portable platformi&While, various methods including lithograptiyyanoscale
solder;® focused ion beam (FIBJ,and annealing, have been investigated to contact
inorganic nanostructures to electrodes, processing incompatibilities &acluded
applying those methods to conducting polymer nanowires. For exgmogkeassembly
contact of conducting polymer nanowires by lithography requirespleomalignment
procedures and exposure to harsh processing conditions, subjecting the emtmvigh
intensity ultra-violet light, and organic solvents that may perméndegrade, stress, or
dissolve organic nanowire surfacgs® The photoresist may also permeate the porous
nature of some organic materials leaving difficult to rem@stduals. Alternative serial
patterning techniques such as FIB are costly with low-throughputoaatiZed heating
that may sever contact rather than promote it. Similarlyhitipe operating temperature
for nanoscale solder may ultimately decompose these organics andatgqeovide the
necessary palette of materials for ohmic contact with organitastly, nanowires
deposited on top of prefabricated electrodes are not exposed to egtrenmomments but
are loosely bound with minimal contact area.

Here, selective maskless metal electrodeposition to electiedagsented as a

means to contact and embed the ends of polymer nanowires. This appraawnable
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to high throughput processing as electrodeposition is an easily sraleess compatible

with the microelectronics industfy. Several high work function materials, Cu, Ni, and

Au, were investigated to achieve ohmic contact for p-type polgemiconductors, such

as the polypyrrole (PPy) nanowires studied here. The applied tiepgstential, initial
resistance of loosely bound interconnects, and bath compositions were found to be crucial
parameters in controlling the deposition selectivity. Scanningtrefe microscopy
(SEM) images and current-voltage (I-V) responses confirmed tioeenaf the selective
electrodeposition of metal on the electrodes to completely embedatiwvire. The
applied potential and dopant of polymer were also shown to impact @uwdtithe
nanowire during cathodic electrodeposition of metals. Sensing of gadéduusing a

single dodecyl-sulfate (DS) doped PPy nanowire was also demonstrated.

2.2 Experimental Details

The PPy nanowires were synthesized by template-directettoeleposition, as
pioneered by Martii* ° This method uses a nanoporous membrane as a scaffold and a
metallic seed layer on one side to serve as a cathode. Thdsss sised commercially
available anodized aluminum oxide membranes, Whatman Anodisc 13, with a homina
pore diameter of 200 nm. Anodic alumina is a rigid material tlzet withstand
temperatures in excess of 600 °C and harsh chemical environmentaarel maduced
with pores as small as 5 nm in diaméfein addition, the high density, order, and aspect
ratios of these membranes are ideal characteristics of nantemplates. Gold seed

layers were deposited by sputtering for six consecutive cycleg as Emitech K550
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tabletop sputter coater at 20mA for 4 minutes. The nobility of Asivegessary to allow
electropolymerization to ensue without anodic etching of the seed layer.

The electrolytes consisted of 0.1 M pyrrole + 1% (m/m) sodium gbdedate
or 0.5M pyrrole + 0.2M LIiCIQ in aqueous media. All solutions were made with
nanopure water from a Milli-Q Academic purification systerodBcyl sulfate (DS) was
selected as a dopant for its size and structure which has beemsteated to have a
relatively low mobility* compared to smaller spherical dopants (i.e. chloride and
perchlorate) and greater response to small polar mole€€ules. three electrode
configuration was used in a single cell with a Pt countertrelde under ambient
condition. The electrolytes were purged with (99.999 %) for 30 minutes prior to
electrodeposition. DS doped PPy nanowires were galvanostagtailyodeposited at 1
mA cm? and ClQ doped PPy nanowires were potentiostatically electrodeposi@® at
V (vs. Ag/AgCl). Electropolymerization of the nanowires was wul®d using an
EG&G Princeton Applied Research VMP-2 Galvanostat/Potentiostggodiien time
was adjusted to control the length of the nanowires as desdribedkvious worké’
After suspending the PPy nanowires in water or isopropyl alcohol, they wereasopn
prefabricated 5 micron gap gold microelectrodes containingphpally positioned
contact pads, which were electrically interfaced with copper tape andslivief® > ¢

The maskless contacts were potentiostatically electrodeposited in aldoeede
configuration by submerging the microelectrodes with loosely boumdwiees (i.e.
working electrode) in an electrolyte and applying a constant depopibtential against

Ag/AgCI reference electrode. Counter electrodes were nitikelnickel plating or
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platinum coated titanium for gold and copper plating. Nickel sulfaipaties were used

to embed DS-PPy nanowires and nickel sulfamate baths, gold sathe, and copper
sulfate baths were used for contacting perchlorate doped PPy-R€\) nanowires.
Nickel was electrodeposited from 0.91M Ni(s6H,), + 0.2M NiChL + 0.4M HBO;3 by
varying the deposition potential from -0.7 to -1.1V. Gold was elegbaxieed from
40mM NaAuSQ electrolytes purchased from Technic Inc., by applying a deposition
potential of -0.5 or -0.7V. Copper was electrodeposited from 0.5M ¢@B@® 0.5M

NaSQ with an applied potential of -0.025V.

2.3 Results and Discussion

Maskless electrodeposition of nickel on the DS-PPy nanowiresstua#ed to
determine the effects of applied deposition potential and initial resistarsmsextivity of
the deposit, reduction of the nanowires and contact improvement. i8gleist a
measurement of electrodeposited material to discriminate éetthe desired deposition
on the electrodes and non-preferential deposition on the nanowire, idepllsted in
Figure 1. The electrodeposited nickel displayed tunable selgdivithe PPy nanowire
with the applied potential. At -0.7 V, the nanowire was coated with nickellpartidile
higher cathodic potentials were used to embed the nanowire ends intiNinav
observable deposition on the bridging portion of the nanowire. Parsidlesand
density was greatest at low deposition potentials (i.e. -0.7 ), %45 particles/pfmand
an average diameter of 204 nm to being not visible with SEM at -Xdk ¥ constant

charge density of 3.53 C/ém(Figure 2). This trend was facilitated by very low
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deposition rates on the electrodes at lower cathodic potential&(e.€0.7 V) and hence
longer deposition times, which permitted more nucleation sites andgidrg particle
growth for kinetically limited deposition on the conducting polymehuut closing the
electrode gap. The selective metal deposition on electrodegutarly in the case of

Ni, is also a consequence of the nanowire reduction, which actbasier preventing
deposition on the PPy nanowire. Particle deposition on the nanowire is detrimesstal to it
electrical properties as charge tunneling may occur betwedtPyand Ni nanoparticles
resulting in unstable electrical behavior when the particlesstasfsvarious size&. On

the other hand, metallic nanoparticles can enhance sensitivity te gas analytes
through Schottkey junctions and spill over effét§?

More notably, the initial resistance had a profound impact on tleaeffof the
apparent contact improvement R/ERo and R are the resistances before and after
electrodeposited contact, respectively) as the process was rbalendeed by reduction
of the polymer. The reduction is dependent on the applied potential andtieng
function of the polymer redox stateincreasing with increased resistarfcéNanowires
in the MQ range experienced a decrease in resistance down to hundreds while
nanowires of initially three hundredor less increased in resistance up to three fold for
an applied potential of -0.96 V. This procedure was also shown to comataoivires
short of bridging the electrode gap with post-electrodepositionaeses in the low 2
or high K2 range. This is a consequence of isotropic growth for theretiesgiosited
metal which closes the electrode gap enabling contact of Ipatiredging nanowires.

This behavior can be interpreted as a complex response to intlieésdacial area
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between the nanowire and the electrodeposited contacts with simultardaason of
the electrode gap and declination of the nanowire conductivity. Thuetren of these
nanowires occurs by ingress of cations during the cathodic elgotrsiten of metal
contact because of the relative immobility for the larger DS dopént: 2

In the case of CIQ-PPy nanowires, the level of reduction increased dramatically,
typically an order of magnitude. The increased reduction camtienalized by the
mechanism of dedoping; an egress of the smaller spherical gratehknions. This
increased reduction and higher resistance also inhibited metaltdepos the nanowire
as the Ni was selectively deposited on the electrode survfaapping around the
conducting polymer nanowire even at -0.96 V. The electrodeposited guiacts were
less selective than nickel with particle formation on the nanoamé@ normalized
resistance (R/R) changes of 0.67+£0.46 and 7.14+£1.52 at -0.5 and -0.7 V, respectively.
Lastly the copper showed no preferential deposition, with completingoaf the
nanowire and electrodes, shorting the nanowire device. Thus the ocfa@tctrolyte
served as another approach to tune this technique with different pbtemtiows for
electrodeposition. The lower applied cathodic potential of -0.5 V with gibld
electrolyte also resulted in minimal nanowire reduction, highcteity, and contact
improvement. In the case of Ni, the lower deposition potentialstedsul an order of
magnitude drop in current density, requiring much greater timabdaame quantity of
Ni deposition on the electrodes. This extended time period, during wiectathodic
deposition potential was continually applied to the nanowire, createdpdydeduced

state in the polymer resulting in the trend shown in Figure 2kus,Tour method is able
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to create mechanical joints and electrical contacts of condugtilygner nanowires to
electrodes, but may be limited to conducting polymer and large bamskgaconducting
nanowires since metallic and low band gap semiconductor nanowirspgromote non-
preferential deposition on the nanowfte.

The sensing performance of a single DS-PPy nanowire of pre-pastd
electrodeposited contacts was investigated by exposing the nanowammonia gas.
Ammonia is a widespread compound of interest commonly found in industrial
refrigeration systems and the production of fertilizers and expeles Ammonia is also a
component in vehicle emissions resulting from rich air-fuel conditeomg catalytic
converter malfunction contributing to the formation of fine particutatdter (PMs),
which could be mitigated or better controlled with a sensor feedbystns’® Lastly,
elevated concentrations of ammonia in exhaled breath, 50-100 ppb, candbasuze
noninvasive diagnosis of renal disorders or ulcers. Adsorbed ammion@es an
electron to the PPy nanowire, reducing the backbone and the conduahtiitythe
electron is transferred back to the donating ionic countefpahne sensing behavior of
the nanowire with electrodeposited contacts (Figure 3) shows acdnastease in
sensitivity as well as an order of magnitude decrease in nmse,0f1 M2 to 0.01MD.
The noise reduction can arise from the increased contact aréanschanical joints that
prevent disturbances of electrical contact, and the reduction of ecltemgs. In
disordered materials such as polypyrrole the noise can beddlatthe traps which
concomitantly contribute to the conductivity in an intermittent fashdoe to their

spectrum of relaxation timés.The electrodeposited contact procedure is believed to
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electrochemically reduce many of these charge traps whisdé fitom branching and
disordered chain termination. The sensitivity increase may lasattributed to a
decrease in contact resistance and operation in a bulk limiteder@gipossibly to Ni ion
inclusions’ Additionally, the change in the redox state of PPy or work fonaif Ni as

opposed to the Au lithographically patterned electrodes may contribusmhtanced
sensitivity. The combined effect is a significant improvemengesfsing performance

(lower detection limit, greater signal-to-noise ratio).

2.4 Conclusions

In summary, a facile technique to create good electrical amtian&al contacts
for single conducting polymer nanowires has been described. deéleptsition has been
shown to provide maximum contact area by embedding nanowire ends to mitigaté contac
resistance from line contacts of as-assembled nanowires. Tdieatmn of metal
particles on the PPy nanowire has been shown to be tunable bynadibe deposition
potential. This feature was further demonstrated with diffexkatrolyte compositions.
In the case of conducting polymers, a complex interplay between toedastances and
redox state of the nanowires were presented, where contact impgolveeduces the
overall resistance but reduction of PPy nanowires increasstares. Preliminary gas
sensing results have indicated significant noise reduction and imps®restivity to

ammonia for a DS doped PPy nanowire.
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Figure 2.1: (Top): Optical images of a single PPy nanowire add glectrodes before
(left) and after (right) maskless electrodeposition of nickelale bar representsu3.
(Bottom): (Left) Corresponding schematic of loosely bound nanoevsssing two gold
microelectrodes. (Right) Selective maskless electrodepositiometl (green) on
electrodes to embed the nanowire for better electrical and mechamitattc
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Figure 2.2: SEM micrographs of DS-PPy nanowires on electrodasna#iskless nickel
electrodeposition at (a) -0.7V, (b) -0.8V, (c) -0.96V, and (d) -1.1V at atamnsharge
density of 3.53C/cf (scale bars representsm). The R/R ratio (e) as a function of
applied deposition potentials and (f) initial resistance for contacts iteghas -0.96V.
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Figure 2.3: SEM micrographs of single polypyrrole nanowires afemtrodeposition of
(B) Ni, (C) Au, and (D) Cu at -0.96V, -0.5V, and -0.025V vs. Ag/AgCI, respelgt All
scale bars represent 2um.

29



A
J -
3
a8 {100 g
% T d
c
o 5 5
@)
3
[] : 0
0 100 200
Time (min)
81 E
a 1100&
2 =
x s ©
6 ™38
, o
0 100 200
Time (min)
0.7 5
0.50| .
4 .
0: [}
<10.25
0.00 —
0O 20 40 60 80 100

Conc. (ppm)

Figure 2.4: Sensor response of a loosely bound (a) and an embedsied|éPS doped
PPy nanowire as a function of different NEoncentrations. (c) The sensitivity of a

loosely bounds) and embedded nanowire)(

30



Chapter 3. Tuning the Sensing Performance of

Single PEDOT Nanowire Based Gas Sensors

Abstract

This chapter reports the synthesis and dopant dependent eleatdcatmsing
characteristics of single poly(ethylenedioxythiophene) (PEDOahowire devices.
Dopant type and electrolyte solvent were selected to tune ébiehl behavior by not
only changing the conductivity but the conjugation length as wdlhese dopant
dependent electrical studies of PEDOT nanowires were demewstogt temperature
dependent current-voltage measurements including temperaturecieoeftf resistance
and reduced activation energy. Individual nanowire devices werechidlenged with
several volatile organic compounds, displaying substantially enhantsdivsty and
sensitivity towards hydrophobic analytes. These features weileuted to both the

extended conjugation lengths and deeply reduced level of the wires.

3.1 Introduction

One-dimensional (1D) conducting polymer (CP) nanostructures are lactive
studied materials for next generation solid state de¥icés’’"°because of their unique
combination of physical and mechanical properties arising fronr ttenjugated
backbone and inherent polymeric nature. Moreover, a host of synthdsisqtess,

including physical, chemical, and electrochemical, allow thestennals to be fabricated
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in just about any lab while also providing latitude for manufactuparposes. Another
critically important feature of CPs is that their propertias be tuned by dopant type and
concentratiod” 8 During synthesis these ions have been found to directly affect the
order of polymer chains, while post synthesis doping techniques, baticalig and
electrochemically, have been used to tailor electrical behdy cycling through their
reduced and oxidized states with little or no substantial actiegs. These tunable
electronic states have been shown by spectroscopy to be ths mdstthanges in their
absorption spectra that can be described as a modulation of the work flhction.

CP materials are particularly attractive for advancedisgrdevices because of
their room temperature operation, low power consumption and tunable conductivity
Their chemiresistive modality, or direct transduction mechanéso lends utility to its
miniaturization and portability with the least demanding requiresnémt supporting
electronics. In this operating mode the increased surfacet@anealume ratio of 1D
nanostructures has been demonstrated to improve sensitivity/resjpmese due to
greater/faster penetration of surface processes into theobutke nanowiré: *° In
addition, nanowire constituents have been specifically identified rasaams to reduce
sample volume requirements and achieve higher density devices, |¢éadntlyanced
sensing systems known as electronic noses that mimic olfafttecyions in complex
organism. In this context, an array of sensors is used to imprdgedhtgative/positive
readout, selectivity, and sensitivity by creating unique recogngatterns or signatures
for each analyte of interest. However, one criterion for trgdhese high performance

devices is contrasting responses among individual sensing etefoerdach analyte,
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which can be addressed by the veritable database of conductingnepoly
monomer/dopant combinations and blends.

However, the additional challenge at hand is the robust design obdeneous
arrays of nanowires or fabrication of complimentary sensing ezlesmadjacent to one
another. This feat requires an in-situ bottom up approach, whereudunali elements
are sequentially grown in place, or a post-synthesis assemblyigae. While in-situ
techniques usually require expensive, serial processes, suchtemdbeam lithography
or focused-ion beam, to pattern templates for nanowire growth, ex®tth can
exploit high density hard templates with well defined pores hboidate nanowires in
massive parallelism. Although a variety of methods have been deatedstor
assembly of individual nanowires to prefabricated microelectraatbditional steps are
required for good electrical and mechanical joints to effectipebbe true nanowire
responses and eliminate unpredictable inter-nanowire and electnooleirea contact

resistancé!” 2% 8

Unfortunately, the vast majority of single nanowire devices
demonstrated are free standing assemblages with bottom linetsooaprefabricated
electrodes, which is neither sufficient for electrical contaat stable for long term
monitoring? ** ?* #° Recently, we have demonstrated maskless electrodeposit®mn as
versatile procedure for fabricating individual polypyrrole nanowgeices for detection
of gaseous analytes and cancer anti§&fis.

In this work controllable integration of 1-D polymeric construeith existing

microelectronics was demonstrated by dielectrophoretic assectupled with a

technigue deemed maskless electrodeposition to improve contact ané eo$dr
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mechanic joints. This unique approach embeds the nanowire ends witaAneire
suspended across the two electrodes, permitting systematic gatestiof solvent- and
dopant-dependent electrical and gas sensing behavior. Single ireaniewices were
electrically characterized by temperature dependent current-voltggadasurements to
elucidate charge transport mechanisms and relative order ofotitiating polymer
chains, which can be used to correlate structure to sensing profmrtester design of
sensing systems. The gas sensing performance was evaluatedeimigesistive mode
by analyzing changes in resistance upon exposure to humidity aralis/amlatile
organic compound (VOC) vapors. As a case study this chapter foauses
polyethylenedioxythiophene (PEDOT) nanowires with two different daepant
polystyrenesulfonate (PSS) and ¢lCand reports the influence of solvent on device
performance. PEDOT is a well studied member of the polythiapfemnily due its 3,4-
ethylendioxy substituent that has demonstrated good stdBifityrelatively low
§7—89

oxidation potential§’®®and enhanced redox propertiés.

3.2 Experimental Details

Two different working electrodes were prepared for these ewpats, Au thin
films for CVs and nanoporous templates for nanowire electrodeposifiore Au thin
films were prepared on Si wafers with a 100nm thick,3&9er. The wafers were first
cleaned with acetone, isopropyl alcohol, and water then dried with higty pur
(99.998%). A Temescal BJD-1800 electron-beam evaporator was used dep@sim

Cr adhesion layer followed by a 180 nm Au thin film. These wafer® cut into 2.25
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cm’ chips and electrically contacted with double sided copper tapeve asra leads.
The copper tape and chip edges were masked with red mylar tape toepeoducr
working area and reduce edge effects. PEDOT nanowires wetleesized using
template directed electrodeposition with commercially avalahatman templates
(200nm nominal pore size). The templates were first sputter&édaywproximately 500
nm of Au using an EMS K550X. For electrodeposition to proceed solely within the pores
of the template the seed layer must be electrically coutaatel all electrically
conductive materials, with the exception of accessibility to #exl dayer through the
pores, must be masked with a dielectric. This was achiewadavsandwich structure of
the template between silicone gaskets and Teflon plates helddodgtTeflon bolts. A
small hole was drilled through one Teflon plate and gasket fotrelgte accessibility to
the seed layer via the nanoporous template. The Teflon and silicatesiats were
selected for nonsolubility in aqueous and nonaqueous solvents.

Three different PEDOT baths were prepared, PEDOT/PSS (R$HP/CH;CN
1/1 viv (PP1), PEDOT/CIQ in H,O/CH:,CN 1/1 viv (PCl), and PEDOT/CIOin
CH3;CN (PC2). The PEDOT baths were prepared by first adding the dopantosthle t
corresponding solvent. Lithium perchlorate was added directly ttoratde and/or
water and N, 70,000 NaPSS was added first to water followed by addition of acetonitrile
for a final concentrations of 0.1M LICO(PC1, PC2) and 0.05M NaPSS (PP1),
respectively. The solutions were purge with 99.998% purdoN 30 min to remove
dissolved @, preventing nonpreferential oxidation of the monomer. The monomer was

subsequently added to a concentration of 0.05M EDOT for both electrolytes.
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All electrochemical experiments were carried out with &B&E Princeton
Applied Research VMP2 Potentiostat/Galvanostat. The cycli@awotiograms were
conducted with a three electrode configuration with a Au thinonking electrode, Pt
coated Ti strip counter electrode, and SCE reference at asteasf 10 mV/s from OCP-
100mV to 2V (vs. SCE) and back again to the OCP, cycled 5 timestrdeéleposition of
the PEDOT nanowires was preceded byuh of Au electrodeposition, to prevent
nanowire branching and serve as more uniform nanoelectrodes as tppostee
sputtered seed layer. A commercially available bath 25 ES ®&thnic Inc.) was used
to electrodeposit Au at -1 mA/énfor 16 min with a two electrode setup, including the
nanoporous working electrode and Pt counter electrode. PEDOT nanowire
electrodeposition was conducted in a 100mL cell with the same dleegode setup
described above substituting the nanoporous alumina template for the welddtrgde.
Different potentials were investigated with the length ofrtheowires controlled by time
and charge.

Following electrodeposition the seed layer was polished with 240 Sy@
polishing paper. The template was then thoroughly rinsed with elistitater and placed
in ImL of 30% v/v HPQO, for 8 hours to remove the template. The nanowires were
washed by centrifugation at 9.3 g's for 2 min (Eppendorf Centrifuge®yI&moval of
the supernatant, addition of 1mL of distilled water, and resuspensiba aahowires by
sonication (VWR Model 50D, power setting 3). The process is rapdaiee times and

the final nanowire suspension is diluted 20 times v/v before proceeding to alignment.
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Nanowire alignment was performed with micropatterned substrabesdted in-
house by standard lift off lithography. The Si wafers, withhiakhesses of 500-550
microns and a thermally deposited oxide layer 100 nm (Ultrasil Catipoj, were first
spin coated with an adhesion promoter (ShinEtsuMicroSi Microelectrilaiterial,
Primer P20) at 1000 rpm for 2 second followed by 4000 rpm. for 30 seconds. ikegoosit
photoresist layer (Rohm and HAAS Electronic Material, S1813) wams ated under
the same conditions as the adhesion promoter and directly trandferaedot plate at
110°C for 5 min. After soft baking, the PR was exposed, via a pattenask, to an
ultraviolet lamp at a wavelength of 365nm and intensity of 5m\Wfom7 second. The
pattern was subsequently developed in an aqueous developer (Rohm and HAAS
Electronic Material, 351) solution diluted at a ratio of 1 to 550@rsecond, rinsing with
nanopure water, and drying with 99.998% NWVafers were then loaded into a Tamescal
BJD-1800 e-beam evaporator to deposit 20 nm of Cr and 180 nm of Au in sutedss
rate of 1.0 A/s and 3.0 A/s, respectively. Lift-off was exettudy immersion in
electronic grade acetone overnight. The prepared wafers wery fin@linto 1 crd
chips with a ruler and diamond tip pen. Each chip consisted of sigteetmode pairs
with 50 um edges separated by @3 gap.

Dielectrophoretic assembly was conducted on a Wentworth Labs WipBbe
station. Nanowires were aligned one electrode pair at a time bypiniyireg 1 V peak to
peak at 5 MHz (Keithley 3390 Waveform Generator) to the elecpatteand dispensing
0.5 ul of the nanowire suspension. The nanowires were aligned for 10 sectoded

expelling the nanowire suspension with Bnd inspecting the chip with a Hirox KH3000
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VD for a count of bridging nanowires. Due to variation in the nanowire concentia¢ion t
suspension was diluted by trial and error to yield approximatdyn@nowires per
alignment trial. The excess nanowires were removed mechgmigth the tip of a Au
wire (25um diameter) attached to Quater R.&D. XYZ 300ML micropositioner.
Electrical behavior was probed by scanning the potential fidmte 1V with a
Kiethley 246 measurement unit and custom Labview program. Cold tetmeer
measurements were performed by coupling this system tois Rasearch Co. CCS-
350SH cryogenic system with a Lakeshore 331 temperature dentrdlhe nanowire
responses to various VOCs were tested with a custom builegamg system of Alicat
MC-500SCCM-D mass flow controllers (MFC) operated by Labviewy &r passed
through one MFC to an analyte bubbler of acetone, methanol, ethanol, evatesthyl
ethyl keytone (MEK), which combined with another line of dry afobeintroduction to
the sensor. The sum of the two lines was held constant during sémngisngat 500
standard cubic centimeters per minute (sccm) and the ratie divdo was used to control
the exposure concentration. The nanowire micrographs were obtaifddllips XL30-
FEG scanning electron microscope (SEM). Transmission elegtionoscope images

were carried out on Cu grids with C films using an FEI Phillips CM300.
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3.3 Resaults and Discussion

3.3.1 Nanowire Synthesis and Device Fabrication

Three PEDOT electropolymerization baths were studied, two preyicesbrted
baths, PSS and ClQ and one intermediate bath to provide insight on the differences
between the other two baths. For PP1, a well charactenaéerial for electrochromic
displays and hole injectors, a mixed solvent of 1:10MH;CN was used to
accommodate the hydrophilicity of the PSS polyelectrolyteev@i#sCN increased the
solubility of the EDOT monomer. A GI&N solution with a LiCIQ electrolyte was
employed for its ability to produce highly conductive films and forcietrasting nature
of its small, mobile CIQ dopant. Due to the insolubility of PSS in §HN, the
intermediate bath investigated was a 17O0KCH;CN solute with a LiCIQ electrolyte,
which to the best of our knowledge has not been previously investightede PEDOT
electrolytes were characterized by cyclic voltammetrthve Au thin film from open
circuit potential (OCP) — 100mV to 1.8 V vs. a nonaqueous referdaceoele (NAE)
with and without the EDOT monomer (Figure 3.1). The scanning raael@maV/s and
an upper limit of 1.8 V was set to prevent Au delamination fromSihgubstrate. The
cyclic voltammagrams (CVs) indicate only a slight incremsexidative current with
each wave insinuating minor overoxidation of the CP at higher pdsemtmsistent with
PEDOT reports® but indicate much higher current density for both PC1 and PC2
electrolytes relative to the PSS polyelectrolyte. Additignalie low background current

density in the monomer-free acetonitrile bath is typical for strong agalrents, in
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contrast to the strong background current densities at higheatiogermpotentials
produced by oxygen evolution in the water-acetonitrile mixtures.

PEDOT nanowires were synthesized by template directedaepbsition into a
nanoporous alumina host. The unique advantage of this approach is poatiseover
the nanowire dimensions by the template in the radial directionyaetebtrodeposition
time/charge for the length. The process follows the scheraffrigure 1.1. First, Au
seed layer is sputtered followed by electrodeposition of afisadrii um Au segment
within the pores to reduce branching, which due to its nobility allows
electropolymerization to ensue without anodic etchifgllowing nanowire deposition,
the seed layer is mechanically polished and the templatelestisely removed in
phosphoric acid. The nanowires are subsequently washed and finally suspended in water

The growth curves were conducted for deposition in the nanoporous teasgptate
function of potential corroborating solvent- and dopant-dependence polarizaties.
Unlike most electrodeposited metals and inorganic semiconductorsyatimgdpolymer
can exhibit variation in porosity and structure within the templetetors that affect
growth rate. In particular, PEDOT nanowires have been shown taddutar structures
or fronts due to the tip effect and fast reaction rates at hjggtentials’> The tip effect
is a result of incomplete seed layer coverage, creating an ataska within each pore
and an electric field distribution conducive to tube formation. Thisharesm was
eliminated by electrodeposition of a flat Au plug prior to etgmbtymerization.
Consequently, for a fixed charge density, increased lengths at positive potentials

can be attributed to extended tube fronts from faster reacties (&igure 3.2). The
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nearly stagnant potential dependent growth rates for PP1 nanowggssslittle tube
formation or change in density at higher applied potentials, whillPEROT/ CIQ
nanowire growth rates indicate a considerable change in the strutnresponding to
longer tube formation as described to Lee’s work:hese results are consistent with thin
film potential dependent growth mechanism shifts from a two-diroeaklayer by layer
growth for compact amorphous thin films at low potential to a neoystalline, porous
deposit with predominately three-dimensional growth at high potefftidfs.The error
bars represent nonuniformity in length of the embedded PEDOT nanovayeaad are
most extensive for PC1 nanowires. Low electropolymerization patentiV vs. SCE,
were selected to eliminate variation introduced from tubular stegtand nonuniform
electrodeposition.

Furthermore, the water-acetonitrile mixtures were eithes kfficient or more
dense in contrast to the acetonitrile bath, producing length to cueesity ratios of
~4.50m/(C/cnf) at nearly all potentials for both the PP1 and PC1 nanowires. The
variation in porosity was qualitatively verified by TEM, as shaw Figure 3.3. The PP1
nanowires exhibited smooth surfaces and uniform density even &r mgignification.
On the other hand, PC1 nanowires began to display sparse grairatikparencies that
indicate a less compact structure and possible evidence forllemgstlomains. These
features were intensified in PC2 nanowires, more prominent in nuamgedispersity
with well defined borders, reminiscent of inorganic grains. Althadiffierences in the

porosity appear to contribute to the growth rate to current density the high
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nucleophilicity of water is also a likely factor, which produce®mpetitive reaction that
is known to terminate chain growth in thiophene electropolymerization.

The first step in device fabrication is nanowire alignment tdapreated
electrodes by dielectrophoretic assembly. Using an aqueous sospemsh a
concentration of roughly fianowirefiL a volume of 0.5L was manually dispensed
over the electrode gap. The nanowires were allowed 10 seconds taesligimg in
several nanowires bridging the electrode gap. The actuallpeoi nanowires for each
electrode pair varied slightly, 0-10, and required trial and eqpptimization by dilution
to achieve greater precision of aligned nanowires. The intendgld sianowire devices
were attained through successive removal of excess nanowiregeddyanical means.
Although this is not a manufacturable step, the authors would likedicate potential
optimization for controlled assembly of single nanowires bgtedde design and through
the use of Au terminating nanowire segments and a seriatitapdescribed by
Mallouk.?°

The as assembled nanowire devices displayed poor behavior inofegtastrical
and sensing performance due to variation in the contact and were sulblyesuigected
to maskless electrodeposition, described previBusly This procedure selectively
electrodeposits material on the electrodes to embed the nanowire Ehdgprocess is
based on the existence of a potential window for greater cathad@entcdensity on the
metallic electrodes as compared to the conducting polymer nanawitethe redox
activity of the nanowire, where the cathodic current for thwae is primarily ionic in

nature with no observable electrodeposition, which for PEDOT nanowasdound to

42



be -0.5 V vs. SCE. This method has been demonstrated with fully aligmedvires
with large overlap between the nanowire ends and electrodes aaswtellelectrically
contact partially bridging nanowires with one nanowire end susgeindtéhe electrode
gap. Due to the isotropic growth of the electrodeposited Aln@microelectrodes, the

electrode gaps decreased ~23% fropmBto ~2.3um. (Figure 3.4 A-B)
3.3.2 Electrical and Sensing Properties

Individual nanowire devices were characterized visually andrielgty. Optical
images and SEM micrographs reveal the nanowire ends to ballpastiveloped by the
electrodeposited Au. They also indicate the nanowire to lpeesded slightly above the
substrate for maximum access to its entire surface. Theaelsponse is the simplest
technique to gauge the electrical properties of a device. loageof PEDOT and other
conducting polymers, the |-V can indicate ohmic contact by a limegponse or
nonohmic contact with nonlinear response. While the response for PEBOT/
nanowires indicate symmetric, nearly linear responses at roompetature,
PEDOT/CIQ" nanowires experienced slight rectification. The room temperatur
conductivities of these wires were 1.30, 30.85, and 3.54'Sonthe PP1, PC1, and PC2
nanowires, respectively.

Although both PC1 and PC2 displayed slightly higher conductivities tidn P
nanowires, their conductivities are still an order of magnitgtiert of reported
conductivities for similar CI@) doped nanowire¥. The difference can be attributed to a
deeply reduced state for the PC1 and PC2 nanowires, which werareteas high as

150 Scm and 318 Scih, respectively, prior to maskless electrodeposition. The higher
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conductivities for PC1 and PC2 nanowires are anticipated asatsspe allows it to be
intercalated between chains in very high concentrations and has beensttated to
exhibit a relative increase crystallinity. The doubling of doaductivity from PC1 to
PC2 can be correlated back to its difference in solvent, whetargesquantity of water
in the PC1 bath terminates chain growth leading to lower conjuga&tmthl and hence
conductivities’**® Additionally, the extent of reduction appears greater for PC2rayd
be attributed to a more porous structure, a characteristieréeat longer conjugation
lengths and greater crystallinity derived from acetonitrile d&se¢hs”> The PSS dopant
has very distinct behavior by comparison, providing a long polyanionic backbone f
fragmented PEDOT polymerization while comprising and directiagpr components of
its physical structure. Thus electrodeposited PEDOT/PSS wysa#hins lower
conductivities due to its dense, amorphous structure and inert PS% bugitis more
stable with high resistance to electrochemical reduction and iahility.2® ® These
features along with the high mobility of CGJOsuggest that both PC1 and PC2
experienced drastic reduction during maskless electrodeposition.

The temperature dependent IV responses were measured from 300 t010 K in
increments. The temperature coefficient of resistance (T@&ned as dR/RIT, is a
measure of the electron transport properties and is used to didtitgiveeen metallic
and semiconductor behavior. The negative TCR values are chatactais
semiconductor materials, with stronger semiconductor behavior displanore negative
TCR values, exhibited by the PEDOT/GIManowire from the CECN solution. A

larger activation energy, described by R#Rexp(E/2kT), also indicates stronger carrier
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concentration temperature dependence and substantiates TCR Hateluats of 304,

120, and 42meV for PC2, PC1, and PP1 nanowires, respectivélye magnitude of the
activation energies supports a deeply reduced state for PC2 nanowires, probably as
consequence of the reducing current during maskless electrodaposiiowever, the
disorder for conducting polymers is better characterized byoth@lot of the reduced
activation energy (Figure 3.6), which supports greater order R€1 with a slope of
1.27, followed closely by the PC2 nanowire with a slope of 1.21 anldyfthe W slope

for PEDOT/PSSvas 0.41. These results suggest greater disorder in PSS doped @anowir
with a slight solvent effect on disorder, and a drastic reductitineiroxidation level of

the nanowire from the single solvent Gl©ath.

Nanowire devices from each bath described in the aforementionednesipizl
section were challenged with water vapor and several VOC'kidimg, acetone,
methanol, ethanol, water, and methyl ethyl keytone. The analgtetrations for real
time exposures are reported in percent of their saturation vapssupes, which are
166.8, 77.5, 301.4, 118.2, and 31.2 parts per thousand for methanol, ethanol, acetone,
MEK, and water, respectively. The exposure profiles for aceteaier, methanol, and
ethanol are shown in Figure 3.7.

The profiles for the PP1 single nanowire device, Figure 3.7 (A,D,Gveal
response times, defined as the time required to reach 90R.qf to each analyte and
several concentrations with a mean of 2.9 min, but as long as 9mih@has 30sec for
some analytes, with quicker responses at higher concentrationsh widy be an

indication of considerable lag time and limitation with the bubbliepseExamination of
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individual analytes reveals slower responses and incomplete redov&@C’s relative
to humidity. This behavior implies slower penetration into the nameowilk and higher
desorption energies for the VOC'’s. Conversely, the opposite trend for water glighits
decrease in the baseline upon recovery suggest a polarity enheasgedse including a
weak, counteracting chain alignment mechanism, most likely due dmtign of the
hydrophilic PSS backbone upon which smaller PEDOT chains are Bourithe
conformational change is probably minimized in PP1 due to the $a&xgg(M, 70,000)
and relative immobility of the PSS dopant. Further evidence for polameference is
distinguishable in Figure 3.8B, where normalized responses to ppm gatiogist
display the following sensitivity order; water > ethanol >maebl > acetone. The linear
sensitivities are also quantified in the histogram of Figure 3.9. Theatoretoefficient
values, r, for linear and power law sensitivity fittings swggamilar fittings for each plot
with better correlation to the power law model for water bythdly lower r values for
methanol, ethanol, and acetone. These responses are in agreerheat swmielling
sensing mechanism, whereby adsorbates increase the hopping distarceriers,
increasing the resistance for all analytes.

The intermediate PC1 bath produced the most undesirable chatastefishese
single nanowire devices. At low concentration no measureable respassabserved
for either methanol or water, and as the concentrations increase irrevegsibnses and
inconsistent directional changes in the resistance denoted the uhtgliabiPC1
nanowires. Exposure to acetone and ethanol provided more stable regpuhdesent

sensitivities with positivaR/R, values of 40.9 and 11.3, respectively, at 50% saturated
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vapor. However, after the final exposure to acetone the baseline dimppedr 60% of
its original value. Similar behavior was observed for MEK satdravapor
concentrations of 30% and greater with a drastic decrease insttlebaduring exposure
and recovery, evident from Figure 3.8D. This baseline dip may coateb@C
dependent measurements and literature reports for shorter conjulgaipns due to
nucleophilic side reactions with water that terminate chain gadmm. Despite the well
documented insolubility of PEDOT in normal processing organic solvendsiced
oligomers have demonstrated solubility in aprotic organic solV&hts. Therefore, high
concentration of aprotic solvents such as acetone and MEK may coneesabtate
PEDOT oligomers and induce conformation alignment with the DC pdtenteeasing
crystallinity and permanently reducing the resistance. Homwvehe aforementioned
traits are all undesirable for gas sensors and indicate ntcptazonductimetric sensor
application for PC1 nanowires. Thus, despite the similar trend iptarsansitivities and
enhanced responses to water by comparison to PP1, the weaketiooroelefficients of
PC1, 0.866, 0.972, 0.823, and 0.987 for water, methanol, ethanol, and water, respectively,
indicate instability or poor sensor performance as a resulix@disensing mechanisms
for both water and ethanol.

On the other hand, the PC2 nanowire exhibited promising sensor qudilstiect
from that of either PP1 or PC1l. As shown in Figure 3.7 C, F, PQ2 yields greater
sensitivities to acetone, ethanol, and methanol, with slightly reckeresitivity to water,
with respect to PP1 and PC1. Moreover, the normalized responsettme reaches

values in excess of 3000%. While the baseline is relativelylestfor acetone and
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ethanol, drift due to incomplete recovery is evident for methanol aner,wahich is
nearly opposite in behavior to PP1. The log-log plot of the normalesgmbnses, Figure
3.8F, yields linear trends for all analytes in the range of 10-58&¥radion. Lower
saturations, regardless of the concentration in ppm, deviate from fitiegs, probably
due to smaller diffusion constants, significant lag of the bubbler,rregunuch longer
exposure times, and/or incomplete surface coverage with less aiggeswlyte-analyte
interactions which would shift adsorbate charge transfer dependermy fr
electronegativity to ionization potential producing markedly differbahavior and
consequently dynamic range$: 1%

In Figure 3.8E the nanowire sensitivity can be clearly distsiged for three
separate groups, water, ethanol-methanol, and lastly acetone-MEIs. fiJure alone
suggests some sort of polarity or hydrophobicity induced sensitivity, yeswéhen these
responses are analyzed with respect to the corresponding ppm commentodtthe
analytes, Figure 3.7F, the picture changes. Analytes with higher paessures present
decreasing sensitivity in the following order for MEK, acetorand ethanol.
Nonetheless, at lower concentrations (i.e. <20,000ppm) overlap betwestesnal
difficult to differentiate. Construction of a log-log plot thdiscards values for
saturations <10% for reasons described above, displays a powerel@ionship,
AR/R=Ac", with values of 0.81, 0.63, 1.41, 2.73, and 2.78 for water, methanol, ethanol,
acetone, and MEK, respectively. Therefore, with the exceptiomethanol, PC2
displays a general increase in sensitivity, as defined by Itpe ©f the normalized

responses vs. the analyte concentration, with decreasing hydropitigblarity of the
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analyte. A linear chart of the sensitivities produced the deend in analyte sensitivity
as shown in Figure 3.9 with comparable correlation coefficiemtkd plot fittings,
bearing slightly better fittings for water the methanol.e Hatual lower detection limits
are subject to further investigation due to long bubbler retentiors tahdow partial
pressures.

The power law dependence suggests work function modulation of the CP
nanowire as described by Janata and Josowicz. In this model thikeN
electronegativityy= 0.5, - Ip), of the analyte is described by the electron affirigy,
and ionization potentiall,, accordingly. The difference in the work function of the
polymer, ¢, and the analyte electronegativigy, indicates the extent of the respofi¥e.
Thus for¢=y little or no response would be produced, §ay; the analyte behaves as an
electron acceptor, and f@ry as an electron donor. Therefore, in a deeply reduced
PEDOT nanowire such as PC2 contacted by maskless electrodepasiéd work

function differenceAWF=¢-y, would be much greatgr'®

than that of the as synthesize
PEDOT/CIQ" and would result in a greater electron donacity of the anahdancrease

in resistance. For different concentrations of an analytehthiege in work function of

the polymer,A¢, has been described by its Fermi level dependence on the partial
pressure, Ea -In P°, whered is the partial charge transféf. Additionally, it is
reasonable to assume the porosity of PC2 allows any changéetréo directly translate

into a change in the carrier concentration for bulk conductigityyn, wherec is the

conductivity, u is the mobility of the charge carrier, and n is the cacgercentration.

Therefore, according to Fermi-Dirac statistics it is ¢agithat, E o In(n) o In(c) o -In
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P°. The result is the observed power law dependence of the mesigt&®/R,=AP?, as
described by the factional charge transi&ri(¢ y), where § is a proportionality
constant that can be determined from a plat\WF vs.¢ for a set analyte concentration.
Althoughy is difficult to determine due to difficulties in measuring ghectron affinity,

the ionization potentials are more reliable and much larger igntto@e permitting
approximate values in lieu gf'® The |, values follow the same trend as polarity with
12.62, 10.85, 10.43, 9.703, and 9.52eV for water, methanol, ethanol, acetone, and MEK,
respectively, which correspond joof approximately 6.31, 5.43, 5,22, 4.85, and 4.75eV.
Thus for similaré, as demonstrated by Blackwood et®lthe partial charge transfe,

should increase with decreasipgals was shown earlier for all analytes except methanol.

3.4 Conclusions

Electropolymerization of PEDOT nanowires was systemayicallestigated for
different dopants, PSS and GIQ different solvents and operating potentials. Growth
curves were used to establish different rates, uniformity, andigte. Single nanowires
devices were fabricated by A.C. dielectrophoretic alignment andskless
electrodeposition. The electrical properties were measuilieditectly correlate sensing
properties to oxidation level, work function, conjugation length, and dopaett.eff
PEDOT/PSS was found to be very resistant to electrochemedaiction due to the
stability and immobility of the PSS polyelectrolyte. Thensseg responses of

PEDOT/PSS nanowires were attributed to swelling. While tiaig bodes well for
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reliability, it also occludes tunable sensing performance. CesalerPC1 nanowires
synthesized from a water/acetonitrile mixture with Lig|@s opposed to PSS, produced
very unstable nanowire sensor devices probably due to decreased conjlgadgiths
cause by nucleophilic side reactions of the solvent that ternthatia propagation. The
high mobility of the perchlorate anion led to drastically reduc€@ Ranowires with
greater order as determined by its increased reduced amtivatiergy slope. These
nanowires produces superior responses to more electronegative sanaiyte some
values in excess of 3000%, and demonstrated a power law dependenceanalyte
concentration at high partial pressures, which was postulated te devm it work

function modulation.
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Figure 3.1: Cyclic voltammograms of each PEDOT bath (A) PP1P(L, and (C) PC2
with and without the EDOT monomer.
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Figure 3.4: (A-B) Schematic of maskless electrodepositiortjrgjavith a single aligned
nanowire with selective electrodeposition of Au on the electrodésnei deposition on
the PEDOT nanowire. (C) The resulting single nanowire streicivas imaged with
SEM. The current-voltage response for (A) PC2, (B) PC1, andRCyRre shown before
and after maskless electrodeposition.
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Figure 3.5: (A) Normalized Arrhenius plot of single PEDOT nanowires fotheafcthe
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Chapter 4: Anomalous Magnetoresistance of

Ferromagnetic Nanotubes

Abstract

Single ferromagnetic nanotubes were fabricated utilizingirgle PEDOT
nanowire device as a positive template for nanotube formation. dresloell
PEDOT/Ni structures were characterized electrically tbynperature coefficient of
resistance (TCR), which correlated well with Ni nanowire T@Rues indicating the
electrical conduction is dominated by the Ni nanotube. The magnstarese (MR)
behavior of these Ni nanotube devices was studied as a function ef tergperature
and composition. The angle dependent MR responses revealed dbgbiaaior at low
fields, deviating from expected anisotropic magnetoresistance (AMMR) nanowires
with negative MR values for both longitudinal and transverse measoieme
Temperature dependent measurements displayed high field behavigstezanwiith
AMR and negative transverse MR values down to 10K, the magnitude of which increased
with decreasing temperature. Studies of aféyo displayed the opposite behavior with
positive MR values for both longitudinal and transverse directionshe @ngle,
temperature, and composition dependent anomalous MR responses were shown to
correlate well with magnetostriction behavior suggesting mntagtrection induced

magneto resistance.
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4.1 Introduction

Ferromagnetic materials have formed the basis of phenomena sais@tsopic
magnetoresistance (AMR), giant magnetoresistance (GMR),pamdosque diode effect
for industrially important technologies such as magnetic sensarg,drives, read/write
heads, and magnetic random access memory (MRAMAt the basis of many of these
devices is magnetoresistance (MR), or the variation of elattesistance in response to
an applied magnetic field or magnetic state of the materfdle assortment of MRs
include AMR, GMR, organic magnetoresistance (OMR), colossayjnetoresistance
(CMR), ballistic magnetoresistance (BMR), and tunneling miagesistance (TMR).
One of the first successful exploitations of these propertiestveagse of permalloy in
read/write head for hard drives. The AMR, a bulk property MR, tof NigoFeo was
thought to be ideal for its large response to small fields (~%%%),magnetostriction,
high permeability, and high corrosion resistance. However asdrarel bit density
increased, the scalability of AMR quickly became an issue, initheased noise and
lower sensitivity for smaller devices. Later the advent BfRG an electron spin based
guantum mechanical MR effect, paved the way for much larger responth the use
ferromagnetic/nonmagnetic lamellar structures in the nnmeti °” 1% Furthermore,
because GMR is an interfacial property, it is highly scalalld remains one of the most
rapidly commercialized technologies of thé"2@ntury.

Today, the phenomenon that originally emerged as GMR has developeghint
entire field of spin-based electronics or spintronics, the stdidgpin manipulation in

solid state devices. Like electron charge, the ability to conpial imjection, transport
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and detection will have a profound impact on logic, communications, amaorme
devices with the potential for non-volatile memory and reprograsteniogic!®
Moreover, these devices are radiation-hard with comparable swgtcdpeeds and
potentially lower power requirements than traditional charge-baseoslies™°.

Spin valves are the fundamental structures of spintronics, consi$tangurrent-
perpendicular-to-plane (CPP) trilayer of ferromagnetic/nonntagfegromagnetic
(FM/NM/FM) material. These devices rely on a quantum haeical phenomenon
designated giant magnetoresistance (GMR), which is an intrfaesponse to
differences in spin polarization manifested as a substantialgehia resistance. The
importance of which was demonstrated by the 2007 Nobel Prize incBhys the
Frenchman Albert Fert and the German Peter Grinfoertheir independent discovery
of GMR in 1988. The first ferromagnetic layer injects spin i@ NM layer, which
decouples the two FM layers, and is detected by the second FM layer. When te&anagn
orientation of both FM layers is parallel the device exhibits rlesistance and when the
two layers are antiparallel, a high resistance is observed aubet difference in
availability of spin states.

Since GMR opened up a whole new field dedicated to the study of electronic spin,
research efforts have been unequivocally partial to superlataces sandwich
nanostructures, with only a handful of reports on geometric inducec¢®pirol. These
studies typically investigated lateral ring structures thamahstrated promise for
nonvolatile memory due to their two stable counter/clockwise magtietn

orientations.> *° Novel geometries such as nanotubes and other complex struaterres
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important as they may provide a means to wall thickness tunabldrapsport or to
enhance less sensitive spin dependent phenomena by coupling them avégh m
responsive MR technologies. Although unique ferromagnetic one-diomahsi
nanostructures, including nanotubes, could be synthesized using tempiteeddi
methods, contact is a continuing challenge due to the native oxids gt form so
quickly on these high surface area iron-group nanostructures. Additidhalr inherent
fragility exacerbates attempts to characterize individual nanotubes.

In this chapter, a novel in-situ approach to synthesizing individaanfagnetic
nanotubes is reported that reduces internal oxidation and provideseekaddctrical
contact. This approach utilizes individually aligned PEDOT nanowimdsaavariant of
maskless electrodeposition to fabricate nonmagnetic/ferromagoet&/shell lateral
nanostructures and study their magneto-transport properties. Sttngenanostructure
has been characterized by temperature coefficient of ress{@R) to verify charge
transport occurs predominately through the ferromagnetic. sfielhperature, angle and
composition effects on the MR were investigated by fabricaifderromagnetic Ni and
NisoFe,p nanotubes. The MR profiles of several nanotubes with different wal
thicknesses were studied for Ni. Finally, the magneto-transgimatacteristics of
Ni/PEDOT coaxial nanowires in response to progressive chenotehg was performed
to help elucidate the origin of the unusual nanotube MR behavior. Compuwehens
analysis of these results provide strong evidence for magnetiost induced

magnetoresistance of these ferromagnetic nanotubes.
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4.2 Experimental Details

Polyethylenedioxythiophene (PEDOT) nanowires were synthesiasithg
template directed electrodeposition, described in previous chaptéramwadic alumina
oxide Whatman Anodisc 13. Gold seed layers were sputtered ontoidenefsthe
templates with an EMS KX550 tabletop sputter coater. The PEDQdwn@es were
electropolymerized from an aqueous bath with 50mM of the monomer,
ethylendioxythiophene, and 100mM of the dopants, LiCGi@d sodium dodecyl sulfate.
The dopants, CIQ and dodecyl sulfate (DS), were selected for their high conductivity
and resistance to electrochemical reduction, respectively. THmowires were
potentiostatically deposited in a three electrode configuratidmaviRt counter electrode
and standard calomel reference electrode (SCE). Embedded nanoereaemoved by
polishing the seed layer and etching the template in 30% (¥RQH

Single nanowire devices were fabricated by nanowire alighneeprefabricated
microelectrodes with [8n gaps followed by nonselective electroplating of a
ferromagnetic material. Different electrode shapes ancerialst have also been
investigated to discount their possible influence in these measusemad
dielectrophoretic alignment conditions were optimized for alignmemelextrodeposited
PEDOT nanowires to both Au and Ni electrodes. Nanowires were suspended irowater f
alignment to Au electrodes with a peak to peak potential of 1V &mrdjaency of SMHz.

Ni electrodes required PEDOT nanowire to be suspended in isomapiiol to prevent
electrode dissolution and a peak to peak potential of 0.5V and 5MHz. Mciroees

with aligned nanowires were contacted with Ag paint and Cu tapesdore electrical
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contact. Nanowire assemblages were subsequently electroplateceither Ni or
NizoFeo. The Ni bath consisted of 1.5 M Ni(gdH,), + 0.2 M NiCh + 0.4 M HBO:s.

By implementing a high potential, -1.1 V (vs. SCE) for short tpeeods (<60 sec),
PEDOT nanowires were effectively coated using a standambititer electrode. The
NisoFeo nanotubes employed an electrolyte of 0.2M WNi€l60mM FeCl + 50mM L-
ascorbic acid + 7.5mM saccharin + 0.7M NaCl + 0.4MB@s;, and an applied current
density of -5mA/crh against a Pt counter electrode for 4 minutes in a two electrode
configuration. The L-ascorbic acid was added to preveift dsédation, saccharin was
added as a stress reliever, an®8; was added as a buffer.

The magneto-transport properties of individual nanotubes were radassing a
physical property measurement system by Quantum Design pératures from 10 to
300 K. TCR data was extracted from temperature dependent MBuregeents. The
applied external magnetic field was scanned in the range +100kOwmoth the
longitudinal and the transverse directions and ihGrements relative to the PEDOT
nanowire axis. The voltage across the PEDOT/Ni and PEDGHH® coaxial
nanowires was measured with a fixed applied current ofAOMR measurements of
progressively etched nanotubes were performed with a Digitaer8gsMeasurement
vibrating sample magnetometer model 1660, a 236 Kiethley measuremgnand
custom Labview program at room temperature in the ambient. Nanoticbegraphs

were obtained with a Phillips XL30-FEG scanning electron microscope (SEM).
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4.3 Results and Discussion

Scanning electron microscopy (SEM) images confirm the PED@&fowires
were bridging the electrodes without contact with the underlyinguBSstrate, allowing
for a complete ferromagnetic tube spanning from one electrode tdhtbe(Figure 4.1).
In Figure 4.1 (A-C) are Ni nanotubes and (D) is g0 hanotube. Variations in the
contact of the nanowire and the proximity of the nanowire to the atdb$trad to slight
tube attenuation and distortion of the ideal circular cross-secticsonme samples,
respectively, but in general the nanotube structure is fairly stensifrom sample to
sample. Additionally these wires reveal fairly solid cont#uas interface a considerable
portion of the nanotube cross section. These images also revealdghdianteter of the
nanotubes to be roughly 500nm, 600nm, 800nm and 550nm for Figure 4.1 (A), (B), (C),
and (D), respectively. These diameters along with their medsasistances, 25 150,
and &2, suggest an increasing nanotube wall thickness from sample (A), tas&liming
a constant PEDOT nanowire width.

Low temperature measurements were conducted to verifyolermgng charge
transport mechanism in these core/shell structures. ThevaldBs, described in section
3.3.2., are positive indicating charge transport predominately througlertoenfgnetic
nanotubes correlating strongly with those of Ni nanowires (Figife The TCR values
of the nanotube with decreasing size also fit the trend of d@oged CR value for
decreasing nanowire size. These results are expectedrasidtizity of the PEDOT is

several orders of magnitude greater than Ni. While the conduativihe nanotube may
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contribute to the charge transport of the structure, it is antécpt be miniscule by
comparison to the metallic nanotube.

Figure 4.3 shows the MR profiles of the Ni nanotube in Figure 4.1(A) meagured a
10K, 100K 200K, and 300K, with the corresponding MR ratios, defingifR&R )ing =

[Rlong(H) - RIong(Hsat)] /Rlong(Hsat) and(AR/R)tran: [Rtran(H) - Rtran(Hsat)] /Rtran(Hsat), shown in

Figure 4.4. At all temperatures, longitudinal MRs (MR show anisotropic
magnetoresistance (AMR) behavior with a maximum MR ratio ofd at 200 K, which

is identical to previously reported Ni nanowire propertiésFor the transverse direction
each Ni nanotube displays negative MR (MiRvalues for all temperatures. This is in
stark contrast to typical AMR measurements for both thin fémd nanowires, which
display a positive MR in the transverse direction, also depictedjure=4.4. Despite the
increase in the high temperature MRwith decreasing size of nanowire and monotonic
decrease with respect to temperature, Ni nanotubes display aeakyincrease in high
temperature MRy, with decreasing resistance and a general increase ig,M®Rh
decreasing temperature. Similarly, Ni nanotubes also displyapposite behavior of
their nanowire counterparts with an increase indyjRvith decreasing size as opposed to
the reciprocal trend displayed for Ni nanowires. However, the rasstive nanotube
did display similarity with the MR,y properties of the 200nm nanowire with an
analogous trend and nearby values, peaking around 200K with increasedsopgos

decreasing temperatures. Conversely, the larger, more condonahe¢ubes, 18 and

6Q, displayed MRng enhancement at low temperatures.
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These effects might be attributed to domain wall formationhef Ni tubular
geometry, which has an onion magnetization in the transverstiairat high fields and
at very low fields approaches longitudinal magnetization due tosgectratio (3.1-6.3)
induced magnetizatiot? This behavior would likely increase resistance at stronger
fields due to domain wall formation perpendicular to the cylindrigel lut is not likely
since such behavior is not apparent for nanowire samples. Altergativese effects
may be attributed magnetostriction induced responses, where the softepatgre
permits expansion and contraction similar to a hollow ferromaghdie. The positive
transverse saturation magnetostriction (MS), ~28*ADI, for Ni indicates the nanotube
length increased with increasing field strength, and accdydihg cross section will
decrease as Ni has a negligible volume magnetostriction, -0.86AU6.*% The
decreased cross section would cause an increase in resistdmc#ravniger fields and
therefore supports the observed negative MRn the Ni nanotubes. The room
temperature field dependent magnetostriction for Ni also appearsaturate after
~20000e, similar to the nanotube MR profiles. Additionally, saturatiagnetostriction
increases in magnitude, nearly threefold, with decreasingetetype, as demonstrated
by doubling of MRan in some nanotube sampfes. Finally, experimental results for
magnetostriction hysteresis, as shown in Figure 4.5 inset, agthethe reported
hysteresis and low field minimum for polycrystalline™fi.

Further validation of magnetostriction induced magnetoresistaasevavified by
studying NioFero nanotubes. Unexpectedly, the MR fogdRe;o in all directions shows

a positive response or decrease in resistance and maximum M itrahsverse
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direction (Figure 4.6b). This is in agreement with the largenael magnetostriction
constant for NjoFer, > 35 *10° Av/v, which is over two orders of magnitude greater
than the volume magnetostriction for Ni. This leads to an overaledse in resistance
regardless of the orientation due to the increase in diameter of the nanotubeongesr st
response in the transverse direction can be attributed to thewdatethmagnetostriction
and AMR effects, which are in the same direction for transversasurements and
opposing one another for longitudinal MRs. The higher MS saturatioinalig explains
the more obtuse MR profiles.

Finally, real time profiles of the device resistance duratgmical etching
enabled progressive analysis of the MR response as the nanotubeeutisn was
diminished, the results of which are depicted in Figure 4.6. The MR rdatals a
transition from the anomalous tube response to behavior charactefistinanowire of
decreasing diameter. In addition, the transverse MR increasetie@tahgitudinal MR
decreased as the nanotube was etched further, similar tortle@bgerved for smaller Ni
nanowires by Rheem et &t This appears to be due to pit formation during chemical

etching, reducing cross-sectional changes due to magnetostriction.

4.4 Conclusions

Ferromagnetic nanotubes were fabricated by non-selectatradeposition on
individually assembled PEDOT nanowire devices. The TCR values DIOFPEi

core/shell structures match well with literature values fondhowires, indicating charge
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transport was dominated by the Ni nanotube. The MR responses of thendtubes
demonstrated atypical behavior, with a transverse response oppoditection from
reported AMR values for Ni nanowires and thin films. The anomalmrgds were
described well by MS values and trends. Although relativaglknby GMR standards,
these results provide a means to tailor the angle dependent MR essfrons individual
nanostructures, which may be enhanced by choice of material orrgpupih collateral
technologies. Further validation of MS induced MR was demonstrateidglye;o
nanotubes, whose large volume MS produced a decrease in resistarm®hfdhe
transverse and longitudinal directions. Finally, progressive etginoigjes revealed a

diminished MS effect.
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Figure 4.1: SEM images of Ni nanotubes with room temperatuistaeses of (A) 28,
(B) 15Q, and (C) . (D)A NizoFern nanowire with a room temperature resistance of
290. All scale bars representui.
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Chapter 5: Synthesis of Nanopeapods by Galvanic

Displacement of Segmented Nanowires

Abstract

A facile technique to fabricate one-dimensional isemductor nanostructures
with precisely positioned embedded metal nanopestictermed nanopeapods, was
investigated. These engineered nanostructures hdemonstrated enhanced
photosensitivity in previous reports and have mige application as plasmon
waveguides. The novelty of this report is the akelectrodeposited multi-segmented
nanowires with galvanic displacement reaction teat# such nanopeapods. This
approach utilizes template directed electrodepmsitio fabricate nanowires with
alternating layers of sacrificial/noble metal, eirapa new level of control over particle
spacing, aspect ratio, and composition. Moreovgrgexploiting the redox potential
dependent reaction of galvanic displacement, naapmme materials can be extended
(semiconductor/metal, p-type/n-type, metal/metadrrdmagnetic/nonmagnetic, etc.)
beyond the fundamental metal/metal-oxide nanopeapwathesized by high temperature
techniques. As proof of concept, Co/Au and Ni/Aultisegmented nanowires were used
to create Te/Au nanopeapods by galvanic displacenpeaducing Te nanotubes and
nanowires with embedded Au particles, respectivddyfferent nanowire diameters and

segment lengths were investigated to demonstratescale precision.
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5.1 Introduction

Nanoengineered materials utilize diminutive feaduiee enhance interface/surface
properties and overcome limitation of conventiamalerials. In recent years, progress in
this field has been directed towards the fabricattd complex layered nanostructures
such as core/shell configurations and advancedmdgetechniques for functional
arrangements of nanoparticles. Both of these spwthile promising, are in the nascent
stages of development largely due to the high le¥elccuracy and localization required
when modulating composition or aligning nanomatsrigOne unique structure that has
recently emerged with demonstrated enhancementptfetectronic propertiéd and
promise as precisely fabricated linear assemblagfeshanoparticles for plasmon
waveguide¥ are nanoparticle embedded nanotubes or nanopeapods

To date, nanopeapods have been fabricated byidimumber of techniques
typically requiring either a microwave reactor ananoporous template. The former is a
specific, complex method with stringent conditi@sl a solid husk with little evidence
for dimensional control over the sheathing matedalmaterial variation® Of the
template techniques there are three different @mhes that have demonstrated
feasibility in terms of material selection and dimi®nal controf* > 1° The first
method utilizes a template to fabricate multisegi@en nanowires, which are
subsequently coated by a nanometer thin porouwsishell using sol gel chemistry. The
nanowire consists of alternating layers of noblsgbaetals (i.e. Au/Ni, Ag/Ni) allowing
the more base metal to be chemically etched dfersilica coating. The nanoparticle

chain materials and dimensions for this process lmarfinely tuned since they are
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determined by electrodeposition of the metal segsmand template pore size. The
second approach employs a nanoporous alumina tenpla nanowire as a template for
atomic layer deposition (ALD)® This process requires ALD of two metal oxide (or
polymer) materials, an outer shell and inner saeaif layer. In the case of the metal

oxide template, metal nanowires are then electmglegdl into the double coated

nanopores. After etching the template and sa@ifiayer the intermediate structure,

composed of a metal oxide nanotube partially filgth a metal nanowire, emerges. To
delineate the metal nanowire into particles or rih@sauthors take advantage of Rayleigh
instabilities during an annealing process. Thecgdare is more general with greater
material variety of the shell (metal oxides or po&r). The last technique also relies on
electrodeposition to generate base/noble metallaygted nanowires within an alumina

template, but solid state reaction differentiatesrtapproach from others. The solid state
reaction creates a new tube material by diffusibrihe base metal into the alumina
template, where Kirkendall effects create the vagdaces between the noble
nanoparticles.

However, all of the previously described methodase suffer from one common
limitation; the inability to fabricate nanoparticdad shell structures from new interesting
materials such as metal/semiconductor, p-type/a-sgmiconductor, metal/metal, metal
oxide/metal oxide, or ferromagnetic/nonmagneticuctta feat introduces a host of
fundamentally important studies with applicabilitto thermoelectric materials,
spintronics, nanosensors, and plasmonics. Addilipnmodulated nanowire/nanotube

structures of the same composition offer an effic®ute to study confinement effects
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within  nanotubes. In this work galvanic displacameof electrodeposited

multisegmented nanowires is reported as a simplesaalable method to achieve such
nanopeapod structures. This procedure utilizepliamn directed electrodeposition to
fabricate multilayer nanowires, providing the spaciprecision of electrodeposition.

Since no heat treatment is required for this pr@@ebedded particles can range from
very thin discs to nanorods. Additionally, morees nanopeapod materials are feasible
(oxidizable metals, semiconductors, etc.) for gailwvadisplacement reaction, which

depends on half reaction potentials of the nanowegments and material to be
deposited. As proof of concept, Te nanotubes etibedded Au nanoparticles and Te
nanowires with embedded Au nanoparticles were ¢ated by galvanic displacement

reactions.

5.2 Experimental Details

The procedure for fabricating nanopeapods folldwet previously described for
synthesizing BiTe; nanotubes, but utilizes a segmented sacrificiale wivith an
alternating sequence containing a base elementigplacement and a more noble
element that remains after the displacement reattio The segmented nanowires were
synthesized by template directed electrodeposidtomethod pioneered by Martin and
Moskovitz, which uses a nanoporous template to icentlectrodeposited material
radially and the deposition condition to contra tixial length of the nanowire. To start,
alumina (Whatman Anodisk 13) templates and polymaalbe membranes (Nucleopore 30

and 50 nm) are sputtered with Au on one side uam&MS KX550 sputter coater. The
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sputtered Au acts as a seed layer for electrodiémogd proceed upon. In this study
alternating layers of Co/Au and Ni/Au were electpdsited us a dual bath method at
different diameters and lengths. After electrod#oan the nanowires were harvested
using 1M NaOH at room temperature to etch alumiemplates and 1-methyl-2-
pyrrolidinone at 50 C to dissolve polycarbonate membranes for eigbtheach. The
nanowires were washed three times by centrifugimggtiling, extracting the solvent and
the addition of nanopure water (Millipore A). Rorts of nanowire batches were
successively transferred to isopropyl alcohol (IB#)a similar sequence of washings.

All nanowire electrodepositions were carried outld0OmL electrochemical cells
with a three electrode configuration using a sataracalomel electrode (SCE) as a
reference electrode. The Co electrolyte consistedOM CoC} + 1.0M CaCj at a pH
of 4.0. Co electrodepositon was performed galetially, -10mA/cf, and
potentiostatically, -0.96V (vs. SCE), at room tenapare with no agitation. The Au
segments were electrodeposited from a sulfite-basaunercial Technic bath, 25 RTU-
ES, containing 40mM of Au at a potential of -0.5%.(SCE) or a current density of -1
mA/cn? and a temperature of 5C with agitation from a 1” stir bar at 300 revaduis
per minute.

Synthesis of Ni/Au nanowires followed the same @cot as that of Co/Au
nanowire synthesis. The Co electrolyte was simglybstituted with a Ni
electrodeposition bath. The composition of thehbags 1.5M Ni(N@SGs), + 0.4M
H3BOs; + 0.2M NiCh at pH 4.0. HBO; was added as a buffer and Ni@las used to

enhance anode dissolution. Ni was electrodepogiéanostatically at -10mA/cmin a
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two electrode configuration with a Ni counter efede for alumina templates and
potentiostatically in a three electrode configunatat -0.96 vs. SCE for polycarbonate
templates.

Galvanic displacement reactions were performed oth bsubstrate bound
nanowires and suspended nanowires. The substatedlmanowires employed Co/Au
and Ni/Au multisegmented nanowires suspended in, IBA the solvent evaporated
quickly and provided good nanowire dispersion. Thenowires were cast on Si
substrates (0.25 énand allowed to dry. The substrate bound nan®wmvere then
submerged in 1QL of the nitric acid Te solution, 1M HNO+ 10mM TeQ, for 30
minutes. Following the displacement reaction, sbkition was carefully wicked with a
Kimwipe and washed with a sequence of dlO droplet of nanopure water on the
substrate and wicking, three times each. Nanovauspended in nanopure water were
used for galvanic displacement in solution. p10of the nanowire suspension was drawn
and then dispensed in 1 ml of the Te solution. fi&eowires were immediately shaken
to prevent agitation and to set aside for 30 mmuiefore washing three times with
nanopure water. SEM micrographs were taken wRhiflips XL30 FEG SEM and LEO
Supra 55 SEM. TEM micrographs were taken on Cecb@u grids with a FEI Phillips

CM300 TEM.
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5.3 Resaults and Discussion

Galvanic displacement reaction has been previouslized to create a wide
variety of metal nanoshells or nanostructures \ithow interiors**® ** This process
was later adopted to yield multi-walled metal ndmds with shells of different metal
compositiont?® **'  Recently, our group has also extended galvangplatement
reactions to generate semiconductor and compoundceeductor nanotubes from
ferromagnetic nanowires! However, to date galvanic displacement has nenbe
implemented with segmented bimetallic nanowirestarcreate metal/semiconductor
nanostructures, wherein one metal component idagisp@ by a semiconductor material
and the other is retained. Thus, methodical inm@jon of semiconductor
nanomaterials with prearranged bimetallic nanowiigsa critical step, drastically
augmenting the utility of galvanic displacemennhahostructures.

The driving force for galvanic displacement reaasios the difference in redox
potentials, a fundamental electrochemical processribed in every freshman chemistry
course. The mechanism for creating hollow nanogira by galvanic displacement
reactions has been described previously by Xiasgt'® The generalized scheme starts
with particle nucleation and growth of the more leomaterial on the surface of the
sacrificial metal nanostructure, forming a thinrqaess sheath. As the shell fills in,
diffusion across the casing allows for continueddation/dissolution of the sacrificial
metal. The end result is a hollow nanostructurén \&n interior roughly resembling the

exterior of the sacrificial metal.
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The procedure, as applied to the Co/Au multilayeradowire system, is shown
in figure 1. In these experiments Te coats theségments as it encapsulated the volume
of the pre-existing Co segment. This feature i®sult of the difference in electrode
potentials of each metal in the bimetallic nanowirks a consequence, Co/Au bilayers
also behave as conjoined electrodes of an elednoicial cell, with Au as a cathode for
Te deposition and Co as the dissolving anode. $&aAges of the Co/Au nanowires and
the Au particle embedded Te nanotube are shomgumef 2(A-B). The segments of the
Co/Au nanowire are shown to beur2 and ~Lum, respectively. A distinct change in
morphology after displacement indicates the erstinecture has been coated. The rough
surface of the Te tube with the globular appearatdegh magnification in Figure 5.2C
may be a consequence of surface roughness frorf@dhexide layer or even the initial
porosity that is enables continued dissolutionhaf Co across the Te shell. However,
similar morphological coatings on the Au segmentggest it may also be a result of the
growth mechanism, which is likely due to low nutiea and surface mobility, typical
factors causing botryoidal deposits. This sugg@stseasing the temperature may
provide a means to improve crystallintfy. The transparency of the Te allows the Au
segments to be visually located with SEM and revealairly consistent outer diameter
for the Te nanotube, especially for coatings otier Au segments. The displacement of
Co by Te after the galvanic displacement reactias werified by energy dispersive X-
ray spectroscopy (EDX). The EDX spectrum in Fig&@D clearly indicates the

absence of Co and the appearance of Te.
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The TEM images in Figure 5.3 reveal the solid vengl tube cross section. The
Co/Au nanowires can be clearly differentiated igufe 5.3B, with the Co segments
approximately gm in length and the Au segments, darker in cola,~um in length.
The thick, fragmented oxide layer on Co gives thpearance of a hairy nanowire. The
enlarged image the Te tube segment, after dispkicgmeveals the granular structure,
with small grains. The structure of the Te coatiwgs verified by selected area
diffraction pattern (Figure 3C inset), revealingalycrystalline structure in agreement
with similar result$?® Although polycrystalline in nature, previous derswations of
refluxing at elevated temperatures may improve ahsstallinity, in accord with the
observed microstructureé® Additionally, the wall thickness ranges from 10mmnabout
27 nm with an inner diameter of roughly 225-250nhie variation in tube diameter can
be attributed to poor Co/Au interfaces, likely doeoxidation between depositions as a
result of rinsing with water, or uneven Co surfackge to template imperfections.
Interfacial quality can be ameliorated by selectodran acid Au bath or a single bath
with pulsed electrodeposition.

Smaller Au/Te nanopeapod structures were alsacttied from polycarbonate
templates. Although the nominal pore size of thesgplates was 30nm the Au segments
are shown to have a diameter of ~65nm. The watktiess of the Te tube in Figure
5.4A is measured to be ~12.5nm with an outer diamet 75nm, indicating a slight
contractions from the original Co segment diametefhis contraction is likely a
consequence of the larger aspect ratio of thefgaakiCo segment, which is double that

of the alumina template Co segment, permittinghsligbe collapse prior to filling in.
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The decrease in wall thickness from the larger diemTe/Au nanopeapod is in accord
with the reduced volume of the sacrificial Co. Auduhally, the Te tube has a much more
pronounced botryoidal microstructure, which alspesgys on the Au segment.

In contrast to Co/Au, Ni/Au multisegmented nanowirproduced distinctly
different nanopeapods. The mechanistic nanopefgpathtion described in Figure 5.1
does not apply to nanopeapods formed from Ni/Auonaires. The structure of these
nanopeapods is a Te nanowire with embedded Au sdgmeThe mechanism for
nanowire, as opposed to tube, formation betweersegments is likely due to the more
positive electrode potential of Ni, with respectGo, slowing down the displacement
kinetics and reducing electron transfer betweerbtheetallic Ni/Au electrode junctions.
This shift in potential may also provide kinetiozémability for etching or displacement
along grain boundaries, which would allow progressiontraction of the Te deposit as
the Ni is displaced.

Representative SEM images of the Ni/Au multisegie@manowires are shown in
Figure 5.5. Numerous variations of the Ni and &greent lengths were investigated for
both alumina and polycarbonate templates. EDXyarslof Ni/Au nanowires before
galvanic displacement in Figure 5.5(A) indicateosty peaks for both elements. After
galvanic displacement, Figure 5.5(B), the Ni peakrastically reduced and Te appears.
Additional Ni/Au nanowires with different diametand segment lengths are shown in
Figure 5.5 (B-D). TEM images with EDX line scanadaselected area electron
diffraction patterns of 200nm Ni/Au nanowires ah®wn in Figure 5.6. The EDX line

scan clearly shows the delineation of the segmeimsFigure 5.6 (B) a compromised
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interface, presumable resulting from Au electrodggmn on Ni, is shown. This weaker
junction alternates, as shown by the inset, witbrgwther interface, consistent with pH
induced oxidation or etching of Ni during Au elexteposition. The SAED patterns of a
single nanowire and selected area show the polydlye structure of the Au/Ni
segments, consistent with previous reports of MiAn nanowires electrodeposited from
a sulfamate and sulfite bath, respectively. Theaesponding d-spacing values and
orientations for Figure 5.6 (F) are shown in Tablé. The Au segments have plane
spacings of (100), (200) and (422) with unit celye lengths, calculated for Au as a face
centered cubic structure, of 3.810, 4.092, and5A02espectively. These values are
reasonably close to the JCPDS value of 4.07864¢ Nirplane spacings appearing from
the SAED patterns are (111), (200), (220), (314 @40), with a= 3.527, 3.564, 3.623,
3.588, and 3.568A, which also lie close to theditere value a=3.5238A.

TEM results for galvanic displacement reactiolNofAu nanowires grown from
50nm polycarbonate templates are shown to be appabely 115nm in diameter (Figure
5.7). The Ni appears to be etched to near conopldieing replaced with granular Te
segments. Lattice fringes from high magnificatiddM images of the Te/Au interface
reveal the Te granules to be as large as 6nm. SABferns suggest a mixed
polycrystalline/amorphous structure and small grsiges for the Te segment with d-
spacings for Figure 5.7 (L) shown in Figure 5.74ihd given by Table 5.2 with their
respective a values. The large deviation in agmiv A in all tables, from the literature
value of 4.4579A suggests considerable defectsmypuiities and is confirms the

suspected partial amorphous structure. The goipneets display a predominately
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polycrystalline structure with larger grains relatito Te, as depicted by Figure 5.7 (H-1).
Contrary to larger Ni/Au multisegmented nanowitbgse samples displayed minimal Te
deposition on the Au segments. However, the Tectgt may have contributed to the
stronger deviations in a values from those repoftedas synthesized Ni/Au nanowires
(Table 5.3). Darkfield images of these nanowirgs &ighlight the granular structure of
the Te segments and lack of tubular structure ¢€igu8). The EDX area scans of one
such Te segment depicts that Te is uniformly mappest all segments along with Ni.
The high concentration of Ni, hisil €y 550 by EDX, is an important factor contributing to
the plane spacing deviations and suggest the faymat intermetallic NiTewhich is
thermodynamically more favorable to Ni and Te(F&g&r8 (D-F))*** The corresponding
NiTe planes and a values for Figure 5.8 (I) arenshin Table 5.4. Some d-spacing
values produce better lattice edge length fittitaghliTe (a=3.9293A) than Te.

The TEM images for nanowires fabricated from 3Quotycarbonate membranes
show the actual nanowire diameter to be ~75nm. Té&&u interface of a Ni/Au
nanowire subjected to galvanic displacement readsoshown in Figure 5.9. These
wires appear very similar to those fabricated ffsdnm polycarbonate membranes. The
high magnification TEM images show a granular dtree for the Te but with
comparably smaller and less lattice fringes, whagiees with the nearly amorphous
SAED pattern. The Te coating on the Au is alsoermonounced on these wires with
thickness from 2-6nm. Although the SAED pattermeésrly amorphous, two points are

distinguishable and have been assigned plane®0j (@th very good lattice edge length

fittings to both Te and NiTe (Table 5.5 and 5.60wkver the intensity values for the
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NiTe plane spacing is much stronger than the Tkis $upports the possibility of NiTe
intermetallic formation, but is difficult to confir by SAED pattern alone. The SAED
pattern for the Au segments on these nanowiresinidas to that of the previous
nanowire, with good fitting lattice edge values epxicfor a couple spots that can be

attributed to the Te coating (Table 5.7).

5.4 Conclusions

A new approach was investigated for the synthesisanopeapods, with one
material discontinuously embedded within the cofeaodifferent material. This
technique utilized template directed electrodepmsitto fabricate a multisegmented
nanowire of Co/Au, where Co serves as the saaifizietal for galvanic displacement
and Au becomes encapsulated by the Te coating. TEheoating over the Au was
attributed to the difference in electrode potestiaf the Co and Au, allowing Au to
mediate charge transfer from Co to HB&O The displacement reaction was
demonstrated with both alumina and polycarbonatpkate fabricated nanowires. SEM
images revealed a botryoidal microstructure, whieas also shown by TEM and
attributed to low nucleation and surface mobilityhe wall thickness of the nanopeapods
was dependent on the quantity of sacrificial Carelasing from ~20nm to 12.5nm as the
initial diameter of the sacrificial Co segments @ased from 225nm to 65nm. The
smaller diameter nanopeapods exhibited slight eotitn of their tube segments,
probably resulting from the increased aspect ratitilizing Ni sacrificial segments in a

Ni/Au bilayer nanowire configuration produced Tenowires with embedded Au
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segments. The different structure was attributetheé difference in electrode potentials
of Co and Ni. Furthermore, EDX and SAED patternpp®rted intermetallic NiTe

formation as opposed to elemental Te. Finallys #ipproach is believed to be a more
general route to nanopeapod synthesis as humesoydate directed electrodeposition
materials can be incorporated, including conducpialymers, magnetic materials, metal

oxides, and compound semiconductors.
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Figure 5.1: Schematic of galvanic displacement treac progression for Co/Au

multisegmented nanowires. (A) The as synthesizg€nanowire is (B) sheathed in a
thin porous Te coating (C) that permits continuessalution of the Co segments as the
Te coating continues to grow, (D) until the Te tulath embedded Au patrticles is all that

remains.
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Figure 5.2: SEM images of (A) electrodeposited @ofAultisegmented nanowires and
(B, C) the corresponding Au/Te nanopeapod structsyathesized by galvanic
displacement. (D) The EDX spectrum of image (@jdates the presence of Te and no
detectable concentration of Co. Additional peaidgin to the Au segments, 2.12 keV,
and substrate materials, Cu 8.04 keV and Al 1.48 ke
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Figure 5.3: TEM images of (A-B) Co/Au multisegmeahteanowires and (C-D) Te/Au
nanopeapods. EDX and SAED patterns for Co/Au nameswE-F) before and after (G-
H) galvanic displacement are also shown. Scals & 20nm and 200nm for (C) and
(A, B, D), respectively
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Figure 5.4: TEM images of AfTe nanopeapods prodidfoem a 30nm polycarbonate
template. Scale bars are clearly indicated.
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Figure 5.5: SEM images of Ni/Au nanowires fabricattom (A) 200nm alumina
templates and (C) 30nm polycarbonate membranes. chated structures after galvanic
displacement are shown in (B) and (D) for alumind polycarbonate, respectively. The
insets of (A-B) are EDX patterns for their corresgimg images. (E-F) SEM images of
of (E) 200nm Ni/Au and (F) 50nm galvanically disggd Ni/Au nanowires with different
segment lengths. Scale bars (A) 10, (B-C, E) %, 1(and (F) 0.@m.
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Figure 5.6: (A-B) Darkfield and (C-D) brightfieldEM images of Ni/Au nanowires. (A)

The EDX line scan confirms segment contrast fod)(rdi and (blue) Au. (D) The

brightfield TEM images corresponds to the (E-F) $Agatterns below. Scale bars (A)
1, (C) 0.5, and (B, D) Opim.
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Table 5.1: D-spacing values for the numbered spoisn Figure Al.2 (F) and
corresponding element, plane, and unit cell edggtle(a).

d-spacing
(nm)

1 0.3818 3.818
2 0.6116 Ni 111 3.527
3 0.2046 Au 200 4.092
4 0.1782 Ni 200 3.564
5 0.1281 Ni 220 3.623
6 0.1082 Ni 311 3.588
7 0.08216 Au 422 4.025
8 0.06308 Ni 440 3.568
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Figure 5.7: (A-F) Brightfield TEM images of Ni/Au uttisegmented nanowires
synthesized from a 50nm polycarbonate template gétlvanic displacement. The boxes
in (C) correspond to the images in (D-F) and SAE&tgns in (G-1). The SAED

patterns (J), (K), and (L) are the exact same SAtdlterns as (G), (H), and (I),
respectively, with numbered spots and correspondinitge rings for d-spacing values in
Table 5.2 and 5.3. The scale bars are (A-B) 10p10Cand (D-F) 2nm.
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Table 5.2: D-spacing, plane and unit cell edgetlefay Te from Figure 5.8 (I, L).

d-spacing
(hm)

0.2795 3.659883
2 0.2792 101 3.654834
3 0.2148 111 4.609348
4 0.1947 003 0
5 0.1605 202 4.409229
6 0.1211 114 4.203072

7 0.1138 105 4.693809
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Table 5.3: D-spacing, plane and unit cell edgetlefgy Au from Figure 5.8 (H, K).

d-spacing
(nm)

0.2657 4.600
9 0.1926 200 3.852
10 0.1348 220 3.812
11 0.1191 222 4.126
12 0.09891 331 4.311
13 0.09266 420 4.146
14 0.08230 422 4.032

15 0.07045 440 3.988
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Table 5.4: D-spacing, plane and unit cell edgettefigy NiTe from Figure 5.8 (1, L).

d-spacing
(hm)

0.2795 3.780839
2 0.2792 101 3.775273
3 0.2148 102 4.139732
4 0.1947 110 3.894
5 0.1605 201 3.884438
6 0.1211 203 3.800304

7 0.1138 300 3.942148
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Figure 5.8: (A-C) Darkfield TEM images of Ni/Au namires fabricated with 50nm
polycarbonate templates and subjected to galvasmatement reaction with Te. The
box in (C) indicates the area of the EDX mapping(i®) Te, (E) Au, and (F) Ni. Scale
bars are (A) 200, (B) 20, and (C) 400nm.
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Figure 5.9: (A-E) Brightfield TEM images of Ni/Au uttisegmented nanowires from

30nm polycarbonate template after galvanic disphese. The boxes in (A) correspond
to the images in (B-E) and SAED patterns in (F-Khe SAED patterns (I), (J), and (K)

are the exact same SAED patterns as (F), (G), dhde6pectively, with numbered spots
and corresponding white rings for d-spacing valinvesy Tables 5.4 and 5.5. The scale
bars are (A) 10 and (B-E) 2nm.
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Table 5.5: D-spacing, plane and unit cell edgetlefy Te from Figure 5.10 (I).

d-spacing
(nm)

0.1940 4.4802

22 0.1943 200 4.4871

Table 5.6: D-spacing, plane and unit cell edgettefgy NiTe from Figure 5.10 (1).

d-spacing
(nm)

0.1940

22 0.1943 110 3.886
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Table 5.7: D-spacing, plane and unit cell edgettefiy Au from Figure 5.10 (K).

d-spacing
(nm)

0.2304 3.990
14 0.2099 200 4.198
15 0.1932 200 3.864
16 0.1422 220 4.022
17 0.1252 311 4.152
18 0.09215 420 4121
19 0.06839 440 3.868

20 0.05749 444 3.983
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Chapter 6. Summary and Conclusion

One-dimensional nanostructures have been higeliglar their ability to enhance
device performance and integrate new functionalitfhese functionalities can be
incorporated by higher level nanostructures, sushnanopeapods, core/shell, and
multilayer nanowires, which adopt new propertiesnfrtheir separate components or
through interfacial properties. However, accesdimgse properties typically requires
novel synthesis schemes and/or fabrication teclesighat address assembly, electrical
contact, and manufacturability. Additionally, tbagh examination of the structure and
physical properties of these nanoconstructs isnéiss¢o distinguish true properties from
procedural manifestations such as contact resistanénduced defects. Hence, single
nanowire devices that eliminate nanowire-nanowiteractions such as electrical contact
or magnetic perturbations are essential. Theserlynog themes were applied to the
development and investigation of individual condugtpolymer nanowire devices for
gas sensing and hybrid magnetic structures asaselanopeapod devices.

Single PPy and PEDOT nanowire devices were demaiadtas transducers for
gaseous molecules of ammonia and several VOCs. békis of this work was the
development of a contact method described in Ch&ptes maskless electrodeposition.
This technique addresses instabilities of line acist between conducting polymer
nanowires and prefabricated microelectrodes. Aigio networks or loosely bound
individual conducting polymer nanowires have beesvipusly demonstrated, they are
not robust by design. Conversely, maskless eléeposition was shown to selectively

electrodeposit metals on prefabricated microeleeso thereby engulfing the nanowire
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ends for solid mechanical joints with improved #&lieal contact due to the drastic
increase in interfacial area between the nanowickedectrode. The result of which was
enhanced sensor performance. Moreover by utiliAQ. dielectrophoretic assembly
the manufacturability of single conducting polyndavices was drastically improved.
Heterogeneous conducting polymer nanowire arraysedeaon individual nanowire
elements are now feasible, in which these device$iraited more by lithographic design
than any other factor. The improved manufacturtghdf these devices was utilized to
tune the sensing properties of PEDOT nanowireses@tstudies allowed the electrical
properties to be correlated with the sensing perémce and provided insight on the
underlying cause for substantial sensitivity enleament to more hydrophobic VOCs.
Maskless electrodeposition was further modifiedfabricate single core/shell
nanostructures. For these devices a non-seleeleatrodeposit was employed for site
specific deposition of a positive PEDOT nanowimapéate bridging two electrodes. The
in-situ component of this approach was key to distaibhg good electrical contact. The
magnetoresistance response of these devices dkwdaastically from the anticipated
AMR response. Temperature, angle and material rakge properties indicated
magnetostriction as the likely source for their d8br. These devices exhibited an
enhanced sensitivity to magnetostriction, which atsbuted to their thin tubular wall.
The soft polymer core, which behaved similar tooHidw core, permitted the reversible
elongation and contraction of the ferromagneticotalpes. While the response was not

giant in magnitude it is conceivable that magneictgdn induced MR could be
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significantly enhance by engineered magnetostecthaterials and coupling with other
MR technologies.

Finally, in an effort to develop novel hierarchicahnostructures, galvanic
displacement was investigated for the synthesisamfopeapods, in which a nanotube
material contains discrete nanoparticles embeddeitsicore. Moreover the fact that
these patrticles are embedded in tandem desigrees structures as potential candidates
for plasmon waveguides. The process utilized tateptirected electrodeposition of
multisegmented nanowires and galvanic displacenoénthe sacrificial segments to
synthesize these structures. This procedure wawmkdrated to fabricate ~200nm and
~75nm diameter Au/Te nanopeapods from Co/Au namswir A completely new
nanopeapod structure, Te nanowires with embeddedefiments, were fabricated from
Ni/Au nanowires. These experiments provide a bsistructural engineering through
electrode potential of the electrodeposited narmaird galvanically deposited material.

Although strides in synthesis and fabrication ohastructures, described herein,
have improved manufacturability and enabled charaation and performance
tunability of select devices, high throughput prottion of nanodevices will remain the
largest hurdle for nanoscience in the years to com€ontrary to individual
demonstrations, nanomanufacturing must achieve etd,yiprecision, and scalability
reviling lithography. While manipulation and asd$#ynof suspended structures has
attracted renowned attention, the magnitude of ttask will require relentless

development in the years to come.
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Appendix 1. Pulsed Electrodeposition of

NigoFe/Cu Multilayer Nanowires

Al.1 Experimental Details

The templates used for these nanowires were conmattgravailable Whatman
Anodisk 13 templates with a nominal pore diamete2@nm, and in-house anodized
aluminum 30 nm templates. The anodized 30nm teemlatre made from a 1 irfch
piece of aluminum, which was fastened in a handertadplate. The working area of
the aluminum was than cleaned two times with 1 MDNao smooth the working area
and remove the native oxide layer. Afterwards,témplate was dipped in a 1.8M$0D,
solution and a 15V potential was applied for 15 utws. After the 15 minutes, a 20V
potential was applied for two hours. Once the ariadiwas complete, the template was
rinsed, cut out, and the copper was removed. Wher2@®@0nm and 30nm templates were
obtained, an Emitech K550 sputtering machine wasl tis coat the templates six times
at 20mA for 4min cycles with gold to create a cartte seed layer for
electrodeposition.

For the depositions, an SCE and a platinum cowléetrode were used in a three
electrode configuration. For Au/ NiFe/Au nanowitee Au gold was deposited first and
last at 50 °C at -0.5V vs. SCE with agitation framl” stir bar at 300rpm. In these
experiments, a bath with a composition of 1M NiS©O0.5M HBO; + X M of FeSQ
where X = 0, 0.05, 0.1, 0.2, 0.3, and 0.5 was uBéectrodepositions were performed

with agitation from a 1” stir bar at 300rpm and aemb temperature and pressure. The pH
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of the bath was adjusted to 3 with concentratetusalacid. Boric acid was added to
buffer the bath and the electrolyte was purged Witlo reduce F& oxidation. The NiFe
electrodepositions were conducted at —-1.2V and \~1td see the variations in
compositions due to potential. The length of tla@awires was controlled by charge,
using the electrode area and porosity to calculege¢heoretical amount of charge needed
to deposit iim based on 100% efficiency. Electrodeposition afofN&o/Cu multilayers
was performed by the addition of 1, 5, and 10mM *fCuo the appropriate NiFe
electrolyte. The NbFe/Cu multilayers were electrodeposited from the sérath by
modulating the potential to the experimentally deieed potentials for each material.
The layer thickness was controlled by charge. efictrodeposition experiments were
carried out with an EG&G Princeton Applied ResearshP-2 Galvanostat/Potentiostat.
The composition dependent magnetic properties ef Ab/NiFe/Au nanowires
were analyzed in the template with a Digital Measugnts Systems Model 1600
vibrating sample magnetometer. The compositionsthef NiFe nanowires were
determined by dissolving the nanowires in 50% (¥Os; and analyzing with a Perkins
Elmer atomic absorption spectrometer (AAS). Imaged measurements were taken
with a Phillips XL30 FEG scanning electron microscope (SEM) and FEI Phkillip
CM300 transmission electron microscope (TEM). Somaowire compositions were

analyzed with EDAX.
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Al.2 Results

Segmented Au/NiFe/Au nanowires with lengths off Ziin were grown in both
200 and 30nm alumina templates as shown in Fig@r&.AThe first Au segment served
to inhibit branching between NiFe, thereby prevamtideposition variation due to
substrate incongruities and yielding more usefugmesic measurements. The second
segment was added to reduce oxidation of the Né&eowire end. The low purity,
<99.9%, of the unannealed Al samples and single approach used for anodization
produced large, numerous defects in the templatghawn in Figure A2.1(B). These
defects along with the much smaller pore diameatethe 30nm templates produced
considerable dispersity among nanowire length amaposition.

The 200nm nanowires were selected for further gtigation due to their
controllable deposition and compatibility with si@ghanowire device fabrication. The
Fe content in the electrodeposited nanowires wasackerized as a function of the
electrolyte [F&%/[Ni*? ratio, displaying a monotonic increase for -1.2Wdaslight
fluctuation for -1.4V. A composition of hliFe;s was obtained with 0.1M FeQ@Figure
A2.2), which is nearly the same as stoichiometrigyf,o for all practical purposes and
nanowires synthesized from this bath will be refdrto hereafter as MFex,. The NiFe
nanowires were also characterized in terms of themgnetization saturation @)
coercivity (H:), and squareness [{Ms), the results of which are depicted in Figure
A2.2. The M follows the expected trend, increasing with insieg Fe content as Ms
an intrinsic property dependent only on compositiomhe skewed M trend for

deposition at -1.4V vs. SCE is probably due to ¢hedicate changes in Fe content by
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comparison to the monotonically increasing Fe aunfier -1.2V vs. SCE with respect to
[Fe'?. The coercivity and squareness, extrinsic prigerdependent on stress, shape
anisotropy, microstructure, etc., may fluctuate endor -1.4V due to templates
differences, which can vary from 200 to 300 nan@msethanging the shape anisotropy
considerably for such small sample volumes.

Further development of the permalloy bath for ifayer electrodeposition
required the addition of a nonmagnetic metal salthis case CuSQ By pulsing the
potential, the less noble element, Cu, will depasitile the higher potential will deposit
the Cu along with the NFep As a result the Cu was added in much smaller
concentrations to the bath and resulting NiFeCu pmsition was analyzed by AAS
(Figure 2A.3). The line scan voltammograms anépodtion curves (Figure A2.4) were
subsequently conducted with the different T§uo determine relative deposition rates
and potential windows for Cu electrodeposition. e Tiolarization curves indicate that a
potential of -0.48V vs. SCE produced a positiverentr for a 1mM Cu, indicating a
potential minimum for Cu deposition as less negapwtentials would cause dissolution
of the electrodeposit. This value is larger than film multilayer potentials suggesting
a decreased diffusivity for Ctiwith the template. A potential of 0.6V vs. SCEswa
therefore used for Cu electrodeposition.

Utilizing a pulsed electrodeposition potential &f2v and -0.6V vs. SCE with a
charge density of 0.1204 and 0.03896 C/craspectively, the NiFey/Cu multilayers
were deposited from baths of 1, 5, and 10mM*CThe chronopotentiogram is shown in

Figure A2.5. The SEM images of these nanowiret W@ bilayers each are shown in
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Figure A2.6. The Cu layers were selectively etcfeedclarity with 0.04M KCR,O; +
0.36M HSO, + 0.012M HCI. As a result the Cu layers appeaketathan NégFe.
Much finer multilayered structures were also preddany reducing the charge to density
0.01204 and 0.003896 C/ém These results are shown by SEM with selectickiey
and TEM (Figure A2.7). The growth rates extradtech TEM micrographs are 7nm/sec
and 0.23nm/sec for BFeo and Cu, respectively. Both the TEM and SEM images
illustrate a wavy layer formation. This may beocagsequence of irregular etching during
the potential drop from NdFeo to Cu electrodeposition and may possibly be mi¢ida
by breaks between layer depositions. A troublagriace between the dFe/Cu
multilayers and the Au segment is also noticealdenfSEM and TEM images. The
compromised interface is a result of the high pkhefAu solution (7.0) similar to that of
Appendix 1, but is exacerbated by the presencdamdorrosion resistance of Fe.
Although NioFex/Cu multilayer nanowires could not be fabricatethwAu ends
for contact, single nanowires were assembled by. Ali€ectrophoretic alignment and
contacted by annealing at 3@for 1hr. The fabricated device is shown in Fegi2.8
with its corresponding magneto-transport responBee nanowire displays very evident
lamellar features by SEM alone, probably due toké&mdall diffusion of Cu into the
NigoFeyo layer. Although the MR response is only 0.5%oltdws the trend expected for
NigoFe/Cu nanowires. The signal may have been reducedohtact resistance and

inter-layer diffusion.
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Figure Al.1: SEM images of (A) 200nm and (B) 30nnu/MiFe/Au nanowires
embedded in an alumina template.
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Figure A1.5: SEM images of pdFe/Cu multilayer nanowires electrodeposited with a
charge density of 0.1204 and 0.03896 C/arspectively, from baths with (A) 1, (B) 5,
and (C) 10mM [Cif]. The Cu was selectively etched to permit layéws be
distinguished. The insets contain lower magniftcaiof template cross-section for the

same sample. The scale bars are (A) 1 and (B1@) 2
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Figure Al1.6: The chronopotentiogram for giffie,d/Cu multilayer electrodeposition
shown at (A) small and (B) large current densitglas for Cu and NiFey, respectively.
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Figure Al1.7: (A) SEM and (B-C) TEM images of ghfie;oCu multilayer nanowires
electrodeposited with a charge density of 0.012a#&003896 C/cfy respectively. The
Cu was selectively etched in (A) to permit layer$e distinguished. The insets contain
lower magnification of the same (A) template cresstion and (B) single nanowire
sample. The scale bars are (A) 500, (B) 100, &)d10nm. (D) The SAED pattern
corresponds to wire in (C).
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