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Abstract

Magnetostrictive Galfenol (F&Ga, x = 10% - 40%) alloys have generated tremendoiges&st

in recent times because of their potential as fanat materials in various micro- and nano-
electromechanical systems (MEMS/NEMS)-based traresduand sensors. Among the giant
magnetostrictive alloys, Terfenol-D (TiDy.Fe&) has the largest magnetostriction, but its brittle
nature limits its applications. In contrast, thetrnigest magnetostrictive alloy, Galfenol, is highly
malleable and ductile while having the tensilergjth of Iron. Electrochemistry is an economical
route to fabricate 'very thick' films (upto severaicrons) or high-aspect ratio structures like
nanowire arrays. However, the highly electropositature of gallium makes it very difficult to
electrodeposit from aqueous solutions, similar ehdvior to other non-ideal elements like
molybdenum, phosphorus, tungsten etc. As a reBalt,Ga, alloy plating has been severely
plagued by non-repeatability in compositions fromvgh to growth, lack of uniformity in filling

of pores when growing nanowires in nanoporous tatap] undesired secondary hydrogen
evolution reactions etc.

In this study, a thorough understanding of the dempnterplay between various deposition
parameters (pH, overpotential, concentration, hggnamic conditions) was achieved, leading to
an understanding of the deposition mechanism jtgels allowing excellent control and ability to
tune the alloy compositions. Arrays of nanowiresemabricated with alternating segments of the
magnetostrictive alloy kgGa, and Cu in nanoporous anodic aluminum oxide (AA€plates.

A novel rotating disk electrode-template (desigiretiouse) was used to optimize the nanowire
length distributions by controlling the various ests of electrodeposition like nucleation,

kinetics and mass-transfer. Extensive structuraratterization was done by X-ray diffraction



(XRD), electron backscatter diffraction (EBSD) amdnsmission electron microscopy (TEM),

and magnetic characterization by vibrating sampgmetometry (VSM).

Furthermore, of excellent promise in semiconduapintronics, the feasibility of fabricating
epitaxially nucleated RgGa, thin films on GaAs having the desired (001) teatuwas
demonstrated. Structural characterization usingradi€fraction, high resolutionn - 20 and
rocking curve analysis revealed that the films gromn GaAs(001) are highly textured with
<001> orientation along the substrate normal, &edexture improved further upon annealing at
300 °C for 2 hours in Nenvironment. This was in contrast to films growm olycrystalline
brass substrates which exhibited undesired <0Ddturteout-of-plane. Rocking curve analysis on
Fe.,Ga/GaAs structures further confirmed that the <00dxture in the FeGa, thin film was
indeed due to epitaxial nucleation and growth. A-tinear current-voltage plot was obtained for
the Fe,Ga/GaAs Schottky contacts, characteristic of tunmglimjection, and showed improved

behavior with annealing.
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CHAPTER 1: INTRODUCTION

1.1 Electrochemistry Background

When two dissimilar materials, say a metal andlati®m, come in contact with each other, then
in order to equilibrate the Fermi levels in botbegh phases (metal and solution) there is a transfer
of charge between them until the Fermi levels majchSuch phenomena can be seen occurring
in varied systems like metal-semiconductor jundjosemiconductor-semiconductor junctions
and metal-solution interfaces. Here we are comzkrwith the final case: metal-solution

interface.

When a metal electrode comes in contact with antrelgte, it acquires some immobilized
charge on its surface by one of three pathwaysodiation (of metal electrode atoms into its
solvated ions), complexation, or adsorption (olidfom solution). This immobile charge on the
surface attracts an exact number of excess ioms fhe liquid to shield the surface charge in
order to make the interface neutral. This is theidaechanism of formation of the so-called
electrical "double layer" (Fig. 7. It is emphasized that only one ‘layer' of this ledayer has

strict definition, while the other is a 'diffuseaiyker’, as shown in the figure.

Fig. 1 illustrates schematically the electrical bleulayer. As discussed above, a plane of charge
due to complexation or dissociation exists on tiase. For example, consider in this case that
the total charge is negative on the electrode amiishlt may also be the case that ions from

solution are specifically adsorbed, as shown byndgatively charged (bigger) blue spheres. The



smaller blue spheres surrounding it represent tendipoles, with the arrow pointing towards
the negative side of the dipole (oxygen atom). @enions (represented by green spheres, again
shown hydrated) are attracted to the electrodeserby electrostatics, and help in shielding the
surface charge. These counterions are not aleiséime plane, however, because they are held in
a dynamic balance by electrostatic attraction tdwathe interface (called ‘drift’) and the
tendency to diffuse away from the interface (difdm3. The concentration of ions in the diffuse
layer decays with distance from the surface. Timasdurface charge forms one layer and the
diffuse shielding charge forms the other layer,deethe term "double layer". This double layer
has a certain structure. The Inner Helmholtz P{#sB) is the plane cutting through the center of
the adsorbed ions (in this case, anions). The Qd#émholtz Plane (OHP) is the plane cutting
through the positive ions at their positions ofselst approach (determined by the size of the
hydrating molecules, here water). lons in the ddéflayer are always being exchanged at the
surface, but the counterions always exactly baldinedotal charge associated with the interface.
One consequence of this space charge distribwgidmat a position-dependant electrical potential
within it exists which varies, as shown by the ddtvhite profile, from zero far from the surface
and reaches a maximum magnitude very near thecsuffa be specific, near the IHP). It will

later be explained how this plays a role in eletgpnsition.

Clearly the charged double layer is like a pargllate capacitor and is schematically represented
in Fig. 1. When the capacitor is charged, a paemxists across the metal-solution interface
(equal to charge/capacitance, or V=Q/C). This pakmcross the metal-solution interface is

called the “Electrode potential”. Thus since evegtal-solution system has its own characteristic
capacitance and charge adsorption, a system iactedared by the voltage occurring across the

double layer. The double layer width is generadken as equal to the Debye length, which is the



screening length. This Debye length is smaller Highly ionic solutions, and increases with

temperature and dielectric constant of the medium.

Diffuse layer

1
H I
el
Inner Helmholtz Plane :
(IHP) |

{Outer Helmholtz Plane
} V (OHP)

_ Debye length

Metal Solution

Fig. 1.1: (Left) Schematic of the electrical doukdger occurring at metal-solution interfaces.
Both the positive and negative ions are shown hedra(Right) Electrical equivalent of the

Helmholtz double layer, a parallel-plate capacitor.

However, it is impossible to measure this intrirddiectrode potential for a given metal because to
do so one would have to introduce another electnoiethe system, but that will introduce its

own electrode potential. To circumvent this, ibistter if we choose by convention this second
electrode and reference all electrode potentiathito'reference electrode’. And this is the case:
all electrode potentials are referenced to a standtectrode called the Standard Hydrogen
Electrode (SHE) whose potential is taken as zeyac@mvention). Furthermore, to form a series

of such relative electrode potentials, one hasetecs standard conditions of components of the



electrode/electrolyte interface for a given metal@iion solution. Normally such standard
conditions mean: the concentrations of the ionghe electrolyte is unity, the pressure of any

gaseous phase is 1 bar, and the temperature o¢liise maintained at 25°C.

1.1.1 Electrochemical Deposition

2%
o/

Counterelectrode <— !
—> Working electrode

> Reference electrode

sample (packaged)

Fig. 1.2: A standard three-electrode electrochemasl. Current is driven through the working
electrode which is referenced against a standagttebde (like Ag/AgCl). While the ammeter
measures the current being driven in the circiig voltmeter gives a real time measurement of
the working electrode potential. Metal depositi@turs at the working electrode, while oxygen

evolution occurs at the platinum counter electrode.

The electrode potentials mentioned above are allibqum potentials, that is, there is dynamic
equilibrium at the metal-solution interface. Howewehen an electrode is made a part of an

electrochemical cell through which current is flagrias in Fig. 2, its potential will differ from the
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equilibrium potential. Fig. 2 also shows a refegeptectrode against which the working electrode
potential is measured, while the counter electroaiapletes the circuit. It should be noted that
the reference electrode plays the role of a highemlance voltmeter that measures the potential

without any current flowing through it.

If the equilibrium potential of the working electi® (that is, the potential in the absence of
external current) is E and the potential of the esagtectrode as a result of external current
flowing is E(I), the differencg between these two potentiatss E(l) — E is called overpotential.

In electrodeposition, the overpotentml is required to overcome hindrance of the overall
electrode reaction, which is usually composed sé@uence of partial reactions: charge-transfer,
diffusion, chemical reaction and crystallizatior & given electrochemical reaction, one or more
of them will act as the rate determining step, delpgg on the overpotential used. Fig. 3 depicts a
typical current versus overpotential behavior wiklepositing Cu metal from a Cug®ath. In
this figure, at high overpotentials (and thus atwyhry high current densities), the electrochemical
deposition rate is determined by how fast thé”Ganic diffusion is replenishing the depleted

interface double layer. That is, at these high petmtials the reaction is diffusion limited.



| Diffusion limited

Current, | (mA/cm?)

Overvoltage, n (mV)

Fig. 1.3: A typical current versus applied overagle behavior. At low overpotentials, the
current is linear as the metal deposition is lirditenostly by charge transfer (how fast the
electrode is giving electrons to the adsorbed matak). At higher overpotentials, the rate

determining step now is how fast the ions are ra@rkthe working electrode (that is, diffusion

limited).

1.1.2 Nucleation and Growth of Electrodepositedrisil

As with the case of other metal deposition techesglike sputtering or molecular beam epitaxy
(MBE), parameters affecting the rate of nucleatiord growth have a direct impact on the

structure and morphology of the electrodepositedsff’ As seen from Fig. 3, at intermediate

overpotentials the deposition current starts toease exponentially before reaching a steady-
state diffusion-limited current density. Large @ntrdensities result in faster nucleation rated, an

thus smaller sized nuclei, with the result that ¢inain size of the deposited films is smaller.

Conversely, larger grain sizes occur for lower entidensities and overpotentials.



However it should be mentioned that as the eleepodited films grows thicker, it has been
found that the average grain size increases regulti columnar growth morphology. The
microstructure change from relatively fine graingan the substrate to the columnar
microstructure with much coarser grains at gredistances from the substrate are due to the
growth competition between adjacent grains. Thedawace-energy grains grow faster than do

the high-energy grains.

1.1.3 Texture in Electrodeposited Alloys

Electrodeposition even on a randomly oriented pghtalline substrate can result in the

development of preferred orientation/texture irtkler deposits. The root cause for this lies in the
fact that different crystal faces of the grainghe growing film have different rates of growth.

Thus, there is a growth rate competition betwegstallites of various orientations. The type of

texture depends on the composition of electrolyid aubstrate, the overpotential, and other
parameters. Thus controlling the growth parametdisrs a unique opportunity to tailor the

material morphology to suit our desired materialparties.

1.2 Electrochemical Template Synthesis of Nanowires

Nanowires with high aspect ratios can be fabricagdther through standard lithography

techniques or through electrochemical synthesisamoporous templates. While the throughput
of the former is low, that of the latter is veryghias well as being a very cheap process.
Furthermore, vertical nanowires with varying diaemst(from 5nm to more than 500nm) with

lengths up to 100 um can be produced by electroica¢rdeposition into the nanopores of a

porous template. The electrochemical depositiomapiowire arrays was first reported in 1970 by

Possin [6], who deposited tin nanowires in iond#ratched mica films. Since then, this method



has been used to fabricate nanowires of metaleysallsemiconductors, and electronically

conducting polymers [7-13].

The method is relatively simple despite its largenber of uses in different areas. A thin metal
film is sputtered onto one side of a porous mendrand this metal acts as the working electrode
in a standard three-electrode electrochemical aellvas shown in the Fig. 2.The nanowires form
as the pores in the template are filled by theteddeposited material. This technique can be used
to synthesize not only single element nanowires, dsp multi-element and/or multi-segment
nanowires. An unrivalled advantage of the electenaical template synthesis is the sheer number
of monodisperse nanowires that one can produce.

Now what are the nanoporous templates made of? lagespfor electrochemical deposition of
nanowire arrays include porous AAO [14-23], etchedlear particle tracks in various materials
[24-29] and block copolymer films [30]. In this i@, we concern ourselves primarily with AAO
templates. The properties of the nanoporous temy@atch as the relative pore orientations in the
assembly, the pore size distribution, and the sari@ughness of the pores, have significant
influence on the intrinsic properties of the namewi All these parameters can be controlled

during AAO fabrication.

1.2.1 AAO Fabrication

Nanoporous alumina templates are formed by anoddation of Al [14-23]. A schematic of a
porous AAO template is shown in Fig. 4. Pore s{zidypically range from 20 to 250 nm and up
to about 200 pm in thicknessafd) [31]. This permits the fabrication of nanowireghnaspect

ratios more than T0 Pore densities typically range from 1@ 10° cm?® With careful



preparationrelatively large domains of hexagonally orderedegaran be achieved. Even lor-

range ordering can be obtained by using -stamping techniques [22, 23].

Fig. 14: A schematic of the geometry of the Anodized ivlumm Oxide (AAO) templates. Typit

values are: pore diameter ranging from 20 —250 nm; length of the pores upto 20(

1.2.2Mechanism of Pore Grow

During the anodization proce a constant voltage is applied between the alumieleuntrode
(which acts as an anode) and the cathusually platinum). Therefore, the applied elecfietd
lines lie perpendicular to the sample surface (aehahd are shown by blue lines in Fig.
However, at the pore bottom the electric field $irsee radial, resulting in a higher electric fi

density there.

Oxidation of the Al metal occurs at the metal/teroxide interface by the migration of oxyc
ions (O? or OH) from the electrolyte through the barrier layerthg following reaction [33

2Al + 30% --> AlL,O; + 6e



A schematic representation of the ionic migratidrthe pore bottom under the applied electric
field is given in Fig. 6. Furthermore, as discuss&dve, the applied electric field strength is
enhanced at the pore bottom. This results in felldanced dissolution of the barrier oxide layer,
thus favoring pore growth. Dissolution of the oxidger is caused mainly by the hydration
reaction of the formed oxide layer as shown beld4.[It is to be noted that under the applied
electric field the AP ions migrate through the barrier oxide layer artd the electrolyte.

2A1*% + 3H,0 --> Al,O; + 6H

Loss of Al ions in the electrolyte has been found to be aeprésite for porous oxide growth.
Thus at steady state, pore grows perpendicularhéo Al surface when an equilibrium is
established between the field enhanced dissoluifooxide layer at oxide/electrolyte interface
and the oxide growth at metal/oxide interface [Binultaneously, the alumina formation entails
an expansion in the substrate and thus a compefiaiospace ensues resulting in stress build-up.
Due to this competition, there is a mutual 'remrsbetween the growing pores, which further

enhances as well as dictates the ordering of thespo
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Electrolyte
solution

Porous
alumina
matrix
Barrier oxide layer

Fig. 1.6: A schematic of the mechanism for porentdion when Al metal is anodized. A thin
barrier oxide layer always separates the parentm&ital and the nanopores. The pores grow in a
self-assembled fashion owing to a mutual ‘repulsdhre to stress build-up in the barrier layer

[19].

1.2.3 Electrochemical Synthesis of Nanowires

Anodization of Al results in a nanoporous AAO teatpl with a thin barrier layer sandwiched
between the Al metal and the pores, as shown inHit) and Fig. 6. This is reproduced in top
left of Fig. 7. One can continue the steps as shiowkig. 5 to result in an AAO template with a
metal contact layer on one side. Nanowires can bmvrg into these pores using DC

electrodeposition (Fig. 7-right).

However, the removal of the barrier layer is natals feasible or desired (as will be seen in

Future Work chapter). In such cases, one would havge able to deposit nanowires into the

11



nanopores with the barrier layer intact. This iddot feasible by AC electrodeposition (Fig. 7-
left). The barrier layer, even as it offers verghiresistance under DC conditions, under AC
conditions causes alternating positive and neggittentials at the barrier in contact with the
electrolyte. Electrodeposition occurs during the¢hedic half-cycle (negative part of the AC
signal), without any dissolution during the anodi@lf-cycle [35]. A systematic study of the
optimum growth conditions needed for uniform deposiin nanopores with a thin barrier layer
is negative in Ref [36], where it has been founat thsing a pulsed AC waveform results in

uniform deposition as compared to a continuous A@eform.

1. remove barrier layer
2. sputter Au contact
barrier
laye
—

Al Au/

ac electrodeposition dcelectrodeposition

Fig. 1.7: (Left) Nanowire growth in an AAO templatéh barrier layer at the bottom is done
using AC electrodeposition. (Right) Another way goow nanowires is to use DC

electrodeposition, but for that the barrier layeashto be removed and a contact layer deposited.
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For both AC and DC electrodeposition, a typicakent versus time curve is shown in Fig. 8. The
initial current surge §) is due to the charging of the electrical doulalgel at the electrode-
electrolyte interface. Once the voltage acrossditigble layer is established (typically within a
second), a steady current is established in Relgidis the nanowires come closer to the pore
openings at the top, the current in Region | sligimcreases. When a few nanowires come out of
the pores in Region I, there is a surge in theerurowing to the increased electrode area. In
Region I, the deposition area is no longer insne@ because the whole area has been covered.

This results in a steady state current whose madsmits dictated by diffusion limited conditions.

R
-

o
(11—
\

Current, i (mAfem?)

0 Time, t (s)

Fig. 1.8: Typical current vs time deposition cumiering nanowire growthsj is the current

used to charge the electrical double layer settuqg the voltage required for subsequent
nanowire electrodeposition. Three growth regimes ba seen: (I.) nanowires grow inside the
nanopores, (ll.) a few nanowires start to grow ofithe pores and as a result there is a sudden
surge in the deposition current, and (l1l.) as tbéal surface is covered, a saturation current is

reached that is diffusion limited.
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1.3 Continuous Nanowires

Ferromagnetic nanowires, with which we will be cemed mostly, differ in the magnetic
properties from their bulk and thin films forms. §feetization hysteresis loops, which display the
magnetic response of a magnetic sample to an ektéeld, are used widely to characterize the
behavior of nanostructured magnetic materials. Bighows typical magnetization hysteresis
loops obtained for an array of Fe-Ga nanowiresh wlie applied magnetic field parallel and
perpendicular to the nanowire axis. The charadterifeatures of the hysteresis loop are
dependent on the nanowire array characteristiesmtiterial the nanowire is made up of, the size
and shape of the nanowire, the microstructureatigde between the applied magnetic field and
the nanowire axis etc. For such arrays of nanowites hysteresis loop may also depend on
interaction between individual wires in the templafhe common parameters used to describe
the magnetic properties are the saturation magttetiv M, the remanent magnetization,he

coercivity H, and the saturation fieldsk

a)] .0 ' . b)] 0 . )
| — | | — \
| — 05] = ’
o 00 = et 8250 Oe
=t 0.0 2 Hm Z o0 1
= 3Bnmdia.| = | 35 nm dia.
'0'5: 100 nm dial. '0'5: 100 nm dia.
-1.0 w w -1.0 x ;
! -10 -5 0 5 10 -10 -5 0 5 10
Field (kOe) Field (kOe)

Fig. 1.9: Typical hysteresis loops for an arrayFegGaxe nanowires 2 um long with the applied

field H parallel (a) and perpendicular (b) to therevaxis.
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The coercivity H is the applied field at which the magnetizatior{veasured along the direction
of applied field) becomes zero; the saturatiordfidl, is the field needed to reach the saturation
magnetization M and the remanent magnetizatiopidthe inherent magnetization when there is
no external applied field (that is, at H=0). Foe ttase of magnetic nanowireg Hsy, and M are
strongly dependent on the size and shape of thesweis well as the angle between the nanowire

and the applied magnetic field.

The saturation magnetizationsNs obtained when all magnetic moments in the nadtere
aligned in the same direction.;i4 a property of the ferromagnetic material anddees the only

parameter that is independent of nanowire geometry.

Another parameter that is usually used to desdtieemagnetic property of a nanowire is the
Curie Temperature. As the temperature of the femgetic material is increased, thermal
fluctuations can overcome the ordering of the miagmeoments in it. The temperature at which
this transition from the ordered ferromagneticestatthe disordered paramagnetic state (with net
magnetization zero) occurs is called the Curie enaipire Tc, which is a property of the material

as well as the nanowire shape and dimensions.

1.4 Multilayered Nanowires

Above we have concerned ourselves with the falioicaand characterization of single element
nanowires. The magnetic properties of nanowires lanfurther tailored by incorporating
multiple segments instead of just a single elemastshown in Fig. 10(a). The mechanical,
magnetic and electrical properties of these fergmatic/non-magnetic multilayer nanowires can

be tuned by varying their sizes, aspect ratios,spadings of the ferromagnetic segments [37-46].
15



Now in the segments of these multilayer nanowioeg can have completely different elements
or have the same elements but with differing sioitietry. Electrodeposition of the latter type
of nanowires is achieved, from a solution contajnthe ions of the two components, by
modulation of the potential or current. This resuibh the deposition of a compositionally
modulated multilayer with a bilayer repeat unittbé form AB..,/ AyB1.,. Systems that have
been studied include CuBi [47], CuZn [48], NiMo [4®\gPd [49] and AuAg [50]. In these

systems, the composition all modulation was reddyigmall, typically less than 30 at.%.

However, a major breakthrough in multilayer depositoccurred when it was recognized that
multilayers of the form B/A (with very little of An B) can be obtained for systems for which the
difference in equilibrium potentials between A ddds sufficiently large (typically >0.4V) and
the concentration of the more noble componentiig lv. This approach has been successfully
exploited in the deposition of nanowires with ateging ferromagnetic and non-magnetic layers
that exhibit GMR (ref). Examples of electrodepasitof FM/NM multilayers include Ni/Cu [51-

55], Co/Cu [56-59], CoNi/Cu [60-62], and NiFe/CB[64].
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CHAPTER 2: ELECTROCHEMICAL DEPOSITION MECHANISMS

2.1 Introduction

Giant magnetostrictive kgGa, alloys, because of their excellent magneto-medadrmioupling
[1], promise exciting applications in a variety oficroelectromechanical (MEMS) and
nanoelectromechanical (NEMS)-based devices [2EBjctrochemical deposition (ECD) as a
method of fabricating the EgGa, alloys, in both thin film and nanowire forms, Haeen a focus

of vigorous research in recent years (see [4] afefences therein). ECD not only provides an
economical route, but also is uniquely suited tpad& conformal and ‘thick’ films (up to several
10’s of microns) that are necessary in applicatiogguiring magnetostrictive materials [3].
However, gallium is very difficult to electrodepbdrom aqueous solutions [5], similar in
behavior to other elements like Mo, W, Rh etc [Bgveral studies have determined that the
deposition of these elements can only be inducéldeipresence of transition elements like Fe [7-
10]. Even though electrochemical deposition of FedBoys from citrate electrolytes was first
demonstrated in 2005 [11], the deposition mechatiaanot been fully understood [4, 12]. As a
result, reproducible and controllable electrodetimsiof Fe ,Ga, alloys has so far been elusive.
To make things more complicated, secondary hydrayetution reactions often accompany the
deposition [4, 12], presenting immense challenggsedally during fabrication of nanowires

inside nanoporous templates.

Detailed investigations into the complex interplastween various deposition parameters (pH,
overpotential, concentration) have led to importasights which have been critical to recent
successes in exerting remarkable control over diggposiot only of Fe,Ga, thin films [13], but

also Fe,Ga/Cu multilayered nanowire arrays [14, 15]. Thisdstypresents the key insights, and
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while throwing light on the deposition mechanismté Fe,Ga, alloys, also demonstrates a

precise control over thin film composition in th&tiee range of interest (15% - 30% Ga) [1].

2.2 Experimental Details

2.2.1 Electrochemical Cell

A conventional three-electrode cell was used withlainum strip as counter electrode, and a
saturated calomel electrode (SCE) as referencé @vituggin capillary). The working electrode
was a Gamry Instruments rotating disk electrode ERith electrode tips made of vitreous
carbon and brass (78.9 rhrarea). The brass electrode-holder was redesigaethat, after
electrodeposition, the electrode tip could be |dam¢o a scanning electron microscope (SEM)
for compositional and morphological characterizatiommediately before each electrochemical
measurement, the carbon electrode surface washedliwith alumina, cleaned with methanol,
ultrasonicated in DI water, again cleaned with raath, and then rinsed with DI water. The brass
electrode surface was subjected to an additiormahaind polishing step. A scan rate of 5 mV/s
was used for linear sweep voltammetry (LSV). Duricigronoamperometry (CA), a fixed
potential was applied, and the current density mvasitored as a function of time. Compaositional
analysis was done using energy dispersive specpgsSEM-EDS).

2.2.2 Electrolytic solution

Two types of electrolytes were used: ‘Fe(I)-G3g(lind ‘Fe(ll)’. The former binary electrolyte
consisted of 0.065 M Naitrate, 0.5 M NgS0O,, 0.015 M FeSQ and 0.038 M GASQy); (mixed

in the same order). The latter ‘Fe(ll)’ electrolydensisted of 0.065 M Naitrate, 0.6875 M
NaSO, and 0.015 M FeS{Jextra NaSO,was added so that both electrolytes had the same io

strength). While ‘Fe(Il)-Ga(lll)’ electrolyte wassad to study Fe-Ga electrodeposition, the
18



‘Fe(ll)’ electrolyte was used to empirically evaleathe diffusion coefficient of Fe(ll) ions
(Deeany). Electrolyte pH was adjusted to 3.8 using NaOHRke €lectrolyte was purged with, l§as

throughout the mixing process, followed by 15 minpitirging between experiments.

2.3 Results and Discussion
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Fig. 2.1: Linear Sweep Voltammetry (LSV) under sgaat conditions. LSV curve obtained for
Fe;,Ga, electrodeposition on a carbon rotating disk eled# (RDE). (inset) Full-range LSV
curves obtained on carbon and brass RDE. Indicatedpotentials where Fe(ll) and Ga(lll) ions

become transport-limited.

Fig. 1 shows LSV curve obtained on a carbon RDEeumgliescent conditions using Fe(ll)-
Ga(lll) electrolyte. While no significant reductioeactions occurred in regime A, the deposition
peak in regime B corresponded to,f&a, deposition. No discernible secondary hydrogen
evolution reactions were observed in either reghner B, but visibly occurred in regime C
(along with Fe,Ga, deposition). Clearly, ReGa, deposition in regime B was under mixed

transport and activation control. The inset in Higshows large-scale LSV curves obtained on
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carbon and brass electrodes. Also indicated inirtbet are potentials where Fe(ll) and Ga(lll)
ions became diffusion-limited.

Chronoamperometric (/s t) plots were obtained on carbon RDE at various ng@ks chosen
from within regime B of Fig. 1, with the rotatioates {) being varied between 0 rpm and 1800
rpom. One such set of curves obtained at -1.225eVshown in Fig. 2a. At each value «©f the
steady-statecurrent {s9 was a combination of mass-transfey)(and kinetics-limited current
densities i). The Koutecky - Levich (K-L) equation gives anpeassion for the combined
steady-state current density)([16]:

s’ Zim " +ik' = (broe ) @™ +ik? (1)

with broe = 0.62nFCG,D¥3, %/ 2)

where,n is the number of electrons taking part in the alleeactionF the Faraday constar@,

the bulk concentration of reducing ioixthe diffusivity,v the kinematic viscosity.

2.3.1 Mass-transport

K-L plots (iss* vs w™?) obtained for various potentials chosen from regBnof Fig. 1 are shown
in inset of Fig. 2b. From the slopes of the K-Ltplmne may evaluatepe values (see Eg. 1) at
each potential. However, this by itself is of liedtuse because in the expressiorbfge (Eq. 2),
values ofC,, n or D are not readily apparent for the Fe(ll)-Ga(llinéy solution. In order to
obtain typical values foD, the above experiments were repeated with ‘Fegld)ution (in this
casen = 2, andC, = C,"*" = 15 mM). K-L plots were plotted for the Fe(ll)ssgm (not shown),
and an average value Dfegy = 1.8 X 18 cnf/s was obtained. Now, for the Fe(ll)-Ga(lll) binary

solution, it may be assumed that the Ga(lll) andiF®ns have a similar value f& as
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Fig. 2.2: Steady-State electrochemistry at a carl®DE. a) Chronoamperometric curves
obtained at various rotation rates (at a fixed putal of -1.225 V). Numbers indicate rotation
rate in rpm. b) Tafel plot obtained for various entials chosen from within regime B in Fig. 1.
(inset) Corresponding Koutecky-Levich plots thatevesed to construct the Tafel plot. In the

inset, $) -1.145 V, W) -1.165 V, &) -1.185 V, ¢) -1.205 V, ) -1.225 V.

calculated for the Fe(ll) solution above, and farthore thatn ~ 2.25 (corresponding to an
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average composition of &a:s). Using these values in the expressiontigs, an average value

of C,~ 16 mM was obtained for the Fe(ll)-Ga(lll) solutidmcidentally, this value was very

close to the bulk concentration of Fe(ll) ionstie te(Il)-Ga(lll) binary solution, suggesting that
it was the Fe(ll) ions that play a determinant riolehe electrodeposition of Eg5a, alloys, at

least in the mixed transport-activation controtedime B.

2.3.2 Kinetics and Deposition Mechanism

Pure kinetics-limited current densityi ] values were calculated from y-intercepts of thé K
plots (Fig. 2b inset). Using thegevalues, a Tafel plot (Fig. 2b) was obtained traat bn inverse
slope of 122 mV det The fact that the Tafel slope had a value close20 mV det¢ indicated
that a two-step reduction mechanism was operativeng Fe-Ga deposition, which is
characteristic for the iron-group metals Fe, Ni &wl[17]. Following a deposition mechanism
proposed for induced co-deposition of Fe-Mo allpdjswe propose the following mechanism for

Fe-Ga system.

Fe(ll) + € > [Fe(!)]as ()
[Fe()]aus + >Fe(s) (lla)
[Fe()]ags + Ga(lll) --> [Ga(lll)-Fe(l)has (Ilb)
[Ga(lll)-Fe(l)]ags + 36 > Ga(s) + [Fe(I)as (llc)

The first step (Eq. 1), also the rate determinitgpg17], involves a partial reduction of Fe(ll)
(which in reality involves a complex with,8it ) into an adsorbed intermediate [Fe()]In the
second fast step, this very unstable [Fgd)dsorbed complex follows one of two possible

routes: it is further reduced to metallic Fe(s) i(a&qg. 11a) or itinducesthe reduction of Ga(lll)
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by first forming a mixed [Ga(lll)-Fe(I}}s adsorbed intermediate (Eq. lIb), followed by rethuc

to metallic Ga(s) (Eq. lic).
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Fig. 2.3: Fa..Ga, thin films on brass RDE. Variation of compositema function of rotation rate
at a fixed potential of -1.24 V. (inset) Variatiohcomposition as a function of potential at 900

rpm.

In order to confirm the induced co-deposition of Bahe presence of Fe, F&g, thin films
were deposited on brass RDE, and the resultant @sitign was studied independently as a
function of applied potential (inset of Fig. 3) amdation rate (Fig. 3). From the inset of Figit3,

can clearly be seen that gallium always reducengaldth Fe, confirming induced codeposition.

Next, thin films were deposited at a potential 24 V so that Ga(lll) ions were still under
activation control but Fe(ll) ions were under tqams control (see brass LSV in inset of Fig. 1).

Fig. 3 shows the obtained thin film compositiontf@d in the form of a Levich plot, that is, as a
23



function of Vo. The linear relationship is a clear indicationttha-Ga composition was indeed
determined by the transport of Fe(ll) ions. In otiverds, the competition for free surface sites
by the two types of intermediates, [Fefdpnd [Ga(lll)-Fe(l)}ss determined the relative reaction

rates between Egs. lla and llb, and in turn detaeechthe partial current densitigsandig,.

Careful analysis revealed that thin films depos#éebbw potentials or low rotation rates consisted
of Fe-Ga-oxide phases (see Fig. 3). While low pwtnmay have resulted in only a partial
reduction of Ga(lll) to Ga(l) or Ga(ll), ineffectvagitation at low rotation rates may have led to a
local rise in pH - both cases leading to formatmnlow-valency gallium-oxides instead of
complete reduction to metallic gallium. Remarkaliypwever, by simultaneously controlling
deposition potential and convection, 15% - 30% QGaattic alloys were obtained, which spans
the entire range of compositions where_f&g, alloys are known to be highly magnetostrictive
[1]. In fact, a cantilever capacitance bridge [B8Was used to measure the magnetostriction of
electroplated RgGa, films for the first time in this study, and it wisund that FgGa,films of

330 nm thickness had a saturation magnetostrictidri2 ppm.

2.4 Conclusions

A deposition mechanism for E&3a, alloys was proposed in which the formation of deasbed

monovalent [Fe(l)};sintermediate was considered to be the rate-det@mgistep. In subsequent
steps, this intermediate either gets reduced to oo catalyses the reduction of gallium by
forming an adsorbed [Ga(lll)-Fe(})} intermediate. In fact, induced codeposition ofligal

requires the formation of this adsorbed intermediate witbni In line with the proposed
mechanism, differences in the mass-transport ratdse(ll) and Ga(lll) species affected the
extent of reactions lla and llb, so that by cotimgl the rotation rate alone, metallic thin film

compositions in the entire range of interest (1536% Ga) were obtained.
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CHAPTER 3: SIMULATIONS OF NANOWIRE GROWTH

3.1 Simulations versus Experimental Conditions

An electrochemical system consists of two electspdad a third reference electrode. While the
chemical reactions of interest occur at the ‘wagkelectrode’, the other ‘counter electrode’
typically plays the role of completing the electticircuit if spaced far apart. Furthermore, a
counter electrode that has a larger area comparttetworking electrode has a smaller current
density than the working electrode, and thus thermatential there is very small and time
invariant. In addition, a highly conductive solutibas negligible ohmic potential drop inside the
solution, and the overpotential on the working &tete is then equal to the potential applied to
the electrochemical cell.

However, real experiments do not come close tadbal case presented above, and hence there
is a need to take practical conditions into consitien. That is, one has to consider that the
counter electrode is an essential part of the éxeat, and thus parameters like its finite area,
and the corresponding electrochemical reactionsirdog there might have an effect on the
overall behavior of the electrochemical cell. Tlausnodel, which considers both electrodes in
equal detail, is needed. In this chapter, taking &lbove into consideration, a simulation of
Chronoamperometry as well as Cyclic Voltammetrynatroelectrode arrays is considered using

COMSOL 3.5a simulation software.

3.2 Simulation of Electrodeposition in Microelectrae Arrays

The basic relationship between the cell currentthedvoltage applied for the electrode reaction
O + n é< > R, where both oxidized (O) and reduced (R) speaiessoluble in the solution, is

given by the current-overpotential equation (Bagttl Brett)

25



L =1 M ekae,arle — M e_kae,ane (1)
e e,0 cb cb
R o

where |} is total cell current (A),elo the exchange current (A)e the concentration of oxidized
species (mol/M), & the concentration of reduced specie& e bulk concentration of the
species, 0., the anodic apparent transfer coefficient,. the cathodic apparent transfer
coefficient, ne surface overpotential of electrode (V), k=nF/RTthwn being the number of
electrons, F the Faraday constant, R the idealcgastant, and T the absolute temperature.
Above, the reaction (1) in question is consideredbé of first order, meaning that the reaction
rate is assumed linearly proportional to the cotregion of the species. In the above equation,
the surface overpotentiglis defined as) = [Qaps V - @eq] Wheregqy, is the applied potential, V

is the potential inside the solution just outside tiffusion layer, angeqis the potential if the
electrode was at equilibrium.

With the above construct, a COMSOL simulation models developed that simulates the
electrodeposition of copper in a micro-array eladtr. The model is thorough in that it takes into
consideration the deformation of the simulationrgetry (cathode grows while the anode etches
away) as the electrodeposition occurs. This is mptished by the use of moving mesh
application mode available in the COMSOL 3.5a satioh software. Using the software,

Chronoamperometry and Cyclic Voltammetry have beedeled.

3.2.1 Model Definition

The model simulates the electrodeposition of coffmn an aqueous copper sulfate bath. The
solution has such low pH that the concentratiofi-3f ions is very low compared to that of the
copper and sulfate ion concentrations, and thuseesl only to consider the copper and sulfate
ions, in the absence of any simultaneous reactibesydrogen evolution at cathode or oxygen

evolution at anode. That is, we need only considerdeposition of copper at the cathode and
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simultaneous dissolution of copper anode as?@ns. That is, the electrode reactions are
assumed to take place with 100% efficiency. Furtieee, sulfate ion is treated as a fully
dissociated ion. Finally, any plausible free corivetr at the electrodes arising out of the

electrode reactions is completely neglected.

Dependent and Independent Variables in the Model

The model is clearly time dependent because bettelgctrode boundaries deform as a result of
the electrode reactions. The four fundamental égpsin electrochemistry allow us to solve for
all the four unknowns in the problem (these fouknowns being current density and potential
distribution in solution, and the copper and selfiain concentrations). An additional relationship
between external applied potential and the cumensity (the Butler Volmer relation) allows us
to relate the independent variable (applied paénd,,) and the other dependent variables
discussed above. Yet another relation between tineert and the amount of material being
deposited allows us to track the deformation of mhesh, thus allowing us to simulate the

electrochemical process completely.

3.2.2 Simulation Geometry and Boundary Conditions

The various geometries used in the model are dmpigt Fig. 1. The parameters being
considered in the simulation are the pore lengths, the interpore separation. With the pore
separation being held constant at 8.5um, the pogths used are 0.5 um, 5 um and 10 pm. The
last geometry is compared to an interpore separafid.25 pum.

The upper boundary represents the anode, whiledt®de is placed at the bottom. The vertical

walls are considered insulating which also hapgertse a symmetry boundary condition. Now
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the actual equations need to be arrived at. Thefflueach of the ions in the electrolyte is given
by the Nernst Planck equation

N; = —D;Vc¢; —u;z;Fc;VQ; 2)
where N denotes the 2-D flux vector; the concentration of the ion in the electrolytethe
charge on the ion,; uhe mobility of the ion, F Faradays constant, anthe potential in the

electrolyte.

Fig. 3.1: Various geometries considered in the $aton. Parameters varied, as shown, are

pore length and interpore separation.
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Fig. 3.2: Boundary conditions used.
The rate of change of ionic concentration is reldtethe flux in the absence of any homogenous

reactions as

dc; _
- HV.N;=0 3
Electroneutrality condition gives:

2i—2zic; =0 (4)

As mentioned earlier, the boundary conditions fier anode and cathode are given by the Butler-
Volmer equation (Eq. 1). Copper electrodeposit®massumed to take place through a two step
mechanism:

Cu?+e=Cu

Cu+€e=Cu

29



where the first step is rate determining step (RBBich is assumed to be at equilibrium. From
Brett and Brett, the following relation between tbeal current density as a function of potential

and copper concentration can be obtained:

io=ilex (1.5F77)_ Cout? ex (_O.SFn) (5)
ct = lo P\ \ %7 CoutZrer P\~ s

wheren denotes the overpotential as defined earlier.

This gives the following condition for the cathode

i 1.5F (9 —-0,1—-AQ c 2 0.5F (9 —-0,—AQ
NCu+2 n= _ b exp( (Ds,cat—91 eq)) _ _‘cut exp (_ (Ds,cat—91 eq))
2F RT Cout?ref RT

(6)
where n denotes the normal vector to the boundary.
A similar condition at the anode is
_ oy L5F(@5,an—91—00eq)\ Ceyt2 _ 0.5F(@s,an=91—ABeq)
Neyrz - n == (exp( RT ) Coutzrof exp( RT ))
(7)
All other boundaries are taken as insulating tausite symmetry conditions
Ney+2 5= o (8)
For the sulfate ions, insulating conditions applgrgwhere
N504‘2. n=0 9)
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The initial condition set the composition of theattolyte according to:
Coutz= o

Cs0,72=0

Equations 3 through 9 are set up using the NerasteR application mode in the Chemical
Engineering Module of COMSOL. The Moving Mesh (AL&)plication mode keeps track of the

deformation of the mesh.

3.2.3 Moving Boundary
The normal of the cathode is given moving mesh itmm$ so that there is adaptive mesh
refinement and movement as the nanowire grows.rateeat which the mesh moves locally is

calculated from the amount of material being depddically.
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3.3 Results and Discussion

3.3.1 Chronoamperometry
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Fig. 3.3: Simulation of nanowire growth. Snapshiogmwth after 6.3 seconds.

Fig. 3 shows a snapshot of growth after 6.3 secofdgowth. The anode potential is 0.08V
while that of the cathode is held constant at 9,08&nd the solution is 0.5M CuSO

concentration to begin with. Top left of Fig. 3 sisoa ‘unit cell’ of the microelectrode array. The
streamlines represent current density, while thetao lines represent potential lines
(concentration contour lines would look identical gotential contour lines). Furthermore, the

various boundary conditions are shown.
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The growing nanowire is depicted by the white ragibcan be seen that the ‘growth front’ is not
planar. This is because the current density isetagy the edges where the cathode and the
insulating boundaries meet at 180° angle (Thislvefservation was confirmed by many other
students during their presentations). The resultimgven growth results in a characteristic shape

of the growth front.

Furthermore, the potential contours are paralléhio regions: one, within the pores and two, in
the bulk, while they curve in an arc (and so dodbncentration contours, as will be seen later)
as they exit the pores. As one would expect, thential and concentration contours always end
normal to the insulating boundaries. Also can lns&om the rainbow coloring scheme, is that
the concentration is depleted within the poreshas tanowire grows while it is enriched at
regions closer to the anode. The current streamlame perpendicular to the potential and

concentration contours, as they should be.

In order to study the effect of geometry, simulasiavere carried on various geometries shown
earlier (Fig. 1). Below, Fig. 4 shows a series mdshots taken during the chronoamperometric
electrodeposition of Cu into these various micregotAs can be seen, the diffusion clouds exit
the shortest pore (top panel) the quickest anddjreverlap with the adjacent pores at 0.49s. On
the other hand, the deeper pores (second paneljatadut 1.2s (not shown) before the diffusion
clouds overlap. As one would expect, in the thiaded where the pores are as deep as the second
panel but now has smaller interpore distance, fffastbn clouds overlap around 1.01s (not
shown), that is, quicker than the second panels T&iexpected because of the increased

competition from nearby pores in the third case.
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Fig. 3.4: Chronoamperometry. Electrodeposition diespores of various lengths and interpore
separations. The contour lines as well as the cetireme represent concentration of copper
ions.
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3.3.2 Current vs time for three different pores

Fig. 5 shows a plot of current (that is, the in&arous current density integrated over the
instantaneous cathode boundary) as a functiomaf tor three different pore lengths (and having

the same interpore spacing). The steady statertwchieved is smaller for the deeper pores and
increases for decreasing pore length. In particdtar the shortest pore length, the diffusion

clouds exit the pore in 0.12s, resulting in a radifusion. This results in an increased mass

transfer rate and thus large current densitiethisrcase.
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Fig.3. 5: Current versus time for various geomedrie

3.3.3 Concentration vs time for three differentgxor
Fig. 6 shows the Ct (and therefore that of S ion concentration as a function of time for the
various geometries. It can be seen that the medimgth pore is depleted of Cu+2 ions the

quickest at the cathode.
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For the same pore length, it can be observed thattes interpore spacing results is slower
depletion of the Cf ion at the cathode. This can be understood bagid an the idea that with
smaller interpore spacing, there is stiff competitirom adjacent pores for the €ions. In other
words, the diffusion clouds overlap quickly for shimterpore spacing, as was seen in Fig. 5
earlier, and thus results in radial diffusion, whia turn results in faster mass transfer of ‘Cu

ions. Hence short interpore spacing will have gdaconcentration of ions at the cathode.
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Fig. 3.6: Concentration of Ctions at the cathode versus time.

3.3.4 Variation of potential and concentration viiitithe solution during Chronoamperometry
Figures 7 through 9 show potential at steady stai@ function of distance from pore bottom
(cathode) for the three different pore lengths. Gabode is at -0.08V while the anode is at
+0.08V. It can be seen that longer pores have emaitimic potential drop in the solution while

most of the potential drop occurs within the pores.
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Fig.3. 7: Long Pore - Variation of potential andraxentration as a function of distance from

pore bottom.
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Fig.3. 8: Medium Pore - Variation of potential andncentration as a function of distance from

pore bottom.
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Fig. 3.9: Medium Pore - Variation of potential andncentration as a function of distance from

pore bottom.

3.3.5 Cyclic Voltammetry (CV)

Current (A/m) vs potential (V) Cyclic Voltammetrywes for long, medium and short pores are
shown in Fig. 10. While the potential of anodedaia maintained at a constant value of +0.08V,
the cathode potential is ramped at a rate of 108rfrdm OV to -0.15V and then back to OV (for

the long pore, it was ramped to -0.2V and then badk/).

The current plotted is obtained by the integrabbmstantaneous current density over the
instantaneous cathodic boundary, that is the iategr is carried taking into consideration that

this boundary is varying in shape and size as émewire grows during the CV scan.
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A characteristic well-shaped CV plot is obtainediniy the forward scan, with a shallower curve
obtained on the reverse scan. These results glosdth those obtained in Ref. [1].It was
observed that the reverse scan shallow curve iieran artifact of the geometry: itis an
indication of the ‘communication’ between the anaui® cathode. That is, the anode is not
infinitely far away from the cathode, and is actasya source of Cliions for the cathode. If the
anode was brought closer to the cathode, theretlege scan would overlap with the forward

scan.

This could be resolved by either modifying the geomto have even larger anode-cathode
separation, or simply by decreasing the diffusietyfCu™” and ST ions smaller. The former

resulted in too many mesh points and thus causedbnygssues for the solver, so the latter
approach was adopted which was successful. A diffy®f 2x10° cnf/s was used in all the

simulations for the geometries considered.

Furthermore, one can see that the long pore leigitvs an enhanced CV curve compared to the
medium length pore, as was observed by [2-4]. iBhigecause the diffusion clouds exit the
medium pore quickly, while it takes much longethe case of long pore lengths. Thus for the
long pores, the diffusion is linear resulting inemhanced peak even as the overall current

density levels are smaller than the medium lengtle pase.
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Fig. 3.10: Cyclic Voltammetry - current versus pial.

It can also be seen that the shortest pore ranutte largest current density levels for the CV

scans. In this case, the diffusion clouds exitpbuie in 0.12s. Thus the diffusion changes from a

planar diffusion to radial diffusion, which resuiitssuch large current densities [2].
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Fig. 3.11: Cyclic Voltammetry - Concentration of‘€ions at the cathode versus time (potential

being ramped @100mV/s from 0V to -0.2V (when taBd)then back to OV (t=4s).
Concentration vs potential

Fig. 12 shows the concentration of €ions at the cathode as a function of applied ealer
potential during the CV scan for the three différeases. It can be seen that the long and medium
pores are depleted of Cuons quickly than the short pores. This is becaheenore further the
anode is from the cathode, as in the case of longspthe longer the Cu+2 ions have to diffuse
from the anode to replenish the diffusion layethatcathode. This results in a quick growth of

the diffusion layer for the long and medium pores.
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Fig. 3.12: Cyclic Voltammetry - concentration vesqotential for various geometries

considered.
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3.4 Discussion and Summary

3.4.1 Electrodeposition of Nanotubes at high ovtaptials

The geometry chosen in Fig. 1 and Fig. 2 is natewtfar from reality. When a metal contact is
sputtered on one side of a free-standing anodikedimum oxide (AAO) template, there is an
unintended metal deposition within the pores whiohts the pore walls upto a distance roughly
equivalent to the diameter of the pores. When t#€®Avas etched off, metallic nanotubes

remained (see SEM image in Fig. 13). A similar lesas also obtained by Dickey et al [5].

Free-standing AAO template

Mammplate - 100nm
~100nm

tub obtained by splittering
metal ona free-sta ndlng AAO

- When AAO etched off,
itleaves a metal nanotube

o, N

U of MN

Fig. 3.13: Contact deposition on AAO templates iegdo a tubular contact.
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Furthermore, the fact that the current distributioharge at the edges was observed in [6], and
was employed successfully to grow nanotubes. It elz=erved in [6] that under high current
density conditions, there was predominant growtinglthe pore walls leading to nanotubes,
whereas at low current density conditions, thers avaniform solid nanowire growth. These two
growth conditions were used sequentially to elepmsit core-shell nanowires in AAO-
templates, the outer core electrodeposited at digrent densities and the inner core under low

current densities.

3.4.2 Bimodal Nanowire Growths

As a diffusion cloud exits a nanopore, it growsiliinbverlaps with the adjacent ones, depending
on how quickly they are emerging out of the adjageores. This results in a non-uniform
concentration distribution just outside the poias] thus a tertiary current distribution ensues,
leading to a multimodal nanowire growth. Fig. 14wk an SEM image of one such multimodal
nanowire growth obtained as part of the authorsgaech. It shows a cross-sectional image of Fe-
Ga nanowires (which were grown in an AAO templatdofved by AAO being etched off
completely leaving just the nanowires). It can bersthat towards the right of the image, the
nanowires are of almost uniform length. Howeveegr¢his a gradual transition to bimodal (or
multimodal) distribution in the nanowire lengthsamse goes towards the left of the image (which
actually happens to be the center of the sampla}. Multimodal length distribution is clearly a
result of tertiary current distribution. The authompothesizes that because of the presence of a
very large insulating packaging (not shown) presdnthe edges of the sample during growth
(right side in the SEM image), the solution mighté not been stirred properly there, resulting in
a planar diffusion layer there. However, at theteenf the sample, the vigorous stirring of the

bulk keeps replenishing the pore openings, stopgiiagspherical diffusion clouds from merging
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into a planar diffusion layer. Thus one expecteriary current distribution at these regions,
while at the right side, since the electrode isfaurmnly accessible’, the distribution is more of a

secondary current distribution.

BIMODAL TO UNIMODAL TRANSITION

Fig. 3.14: Bimodal growth observed during the aledeposition of FeGa alloy nanowires.

3.5 Summary

In summary, one can note that among the most irmapofactors that decide the current and
potential distributions over an electrode are:

1. geometry of the system

2. the conductivity of the solution

3. the activation overpotential (which depends onkihetics of the electrode reactions)
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4. the concentration overpotential (which is causedhgyconcentration differences between
the electrode-solution interface and the bulk soh)t

We can expect to haverimary current distributionwhen the activation and concentration
overpotentials are low, that is there are no apabbe concentration gradients inside the solution
and the electrode reactions are kinetically fase ¥8n expecsecondary current distribution
when the electrode kinetics are slow, but the diffo rate is very fast. The third casertiary
current distributionoccurs when the diffusion layer thickness is of $hene order of magnitude
as the characteristic length of the geometry ofelleetrodes. While convection only affects the
region outside the hydrodynamic layer, the fluxtrdbsition within the diffusion layer is now
dominantly defined by diffusion only, and hence twerent distribution is entirely dependent on
the shape and size of the diffusion layer in cddertary current distributions.
Thus, long nanowires are favored from the view pah diffusion because they are more
accessible to diffusion than the shorter ones heckfore the local current density is larger there.
That is, any difference in lengths of nanowiresspre either before or during the growth will
only exacerbate as the growth progresses in tgrgarrent distribution mode. This clearly
explains the multimodal growth observed in the dtowof kinetically slow Fe-Ga
electrodeposition (Fig. 14).
In fact, at limiting current conditions, the sitigat is similar to primary current distribution
because Ficks second law for the steady staternsafty identical with the Laplace law, and the
boundary conditions are also the samg{e O = constant at the limiting currenrf; = const in
primary distribution) [7]. Thus, in tertiary curredistribution, geometry plays a very important

role if not the dominant role.
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CHAPTER 4: OPTIMIZATION OF NANOWIRE GROWTHS

Electrochemical fabrication of large-area, highgignarrays of high-aspect ratio ferromagnetic
nanowire structures has been the focus of vigommsearch owing to the potential for
applications in technologically critical areas likétrahigh density magnetic memdty’
spintronics and novel magnetic-sensttd, and biological applicatiors**? There is also
tremendous potential to use magnetostrictive nam@was functional elements in advanced
nanoscale sensors and actuafdré! Recently, it has been theoretically predicted that high
surface-stresses present at the nanoscale indgicénitérnal compressive stresses, which in turn
result in a shape memory effect in Cu nanowiféShese compressive preloads are also likely to
enhance magnetostriction in ferromagnetic nanovsmeslar to bulk magnetostrictive materials
which are typically mechanically biased with a coegsive preload in normal operatioi.
Among the known magnetostrictive alloys, very féwow as high a magnetostriction as do the
giant magnetostrictive alloys Terfenol-D (Oy,.Fe)™" and Galfenol (FeGa,).***® Galfenol

is a superior engineering material compared toehattD because of its higher ductility and
strength® In addition, bulk crystalline ReGay, alloys are reported to have magnetostrictive
constants exceeding 400 ppm at room tempef&tug@s opposed to 30 - 130 ppm for bulk Fe,
Co, Ni based alloy®"). Electrochemically deposited Fe-Ga nanowires Hmeen demonstrated to
have excellent flexibilit?" thus promising a high magneto-mechanical couplity potential
applications as sensing elements in a variety otraelectromechanical (MEMS) and

nanoelectromechanical (NEMS)-based biomimetic deslic?’!
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4.1 Non-Uniformities in Electrodeposited Nanowire lengths

Electrodeposition of Fe-Ga nanowire arrays has bieported earlief?"! with homogeneous
alloy compositions being achieved throughout thhreyarHoweverunwanted hydrogen evolution
reactions and oxide formatidf{ result in serious non-uniformities in nanowire dérs, the
mention of which is rare in the literatuf8.In this work, we overcome these issues by coriigl|
mass-transfer and hydrodynamic conditions usingowelnmodified (rotating disk electrode)
RDE-template. This controlled electrodepositionFefGa nanowires will also benefit a broad
spectrum of researchers studying the possibilitgyoithesizing at nanoscales the gallium-based
shape memory alloys like those of CoNi&aNiFeGa™ and NiMnG&d*3 Magnetic properties of
continuous ferromagnetic nanowiféé” as well as those of various ferromagnet/non-magnet
(Co/Cu, NiFe/Cu, NiFe/Au, Ni/Cu, CoNi/Cu) multilaygsl nanowire arrays have been reported

earliert0-4°!

4.2 Experimental Conditions

Sample preparatian Commercially obtained (Synkera) Anodized Aluminudxide (AAO)
templates of 100 nm nominal diameters were usddraglates for electrochemical deposition of
the Fe-Ga and Fe-Ga/Cu nanowires. The templates speitter-coated with a thin adhesion layer
of Ti followed by a thicker Au coating. These tewmtgls were then annealed at 200°C in ambient
air in order to improve the contact. The templatesvdirectly contacted to the rotator using
Indium, followed by insulation using Xtal Bond, amdtated at a speed of 1800 rpm during
electrodeposition.

Electrodeposition conditionsThe electrolyte consisted of FeSQ@5 mM), Ga(SQy); (35 mM)

and Na-citrate (35 mM) in DI water. pH was adjusted t@=3with diluted NaOH. The counter

electrode for all the electrodeposition experimemés a thin sheet of platinum foil. Deposition
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potential of -1.12 V vs. Ag/AgCl was used for Fe-8actrodeposition. During pulse deposition
(Figure 1d), a rest potential of -0.8 V was usedlsd Fe-Ga did not strip off during the rest
pulse. For Fe-Ga/Cu multilayered deposition, Cu8® mM) was added to the above solution.
Deposition potentials of -1.12 V and -0.8 V vs. AgCl were used for Fe-Ga and Cu
electrodeposition, respectively. The optimized d#pm conditions resulted in compositions
close to FgGay as characterized by SEM-EDS. In multilayered mares, Cu co-deposited
during the deposition of Fe-Ga layer, but the rafiée:Ga was found to be still 80:20.

Methods The rotating disk electrode was obtained from Galmstruments, and was capable of
rotating to speeds up to 10000 rpm. XRD analysis éame on the samples after polishing off the
Ti/Au contact, using Bruker-AXS microdiffractometerth 2.2kW sealed Cu x-ray source. VSM
was done at room temperature using an automatedrvéS€M from LakeShore with applied
fields upto 1 T. SEM and EBSD were performed usagJEOL 6500 scanning electron
microscopy, equipped with an Orientation Imagingcidscopy (OIM) and EBSD detector
(EDAX TSL). EBSD measurements were done using tiewing parameters: tilt of 70°,
accelerating voltage of 20 kV, spot size of lessth0 nm and a measurement step size of 30 nm.

BCC a-Fe phase was used for indexing, according to e @IM Analysis 5.1 database.

4.3 Optimization of Nanowire Growths
Non-uniform growth fronts are a particular problemnhe case of alloy nanowires involving non-

[46

ideal metals (e.g., Bie;*® Fe-G&"). A typical array of Fe-Ga nanowires grown by sigml

electrochemistry is shown in Figure 1.
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Fig. 4.1.Severe non-uniformities in nanowire lengths areciy observed in electrodeposition
of alloys involving non-ideal metals. Wherever tla@mowires reach the top of the pores, there is
preferential out-growth which blocks the adjacentgs. The result is a characteristic ‘roof’ on

top of the nanowires.

A commercial template with large non-idealities imerpore spacings was used while the
electrolyte was agitated with a laboratory magnsticrer. It can be seen that some of the
nanowires grew much faster than their neighborimgso Once these nanowires reached the top of
the pores, they formed a metal cap blocking thevtiraf the adjacent pores. Plausible reasons
for the non-uniform growth rates are: non-ideaditin interpore spacings in commercial
templates, non-uniformities in the mass-transfer rucleation rates from pore-to-pore, hydrogen
gas evolution blocking some of the pores etc. lT&inanowire arrays, the non-uniform growth
front issue was only recently resolved using a temperature pulse deposition method while
employing highly ordered AAO templates specificaiide for the purpose of improving mass-
transfer®® However, it would be commercially advantageous rife odoes not have to be

constrained by these restrictions.
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During initial stages of growth, linear diffusiorields lie entirely within the pores, b) as
deposition proceeds, the radial diffusion fieldstjemerge out of the pores, c) subsequently, there
is uneven overlapping of the radial diffusion figldl) finally, extensive overlapping results in
linear diffusion fields outside the template, ehouse modified rotating disk electrode (pores
facing down into electrolyte) that was used to odtgbly vary mass-transfer conditions from
those shown in b) to d) above. The streamlinekéretectrolyte near the RDE-template surface

are illustrated.

To overcome this barrier, we need to understandfuhdamentals of mass-transfer occurring
during electrodeposition in AAO templates. It islMaown that electrodeposition in nanoporous
templates occurs in a series of stépang which the depletion zone (Nernst layer) gsomith
time as deposition proceefBigure 2). In the initial stages, linear diffusion occursthim the

pores (Figure 2a). When the depletion layer grawgyér than the pore length, radial diffusion
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fields envelope the pore openings (Figure 2b). Witle, these radial diffusion fields merge with
each other (Figure 2c), and eventually extensiverlap results in linear diffusion fields again
(Figure 2d). While this phenomena has been studatler, there has been no clear effort in
reporting what effect each of the above mentiorifdsion fields have on the growth quality.
Experimentally, radial diffusion (Figures 2b and) 2tetermines the overall electrodeposition
process. Hence, any non-uniformities present inaberlapping diffusion fields are likely to
reflect in the nanowire growth-fronts, and thereftine nanowire lengths. In practice, the non-
idealities present in the templates as well as sionHtaneous nucleation exacerbate the non-
uniformities even further. In this study, thesauess were tackled sequentially. First, in order to
create uniform hydrodynamic conditions near thepiete surface, a modified (rotating disk
electrode) RDE-template capable of rotating at lipheds was employed (Figure 2e). Rotation
of the RDE-template causes the nearby solutionetaldawn towards the electrode surface, as
represented by the streamlines, thus enabling tialiable laminar flow as a function of rotation
rate. The solution within the pores remains uretirrhowever by increasing the rotation rate
sufficiently, it is possible to greatly minimizeettuneven overlapping of the radial diffusion

layers of Figure 2c.
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Fig. 4.3. Variation of a) mean nanowire lengths dr)dstandard deviations in nanowire lengths
as a function of rotation of the RDE-template foptdifferent potentials. The cartoons illustrate
the mass-transfer conditions existing at the cqroesling rotation rate. Both high and low
rotation rates resulted in a narrow distribution manowire lengths, but the decreased mass-
transfer in the latter resulted in very slow growttes. Intermediate rotation rates surprisingly
resulted in widened nanowire length distributiomstributed to non-uniform overlapping of
diffusion fields. Identical experimental conditiofedectrolyte composition and deposition time)

were used for all samples. Potentials are with eespo standard calomel electrode (SCE).

Figure 3 shows the effect of rotation rate on the nanovemgths and the nanowire length
distributions, as a function of deposition potdntiehe data was obtained by performing a
statistical analysis on nanowire lengths from cimmdional SEM images of each sample (as
shown next in Figure 4). It can be seen in Figar¢hat the nanowire lengths almost double when
the rotation rate is increased to above 900 rpicoagpared to no rotation (O rpm). A plot of the
standard deviations as a function of rotation (Feg@b) revealed an interesting phenomenon: the
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presence of a maximum at intermediate rotatiorsrathis maximum occurred at a lower rotation
rate when the deposition potential was lowered frrhi3 V to -1.09 V. In an unstirred solution
(O rpm in Figure 3b), extensive overlap of radidfudion fields resulted in linear diffusion
profiles outside the pores. Thus, the non-unifoyraiais minimized, but only at the cost of the
growth rate, as can be seen in the small nanowemngtth for O rpm in Figure 3a. High rotation
rates of 1800 rpm (Figure 3b) minimized the oved&padial diffusion fields, resulting again in a
narrowed distribution in nanowire lengths. The @ased mass transport at 1800 rpm also
increased the nanowire lengths (Figure 3a). Atrinégliate rotation rates, the enhanced mass-
transfer rate decreased the diffusion layer thisknbut was not enough to completely eliminate
the overlapping of the radial diffusion profileshi$ resulted in severe non-uniformities in mass
transfer rates from pore-pore, observed as a mawimuhe standard deviations in Figure 3b.
Figure 4ashows SEM image obtained during a typical Fe-Gwowére growth, under commonly
employed conditions of agitation with a magneticrat. A statistical analysis (superimposed)
showed a bimodal distribution in the nanowire l&isgivith an overall relative standard deviation
of 75%. The shorter nanowires were not only abupdam their distribution in lengths was
narrower than the larger wires. However, with tise of the RDE-template at a rotation rate of
1800 rpm (Figure 4b), not only was the bimodalriistion eliminated, but the relative standard
deviation was reduced to 27%. This wide distributieen in Figure 4b may have been caused by
non-simultaneous nucleation at the bottom of theegpoTo help facilitate a simultaneous
nucleation, 200 nm of a noble metal Cu was first&bdeposited in the pores to act as nucleation
sites for subsequent Fe-Ga deposition. This rasuita greatly improved uniformity (Figure 4c).
Further improvement was realized when pulse depasitas employed, in addition to the use of
RDE-template and Cu seed layer. Fe-Ga deposititse ppas applied for 1 s, followed by a 2 s

‘rest’ period. The rest period ensured that theomare growth always occurred in the linear
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diffusion regime (Figure 2a). As a result, non-onifi overlapping of diffusion fields was

completely avoided, and resulted in very uniforrnowaires with just 3% relative standard

deviation (Figure 4d). Thus, by understanding theous aspects of mass-transfer, we were able

to completely eliminate the bimodal distribution m@anowire lengths and fabricate nanowire

arrays with greatly enhanced repeatability andarmifty in lengths over the whole area of the

template.
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Fig. 4.4. Optimization of Fe-Ga nanowire growthsatStical analysis of nanowire lengths is

superimposed on the corresponding SEM image, aadsthematics represent the diffusion
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profiles existing during growth in each case. abimodal distribution was obtained when the
solution was agitated using a magnetic stirreralter use of RDE-template at a rotation rate of
1800 rpm, c) after use of Cu seed layer in additionRDE-template and d) use of pulse
deposition in addition to Cu seed layer and RDEpkate. Identical growth conditions including

deposition potential, solution concentrations aimget of deposition were used.

We were then able to fabricate Fe-Ga/Cu multilayeranowire arrays of various structures (see
Figure 538) with enhanced reproducibility and uniformity iaggnent thicknesses over the whole
area of the template. Structure A represents otrerag with the largest Fe-Ga thickness and
zero Cu thickness, and structure E representstlige extreme with the smallest Fe-Ga thickness

and largest Cu thickness.

4.4 Structural Characterization

Figure 5b shows XRD characterization done on sirestA and B. The XRD patterns for Fe-Ga
were indexed based on disordered body-centered-atbe (orA2) phase, in which the gallium
atoms randomly substitute the iron atomic positioimgorporation of Ga atoms caused an
increase in lattice parameter from that of Fe,aslme seen from a shift of Fe-Ga peaks to lower
20 values when compared to JCPDS Fe peaks. Both ABamaldl a <110> preferred orientation
for the Fe-Ga segments, in addition to some <2htb<®00> oriented grains. On the other hand,
analysis of Cu peaks in structure B indicated gyqgktalline growth without any significant
texture. This was expected for the strongly diffasimited growth of Cu segmeritg.However,

it was surprising that the polycrystalline Cu segtaadid not disrupt the (110) texture of Fe-Ga
layers to the extent we expected. Most likely, ¢himte ions present in the electrolytic bath not
only acted as a complexing agent but also as digvagent. A similar conclusion was drawn in

a previous study on electrochemical deposition aftitayered Ni/Cu thin films where it was
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found that the loss of texture of Ni layers wasimined when using a citrate-based electrolyte

instead of the conventional sulfate and sulfamatads*®
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Fig. 4.5.a) 100 nm diameter structures studied in this wék[> 25 AR®®], B: [4.0 AR*%?/
0.5 AR",, C: [3.0 AR®®?/ 3.0 ARCWY, D: [1.0 AR®*®*/ 1.0 ARCuJs, E: [0.5 AR®*®?/ 5.0
ARCuk,. AR = aspect ratio = length/diameter. The subgsridgenote number of [Fe-Ga/Cu]
bilayers. b)XRD patterns for structure A (Fe-Ga nanowires) ataicture B (representative of
the Fe-Ga/Cu multilayered nanowires). Nanowires avembedded within the AAO matrix.

JCPDS data for Fe (#00-006-0696) and Cu (#00-0038)&re shown in the bottom panel.
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Detailed microstructural analysis on structure Awane using TEM and EBSPigure 6). The
(high resolution) HRTEM image (Figure 6b) takermatedge of the nanowire (Figure 6a) showed
parallel atomic rows of these (110) planes. Thg)ihterplanar spacing was calculated to be 0.2
nm, confirming XRD results. The SAED pattern (seset) of this nanowire confirmed a
crystalline electrodeposition, with <110> prefer@ientation. EBSD analysis done on structure
A is presented in Figures 6 c-e. Orientation imggmicroscopy (OIM) enabled us to obtain (110)
pole figure (PF) and inverse pole figure (IPF) imsgand thereby the grain distribution and their

orientations. The IPF image in Figure 6¢
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Fig. 4.6.Microstructure analysis of structure A. a) TEM ingagf hanowire. b) HRTEM image
showing a crystalline growth. (inset) SAED pattesith arrow shown pointing along the
nanowire axis. ¢) EBSD analysis showing Inverse figiure (IPF). d) corresponding 110 pole
figure. e) IPF of a different section of the sanamawire showing a low angle grain boundary

defect.

shows a nanowire with <110> orientation along tregltudinal direction. The scatter along the
upper edge of Figure 6¢c was caused by the curvatutlee edge. The corresponding (110) pole
figure (Figure 6d) clearly showed the crystallinature of this segment of the nanowire.
However, at another segment of the same nanowitewaangle grain boundary was imaged

(Figure 6e).
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Fig. 4.7.Microstructure analysis of multilayered nanowire3.SEM-EDS compositional map of
[330 nm Fe-Ga] / [90 nm Cu] multilayered nanowiréd. TEM image showing Fe-Ga segment in
a different nanowire. ¢) HRTEM image showing cista growth of Fe-Ga segment. (inset)
SAED pattern of the Fe-Ga segment with arrow sh@emting along the nanowire axis.
Corroborating XRD results, the TEM results showrsl Fe-Ga segments in all structures had a

preferential (110) texture along the nanowire ldngt

Fe-Ga/Cu multilayered nanowires were characterzdeigure 7. An SEM-EDS compositional
map of Fe-Ga/Cu multilayered nanowires collecteer@/TEM grid show uniform Fe-Ga and Cu
thicknesses. The leveling effect of the citratectetdyte mentioned earlier was expected to
smoothen interface irregularities by preferentig#ctodeposition into recessé$, and as
expected relatively sharp interfaces were obsebattveen the Fe-Ga and Cu segments (see
Supporting Information§® Figure 7b shows the TEM image of a different ntaytred nanowire
(Fe-Ga segment is within dotted box). HRTEM imalgigre 7c) of the Fe-Ga segment showed a
highly crystalline growth even in the multilayerednowires, affirming the growth optimization

enabled by the use of citrate baths. SAED patterse{ of Figure 7c¢) of the Fe-Ga segment
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showed that the <110> direction was tilted awaynfthe nanowire axis and the <112> direction
was close to the nanowire axis. Based on XRD an8[EBesults (Figure 5), Fe-Ga segments
with this orientation were present to a small ekianall the nanowire structures. Furthermore,
analysis of the reciprocal distances in SAED pastshowed that the (110) interplanar spacing in
the multilayered nanowire was 4% larger than thagtiucture A, very likely due to codeposition
of Cu within the Fe-Ga segments. Confirming XRD,M Hiffraction studies on Cu segments

indicated a slight polycrystallinity.

4.5 Magnetic Characterization

The crystalline easy axis of bulk crystalline Fe-&ys is along <100> direction, and the
electrodeposited nanowires have a strong <110>urextlong the nanowire axis, with
randomized <100> orientation perpendicular to tkis.al'his randomization of crystalline easy
axis results in negligible net magnetocrystallinesatropy, so that the magnetic properties of the
array are determined entirely by the competitiotween exchange energy, the demagnetization
energy, and the Zeeman energy. Various modes ohetiagreversal in nanowires have been
predicted theoreticallyHigure 84d) including coherent rotation (CR), in which alktBpins rotate
coherently; transverse wall (T), in which momentseirt progressively via propagation of a
transverse domain walllocalized CR mode); curling (C), in which all the momentsricu
simultaneously; and the vortex wall (V), in whichet moments invert progressively via
propagation of a vortex domain walb¢alizedC mode)*! The arrays reverse by whatever mode
is energetically favorable and presents the sniatlesrcivity for that nanowire diameter and
applied field angl€” Given this, it has been theoretically predictedt tht low applied field
angles, small diameter nanowires undergo revessdl hode instead of CR mof&, whereas

larger diameter nanowires undergo reversal by Vemiodtead of C mod& 5! On the other

60



hand, at applied field angles approaching 90°, GRlepresents the smallest coercivitiés’ It

is well known that the magnetization reversal ofmanowire array occurs by successive
irreversible switching of individual nanowirE&*%3 However, owing to finite differences in
nanowire lengths, surface defects, microstructak rmean magnetostatic fields from the array,
there is a wide distribution in switching fieldsh@n, the macroscopic.ialues measured using
VSM correspond to the configuration of zero magraion of the whole array, that is, to the
median of the switching field distribution. In atidn, it was recently shown that even as inter-
wire magnetostatic interactions modify the magndt@havior of the arrdy’ they do not
significantly alter the magnetization reversal msses in the nanowiré¥. Therefore, parameters
like M, and H can be used as indicators of the various typ@saginetization states at remanence

and at coercive fields, and of the various maga#tin reversal mechanisrfig3640545°]
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Fig. 4.8.a) Common modes of magnetization reversal in naieswiCR: coherent rotation, T:

transverse domain wall, C: curling and V: vortexnain wall. Here, the moments are shown
reversing under the application of an external diedpplied in the downward direction. b)
parallel and c) perpendicular hysteresis loops wfictures A - E. d) Coercivity as a function of

applied field angle for the various structures.

If future devices are to utilize the magnetostvietproperty of Fe-Ga in nanowires, the designer
has to be able to rotate the moments from alongahnewire axis to perpendicular to the axis (or
reverse) so as to result in a length change. Tasilf#ity of doing this was demonstrated in
individual Fe-Ga/Cu multilayered nanowires in oarlier work™® Here, we study multiple Fe-

Ga/Cu multilayered structures (Figure 8) by varyting aspect ratios of both Fe-Ga and Cu layers
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in order to elucidate on the balance between shagigotropy and intra-wire magnetostatic

interactions on the reversal mechanisms, and therein the measured coercivities. Parallel and
perpendicular hysteresis loops (Figure 8b and &spectively) indicated easy axes along the
nanowire axes for all structures, except for stmectE which was intentionally engineered to be

isotropic.

H. values measured as a function of angle are shoviigure 8d. Theoretically, in nanowires
undergoing reversal by either C or V modes, theaiaities increase with applied field angles,
peaking at perpendicular (90°) fields® On the other hand, for the CR mode, the coerewiti
decrease with applied field angles in the 0 - 9@§udar rangé’” The system will experience
reversal by the mechanism that has the lowest witgrdor that angle. As a result, the
coercivities initially increase with applied fiekhgle according to V mode, but there may exist a
critical angle above which CR mode is favored aftbich coercivities decrease. In Figure 8d,
structure A experienced this competition betweea two modes. The Hvalues initially
increased indicating reversal by V mode in the Bwular regime, but decreased at high angles
indicating a contribution from CR mode reversalisTtesulted in two distinct peaks at approx.
70° and 120° angles. In other words, with fieldsppedicular to the nanowires, the reversal
mode was a mixture involving a coherent rotatiomoimentswithin the nanowire and a reversal
of vortex structurest the end<f the nanowires. These results are consistettit thi¢ in-field
MFM study*® of 60 nm diameter individual continuous Fe nanesjmwhere it was found that
when negative fields were applied close to 0° a)gleversal took place by vortex domain wall
propagation (V mode). However, at higher anglemixed mode of reversal set in: a coherent
rotation of the magnetic moments inside the narowias observed while the magnetic moments

at the ends of the nanowire formed into pinned amphic vortex structures.
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The drop in H values observed for structure A (see Fig. 5) ald@@f angle was absent for the
multilayered structures B - E. In fact, the muligdaed structures exhibited well defined bell-
shaped curves that one would expect fguee vortex/curling reversal mod&! That is, there

was no contribution from CR mode, and reversal e@spletely dominated by V mode. This
was expected because as the Fe-Ga aspect rateasgedrfrom 25 in structure A to 4 or less in
the multilayered structures, the volume of momamtdergoing CR mode reversal within each

Fe-Ga segment decreased.

Furthermore, it is interesting to note that thewd. 6 curves of multilayered structures B - E
appeared to converge at 90° applied field anglesufiderstand why, consider structure E in
which the Fe-Ga aspect ratio was just 0.5, here@dalume of each Fe-Ga segment was expected
to be composed mostly of pinned vortex structuresgnt at either end. Therefore, the coercivity
exhibited by this structure was solely determingddversal of the pinned vortices. In addition,
this structure E exhibited identical, Walues independent of applied field angle, indingat
identical reversal mechanism for all applied fielogles. Given that all the other multilayered
structures (B - D) exhibited similar Halues as structure E at 90°, it is very likelwttlthe

reversal of pinned vortex structures solely deteedithe 90° Hvalues in them as well.

4.6 Conclusions

In this study, we have accurately controlled thecebdeposition of Fe-Ga/Cu multilayered
nanowires by using novel modified RDE-templatesetbgr with Cu seed layers and pulsed
deposition. The use of a citrate-based electrolygith enabled highly textured growth of Fe-Ga
segments. Magnetic characterization revealed thafFa-Ga/Cu multilayered nanowires, the
coercivities depended on the aspect ratios, anth@mpplied field angles. At low applied field

angles, the magnetization reversal occurred méwlthe nucleation and propagation of a vortex
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domain wall. At large applied field angles, a mixadde of reversal set in, involving a coherent
rotation of magnetic momentsithin the Fe-Ga segments and a reversal of vortex steszt

the endof the Fe-Ga segments. However, only the lattegrdeéned the Evalues at 90° applied
field angles, except in structure A with very higl+-Ga aspect ratio. Thus, we have demonstrated
that by controlling the aspect ratios of Fe-Ga &hd segments, one can tailor the reversal
mechanisms and the switching fields over a widegeaof values in Fe-Ga/Cu multilayered

nanowires.
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CHAPTER 5: REVERSAL MECHANISMS OF SMALL DIAMETER

NANOWIRES

5.1 Introduction

Single crystal bulk Galfenol (FgGa, 0.13<x<0.35) alloys have been known to exhibit
magnetostriction constants upto 400 ppm at roonpéeaiure, making them next best only to
Terfenol-D (TRDy:«Fg) alloys? However, unlike Terfenol-D, Fe-Ga alloys are hjgHuctile
and mechanically strong, while possessing sevetiaéroadvantages like high mechanical
strength, high magnetization, low hysteresis, loagnetic anisotropy, low saturation fields, and

high elastic constanfs.

As nanowires, these properties make them partigulattractive for transducer and sensor
applications. Several studies have used electroskignto synthesize large-area, high-density
arrays of such Fe-Ga alloy nanowif@slt has been shown that the electrodeposited Fe-Ga
nanowires possess tensile strengths ~2 times thatllo alloys while being extremely flexibié,
thus promising high magneto-mechano-electrical kngpvhen used in microelectromechanical
systems (MEMS) and nanoelectromechanical systenEBM@® %' Practically, however, a
fundamental requirement is to be able to rotate rttagnetic moments from perpendicular
direction to parallel to the nanowires (or vicesar One way to achieve this is by engineering a
ferromagnet/non-magnet (FM/NM) structure that careroome the shape anisotropy of the

nanowires> 4

In this study, 35 nm diameter {8a,/Cu hanowire arraygrigure 1(a)) were studied using a
vector-enabled vibrating sample magnetometer (ve¢8M), and their magnetic behavior
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(coercivities and switching mechanisms) were tatloas a function of Fe-Ga and Cu aspect
ratios. Varying Fe-Ga segment thicknesses allowedirederstanding of the effects of shape
anisotropy, and varying the Cu thicknesses ledntairederstanding of the effects of intra-wire

magnetostatic interactions, thus enabling futugiegtions such as artificial cilia, nanoactuators,

nanomagnetic sensors, and spintronics.

5.2 Experimental Conditions

The electrolyte consisted of 35 mM Natrate, 15 mM FeSg and 17.5 mM G#SQy); which
were mixed in the same order. The solution pH wdisisted to 3.75 using dilute NaOH.
Commercially (Synkera) obtained 35 + 3 nm diamedeodized aluminum oxide (AAO)
templates were used. One side of the templatespater-coated with 20 nm Ti adhesion layer
followed by 200 nm Au layer. The templates werathenealed at 150 - 200 °C on a hot plate in
order to improve the contact. A conventional theéeetrode electrodeposition cell was used in
which the template acted as the cathode, whildérastheet of platinum was used as the counter
electrode. The depositions were carried at roonp&ature under well-stirred conditions
creating uniform hydrodynamic conditions near #m@plate surface. Fe-Ga continuous nanowire
(structure ‘a’ in Figure 1(a)) deposition was cadriunder potentiostatic conditions at -1.12 V
with respect to Ag/AgCI reference electrode, ansliited in a composition of k&g, with a
growth rate of ~75 nm/min. For Fe-Ga/Cu pulse-digjoos’ 1.5 mM CuSQ was added to the
above electrolyte and a potential of -0.8 V waslusedeposit Cu layers, resulting in ~15 nm/min
growth rate. ~19% Cu codeposited during electrogigipn of Fe-Ga layers in the multilayered
nanowires, but the Fe:Ga ratio was still found & 89:20. A JEOL 6500 scanning electron
microscope (SEM) equipped with an energy disperspertrometer (EDS) was used to measure

the elemental compositions. A VSM equipped with teeccoils was used for magnetic
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characterization. Figure 1(b) shows a top view s@te of the VSM. The sample is shown
suspended from the vibrating rod positioned betwibertwo magnetic poles (N and S). The two
sets of coils surrounding the sample detect vanatiin x- and y-components of the sample
moment (that is, Mand M as shown). The field 4, being applied in the x-direction, Ms. Hy,

represents the usually obtained hysteresis looph e additional set of coils placed in the y-

direction, it is possible to simultaneously monitiee variation in Nlcomponent.
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Fig. 5.1. (a) Various 35 nm diameter structurasigd in this work. a: [> 55 AR®, b: [1.0
AR™%?/ 1.0 ARY) 35 c: [0.1 AR®®?/ 0.1 ARY| 350, d: [0.1 AR®?/ 0.2 AR 350, €: [0.1 ARR®®?/
0.3 AF?”] 350 AR = aspect ratio = length/diameter. The subdsrigenote number of
[FegoGaxy/Cu] bilayers. (b) Schematic of top view of VSMvaing an additional set of vector

coils to measure lcomponent of the sample moment.
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5.3 Magnetization Reversal Mechanisms

Figure 2 shows room temperature parallel and perpendityistieresis loops of all the structures
(nanowires embedded within the AAO matrix). Theyeasis in each case can be seen to be
parallel to the nanowire axis. The fact that even pancake-like structures ‘c’ - ‘e’ with Fe-Ga
aspect ratio of 0.1 still had their easy axis pardab the nanowire axis pointed to intra-wire
magnetostatic interactions, which decreased witneasing Cu thicknesses. In perpendicular
fields (Figure 2(b)), structure ‘a’ exhibited g tvalue of approx. 8250 Oe. This was very close to
the theoretically expected value af\2; =~ 8550 Oe for infinitely long RgGay, wires, assuming
an M value of ~1.7 T or 1353 emu/cc forf@a.*

The electrodeposited Fe-Ga nanowires were foungiate a disordered bas2 phase, with a
strong <011> texture along the nanowire axis andomized <001> orientation perpendicular to

the axis’
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Fig. 5.2. (a) Parallel and (b) perpendicular hyssis loops of structures ‘a’ - ‘e’.

Therefore, in the absence of significant magnesiatljne energy in these §&&a, nanowires,
the magnetization reversal modes are determinecklgnby competition between the exchange
energy, the demagnetization energy, and the Zeemeargy'> The most common magnetization
reversal modes in nanowires afecoherent rotation (CR), in which all the spinsatet
coherently; transverse wall (T), in which momergserse progressively via propagation of a
transverse domain walllocalized CR mode); curling (C), in which all the momentsricu
simultaneously; and vortex wall (V), in which th@ments reverse progressively via propagation

of a vortex domain walll§calized C mode). One way to determine which of these mades
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occurring during reversal is to study the variatidrtoercivity (H) with the applied field angl&.
In CR and T modes, Halues decrease with applied field angles in th®0° range and result in
a minimum at 90° angle, whereas in C and V modes, i values increase continuously

resulting in a peak at 90° andfe'®
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Fig. 5.3. Coercivity as a function of applied figldgle for structures ‘a’ - ‘e’.

In a recent studywe reported that 100 nm diameterdB=y/Cu multilayered nanowire arrays
undergo reversal by V mode in the entire O - 9GJuéar range. In contrast, the 35 nm diameter
structures studied here exhibit increasingvBlues in the low angular range of 0 - 60° followe
by a drop to minimum values at 90° an@fegure 3). This is typical of magnetization reversal
occurring by two modes: V mode in the low angukange, and CR mode in the high angular
range***° The result of opposing trends of the two modes @haracteristic pe&k'® around 60°
angles in the coercivity plots. In the low angutange (0 - 60°), the decrease ipudlues with a
decrease in the aspect ratio of Fe-Ga segmentkdionrder, ‘a’ to ‘c’) may be attributed to the

corresponding decrease in shape anisotropy (netditferent vertical scale for ‘a’f.In the high
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angular range, kbf structure ‘a’ approached zero at 90°, as oneldvexpect theoretically for an

infinitely long cylinder.
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Fig. 5.4.Vector-VSM M- M plots for (a) parallel and (b) perpendicular apg(i fields.

Schematic in (b) shows the cooperative rotatiomoments in adjacent Fe-Ga segments.

In order to use the E&a/Cu multilayered nanowires for magnetoresistanc&)Mr spin-
transfer torque (STT) applications, it is of gréaportance to understand how pancake-like
structures ‘c’ - ‘e’ undergo reversal. Vector-VShasvutilized for this purpos@-igure 4). In
structures ‘c’ to ‘e’, Fe-Ga aspect ratio was neiiméd constant at 0.1, but the Cu aspect ratios
were increased gradually from 0.1 to 0.3. Thisvedld a careful investigation of the effect of
intra-wire magnetostatic interactions on the switching resporit 0° applied field angles

(Figure 4a), all of the structures ‘c’ - ‘e’ exhied relatively negligible M components since
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vortex mode reversal occurs primarily with flux slwe. At 90° field angles (Figure 4b), reversal
by coherent rotation mode resulted in a signifiddptomponent. As the Cu thickness increased,
the intra-wire magnetostatic interactions decreasedhat the extent to which the moments in
adjacent Fe-Ga segments rotate co-operatively dsede This was clearly reflected by a decrease
in the overall Nj component as one goes from structure ‘c’ to ‘@onf the structures studied
here, ‘e’ is the closest but not yet magneticatigtiopic. This can be seen in Figures 2-4 with
similar M, vs H hysteresis, almost flat angulag eurves, and negligible M{moments follow the
applied field). As such, any structure with thickewm segments than in ‘e’ presents the best case

to be a candidate for magnetostriction-based skattoator applications.

5.4 Conclusions

In summary, we studied the magnetization revershanisms in 35 nm diametergff&ayCu
multilayered nanowire arrays. It was found that tremowires undergo reversal by different
modes depending on the applied field angles. Indiveangular range of 0 - 60°, all structures
irrespective of Fe-Ga or Cu aspect ratios undenn@rdrsal by nucleation and propagation of a
vortex domain wall. However, in the high angulange, they underwent reversal by coherent
rotation mode. It was found that the extent to Whooments rotate cooperatively decreased as
the Fe-Ga segment separation increased, that itheastra-wire magnetostatic interactions

decreased.
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CHAPTER 6: FeGa/GaAs STRUCTURES FOR SPINTRONICS

APPLICATIONS

6.1 Introduction

Among the known magnetostrictive materials, vemny f&how as high a magnetostriction as do
Terfenol-D (ThDyu.xFe)' and Galfenol (FgxGa).>* When compared to Terfenol-D, E8Ga,
alloys possess higher ductility and tensile stiengand lower saturation fielllswith
magnetostrictive constants exceeding 400 ppm ah temperaturé These properties make them
prime candidates not only for actuator and tranedapplications but also for newer technologies
like spintronics and multifunctional metal-semicantbr (M-S) hybrid devices. For instance, a
recent studyproposed to incorporate magnetostrictive M-S $tmes as functional elements in
novel spintronics strain and stress sensors, iclwlicompressive or a tensile stress is detected
by a change in the spin-polarized current. Comrechriiques to fabricate such structures include
molecular-beam epitaxy (MBE), sputtering and chainieam epitaxy (CBE). Electrochemistry
provides an alternative route that is not only ecoical but is well-suited for large scale
fabrication. The feasibility of using electrochetrysto grow epitaxial Fe/GaAs, Bi/GaAs,
Co/GaAs, FgxNi/GaAs structures has been demonstrated in recedies 10 However, the
fabrication and study of the technologically im@mtt magnetostrictive hg,Ga/GaAs structures
via electrochemistry has not yet been reportedflypawing to the difficult nature of

electroplating alloys involving galliurt.

Single crystal Fg,Ga alloys exhibit the maximum magnetostriction alor@01> directior?.

However, when ReyGa, alloy thin films are deposited on polycrystalliness substrates, either
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by vacuum deposition techniqd&sr electrochemistry: they tend to have a <011> preferred
texture along the growth direction. In this worke wesolve this issue and successfully grow
<001> textured Re,Ga thin films by using a <001> oriented GaAs substtaténfluence the
growth of the thin films. Furthermore, post grovettnealing is used to improve the Fe-Ga/GaAs
interface and increase the electron tunneling iefity. This study can easily be extended to
fabricate via electrochemistry other technologicatiportant Heusler alloys that contain gallium,

like FeNiGa or NpCoGa.

6.2 Experimental Conditions

Two kinds of substrates were used: polycrystaltiress and epi-ready n-type GaAs (001) (with
2° miscut and Si-doping of ~ 2 x ¥@m®). Prior to deposition, the brass substrate surfea®
cleaned in concentrated HCI for 10 s and rinsed Witwater. The GaAs substrates were dipped
into ammonium hydroxide for 30 s to remove the veixide® rinsed in DI water, and then
immediately transferred to the electrolyte. Contiacthe GaAs substrate was made by melt-
coating a layer of Indium to the backside which vthsn insulated using Xtal Bond. The
electrolyte consisted of 35 mM Maitrate, 15 mM FeSQand 17.5 mM G4SOy); (mixed in the
same order) with pH adjusted to 3.75 using dilus®MN. The counter electrode was a thin sheet
of platinum foil. Deposition was carried under astant applied potential of -1.12 V with respect
to Ag/AgCI reference electrode, resulting in a slgnewth rate of ~ 1.5 nm/s. A composition of
Fe;sGai; was obtained irrespective of the kind of substisted. X-ray diffraction (XRD) was
done using Bruker-AXS Microdiffractometer with 2}V sealed Cu x-ray source. High
resolutione® - 20 scans and rocking curve analysis on GaAs sampies done using Panalytical

X'Pert Diffractometer with 1.8 kW sealed ceramic &way source. Imaging was done using a
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JEOL 6500 scanning electron microscope (SEM) eadpmith an energy dispersive

spectrometer (EDS) to measure elemental compasition

6.3 Fa,Ga, Thin Film Deposition
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Fig. 6.1 (a) XRD of a FgGay thin film electrodeposited on brass substrate) éymbol
represents brass substrate peaks. (b) SEM imageisp@ single crystal of RegGay;bcc phase
nucleated during initial stages of the growth (cleege scale SEM image showing deterioration
of the single crystal growth resulting in polycilihe growth near the top. (d) Schematic

representing orientation of the nucleated crystalative to the brass substrate.

Figure 1(a) shows a typical XRD pattern obtained forgda=s; thin films electrodeposited on
polycrystalline brass substrates. As can be sdéenfilm was predominantly <011> oriented

along the substrate normal. In our previous wowks,had reported that this was the case for
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electrodeposited kgyGa, thin films over a range of gallium compositidisand also for
electrodeposited Bga,, nanowires>* Figure 1(b) shows an SEM image that captured the
initial stages of growth, and one can clearly idgnthe body-centered cubic (bcc) phase of
FesGar. It is well known that electrodeposition occurs liycorporation of adatoms
preferentially at step edges and kink sifegsulting in such crystalline growth when conditio
are optimunt®*’ A large scale SEM image (Figure 1(c)) of the saumdace shows a number of
such cubic crystals randomly nucleated without efgered in-plane orientation. Figure 1(d)

represents the overall <011> preferred orientatfdhese FgGa;; cubic crystals.

o011 #(002)|) GaAs (004)

: |
v D { B after }
anneal

FeAb

‘. HI 854507 5) H‘\ '

40 45 50 55 B0 B5 70 75 80
26 (degrees)

Counts (a. u.)

Fig. 6.2. High resolution XRD patterns of Fe-Gantlilms electrodeposited on n-GaAs (001)
substrate. Symbok) represents RgGay; film peaks. Electro-deposition time in bracketRDX

pattern D was obtained after sample B was anneal@D0°C for 2 hours in N

In order to avoid the <011> texture, and grow fikvith the desired <001> texture, one technique
is to use a <001> oriented GaAs substrate withghtsimiscut. The miscut in the single crystal

substrate provides the necessary step edges fdeatioa of <001> oriented RgGa. As
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expected, FRgGa; thin films electrodeposited on GaAs(001) subsgratesulted in a
predominantly <001> textured growthigure 2) with an out-of-plane lattice parametepql of
approx. 2.88 nm. Assuming a completely relaxed,filme lattice mismatch betweengk®a;; and
GaAs was then estimated to be at most 1.83%, asseppto 1.4% for pure Fe on Ga®\as the
deposition time, and therefore the film thicknesseased in the samples in the order A - C, there
was an increase in the <001> peak intensity butowit a detectable change in the <011> peak
intensity. Upon annealing the sample B at 300°C2fbours in N atmosphere (see curve D), the

FesGa7(002) peak intensity increased significantly, andswaccompanied by a now

distinguishable but weak k&8 ,(011) peak.

counts (arb. units) <
(v00) SO

111111111111111

20 22 24 26 28 30 32 34
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Fig. 6.3. (a) Diffraction patterns for Bga,/(002) and FgGa;(011) obtained on a 2D area
detector in a Laue diffraction mode. The beamstopright image was used to block the
GaAs(004) substrate spot. (b) Separate rockingesuaf Fe-Ga (011), Fe-Ga (002) and GaAs
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(004) are shown overlaid. Schematic on the topasgnts the new orientation of the Fe-Ga thin

film relative to the GaAs substrate.

For highly textured thin films on single crystalbstrates, Bragg-Brentano diffraction mode
provides an excellent visual way to analyze tha fiéxture. The bright spot obtained for{e,;
(002) peak on the 2D area detector confirmed timg sttong <001> texture in the film (Figure
3(a)). On the contrary, the ring diffraction pattebtained for RgGa-(011) indicated a random
orientation of the (011) planes. A further confitioa that the substratmusedhe <001> texture

in the film came from high resolution rocking cureealysis. In Figure 3(b), three separate
rocking curves for RgGaA011), Fg:Ga-(002) and GaAs(004) are overlaid on the same plot.
The Fg:Ga-(002) rocking curve exhibited a peak with a fullidia half-maximum (FWHM) of
0.7° indicating that the Bga(002) planes were primarily parallel to the GaA4(0planes. On
the other hand, rocking curve of f8a-(011) did not show any peak implying that the <011>
oriented grains resulted only as the film was almtkaEfficient injection of spin-polarized
electrons from ReyGa, films into GaAs is critical for these structures tbe used in future

spintronic devices.
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Fig. 6.4. Current - voltage characteristics ofsf@a;/GaAs Schottky contacts as-grown and after

annealing at 300 °C. All measurements were dori€Tat

Figure 4 shows current - voltage characteristiastlie Fg:Ga,/GaAs Schottky contacts. The
non-linear current-voltage plot obtained for aswgnoFe-Ga/GaAs Schottky contacts was
characteristic of tunneling injection. Upon anneglihe samples at 300 °C for 2 hours in &l
modification of the Fe-Ga/GaAs interface was evadeh by a dramatically improved non-
linearity in the current-voltage characteristidsislto be noted that these results are similar to

those obtained for MBE-grown Fe/GaAs structufes.

6.4 Summary

In summary, we have studied the influence of peistailine brass and single-crystalline GaAs
substrates on the texture of electrodeposited,f&a, thin films. It was found that Bgay; films
grown on brass substrates exhibit a <011> prefialentientation out-of-plane. In contrast,
FesGayg; thin films grown on GaAs(001) substrates resultea istrong <001> texture, and high
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temperature annealing resulted in further improvatnad the <001> texture. Rocking curve
analysis confirmed that the <001> texture in thgs&&; film was indeed influenced by the
GaAs(001) substrate. Current - voltage characiesistbtained revealed an improvement in
electron tunneling characteristics upon annealititys indicating a modification of the

Fe;sGa//GaAs interface.
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CHAPTER 7: CONCLUSIONS

A deposition mechanism for E&3g, alloys was proposed in which the formation of deasbed
monovalent [Fe(l));sintermediate was considered to be the rate-detémgistep. In subsequent
steps, this intermediate either gets reduced to oo catalyses the reduction of gallium by
forming an adsorbed [Ga(lll)-Fe(})} intermediate. In fact, induced codeposition ofligal
requires the formation of this adsorbed intermediate witbni In line with the proposed
mechanism, differences in the mass-transport ratdse(ll) and Ga(lll) species affected the
extent of partial current densitigg andig, SO that by controlling the rotation rate alonetatlic

thin film compositions in the entire range of irgst (15% - 30% Ga) were obtained.

Electrodeposition of Fe-Ga/Cu multilayered nanos/iine&s accurately controlled by using novel
modified RDE-templates together with Cu seed lagex$ pulsed deposition. The use of a citrate-
based electrolytic bath enabled highly textured wgino of Fe-Ga segments. Magnetic
characterization revealed that in Fe-Ga/Cu mulkitag nanowires, the coercivities depended on
the aspect ratios, and on the applied field anglesow applied field angles, the magnetization
reversal occurred mainly by the nucleation and agagion of a vortex domain wall. At large
applied field angles, a mixed mode of reversalirseinvolving a coherent rotation of magnetic
momentswithin the Fe-Ga segments and a reversal of vortex stegzdt the endof the Fe-Ga
segments. However, only the latter determined thealies at 90° applied field angles, except in
structure A with very high Fe-Ga aspect ratio. THiyscontrolling the aspect ratios of Fe-Ga and
Cu segments, one can tailor the reversal mecharaschghe switching fields over a wide range

of values in Fe-Ga/Cu multilayered nanowires.
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Finally, with potential applications in Spintronjcthe influence of polycrystalline brass and
single-crystalline GaAs substrates on the textdrelectrodeposited kgyGa, thin films was
investigated. It was found that &@8a- films grown on brass substrates exhibit a <011>
preferential orientation out-of-plane. In contrabs:Ga; thin films grown on GaAs(001)
substrates resulted in a strong <001> texture,hagid temperature annealing resulted in further
improvement of the <001> texture. Rocking curvelysia confirmed that the <001> texture in
the F@:Gay film was indeed influenced by the GaAs(001) sulbstreCurrent - voltage
characteristics obtained revealed an improvemenel@ttron tunneling characteristics upon

annealing, thus indicating a modification of thg:B&/GaAs interface.
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