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Abstract

This work is focused on the electrodeposition and study of Fe—Cu in the form of
continuous and patterned thin films and coatings as well as the fabrication and
characterization of submicron motifs, nano- and microrods and tubes targeted at a

variety of environmental and energy-efficient applications.

Firstly, different electrolytes are developed for the electrochemical deposition of
FexCui-x coatings of several micrometers in thickness over a wide composition range
(0=x<86). The effect of various complexing agents and plating conditions such as pH,
temperature and magnetic stirring on the morphology, structure, elemental
composition and magnetic behavior is investigated. It is shown that the coatings are
partially alloyed, despite the low mutual solubility of Fe and Cu, and saturation

magnetization can be easily tuned by an adjustment of the Fe content.

Next, the synthetic protocols for the continuous coatings are extrapolated to the
fabrication of patterned thin films with a hierarchical porosity achieved by coupling
electrodeposition with colloidal lithography. The wetting properties of these films and
their potential towards water-oil separation in mixtures and emulsions is assessed as
a proof of concept. The high surface-to-volume ratio of the films in conjunction with
the high roughness achieved by the macroporous network and the nanosized features
along the pore walls lead to a strong hydrophobic/oleophilic nature of the deposits
and an impressive absorption capacity. Notably, contrary to the thick coatings, the
continuous and patterned FezsCuys and FegsCuis thin films are demonstrated to be

fully alloyed.

Furthermore, the high surface-to-volume ratio and the inherent nanoporosity of the
narrow pore walls of the patterned films unveil their excellent potential towards
voltage control of magnetization. Indeed, a coercivity reduction of up to 25% under
application of a negative bias is achieved. This constitutes a promising way to curtail
power consumption since magnetization reversal can then occur with lower applied
magnetic fields (i.e., lower electric currents and minimized Joule heating power

dissipation).



Next, given the current trend towards miniaturization, submicron structures of three
geometries and sizes are produced through electrodeposition onto pre-lithographed
substrates. These substrates were previously prepared using electron-beam
lithography which ensured a high feature quality. While existing literature on
lithographed submicron motifs is largely based on structures below 50 nm in height,
the structures prepared here are approximately 200-300 nm in height depending on
plating conditions. This gives rise to interesting phenomena such as a compositional
gradient, and thus different structural properties along the thickness. The magnetic
properties are also thoroughly investigated with magnetic force microscopy

suggesting magnetic curling effects.

Finally, compositionally graded magnetic nano- and microrods and tubes of various
diameters are fabricated in polycarbonate track-etched membranes through
conventional as well as micelle-assisted electrodeposition methods. The
ferromagnetic character of the material enables wireless magnetic steering while

photocatalytically-driven directional propulsion of the microtubes is also confirmed.



Resum

Aquest treball se centra en I'electrodeposicio i I'estudi del sistema Fe—Cu, tant sobre
substrats llisos per a I'obtencid de pel-licules continues com en substrats proveits amb
un reticle o mascara, aixi com la fabricacié i caracteritzaci6 de motius de mida
submicrometrica, nanobarres, microbarres i tubs, destinats a ésser utilitzats en una

gran varietat d’aplicacions mediambientals i d’eficiencia energética.

En primer lloc, s’han dissenyat diferents electrolits per al diposit electroquimic de
recobriments FexCuix de diversos micrometres de gruix en un ampli rang de
composicid (0<x<86). S’ha investigat l'efecte de diversos agents complexants i
condicions d’electrodeposicié com el pH, la temperatura i I'agitacié magnética del
bany sobre la morfologia, estructura, composicié elemental i comportament magnétic
dels diposits obtinguts. S’ha vist que el Fe i el Cu es troben parcialment aliats, malgrat
la baixa solubilitat matua entre ells, i que la magnetitzacio de saturacié es pot modular

facilment a través del contingut de Fe.

A continuacid, s’han extrapolat els protocols sintetics establerts per al creixement dels
recobriments continus a la fabricacid de pel-licules primes amb una porositat
jerarquica aconseguida mitjancant electrodeposicié sobre substrats decorats amb
cristalls col-loidals (colloidal crystal templating). S’ha avaluat la humectabilitat
d'aquestes pel-licules i la seva habilitat per extreure I'oli en mescles i emulsions aigua-
oli. S’ha vist que I'elevada relacié superficie-volum de les pel-licules, juntament amb
I'elevada rugositat derivada de la seva estructura macroporosa i el relleu nanométric
al llarg de les parets de porus, genera un marcat caracter hidrofobic / oleofilic dels
diposits i una notoria capacitat d'absorcié d’oli. A diferéncies de les capes continues,
gue sén més gruixudes, el grau d’aliatge entre el Fe i el Cu és total en les pel-licules

primes macroporoses de FezsCuzs i FegsCuis.

A més, s’ha demostrat que I'elevada relacié superficie-volum i la nanoporositat
inherent de les estretes parets de porus de les pel-licules macroporoses les han
convertit en excel-lents candidates per al control de la magnetitzacid mitjancant
voltatge. De fet, s'aconsegueix una reduccid de la coercitivitat fins a un 25% en ser

polaritzades negativament. Aquesta és una metodologia prometedora per reduir el



consum d'energia, ja que la inversid de magnetitzacié s’aconsegueix aplicant camps
magneétics més baixos (és a dir, els corrents eléctrics involucrats sén més baixos i, per

tant, la dissipacié de potencia per efecte Joule es minimitza).

A continuacio, tenint en compte la tendéencia actual cap a la miniaturitzacio, s’han
crescut estructures submicrometriques de tres geometries i mides diferents
mitjangant electrodeposicid sobre substrats prelitografiats. Aquests substrats es van
preparar per litografia per feixos d'electrons per tal d’assegurar una elevada resolucid
dels motius. Tot i que la literatura existent sobre motius submicrometrics litografiats
es basa principalment en estructures amb una alcada inferior a 50 nm, les estructures
que s’han preparat en aquesta Tesi fan aproximadament 200-300 nm d'al¢ada en
funcié de les condicions d’electrodeposicié. Aixo dona lloc a fendomens interessants
com ara un gradient de composicid i, per tant, diferents propietats estructurals al llarg
del gruix. S’han investigat les propietats magnétiques mitjancant microscopia de

forces magneétiques, indicant I’existéncia d’efectes tipus magnetic curling.

Finalment, s’han fabricat nano i microbarres i tubs de diferent diametre magnétics i
amb gradient de composici6 en membranes de policarbonat a través de métodes
d'electrodeposicioé convencionals i també a partir de banys amb surfactants amfifilics
(micelle-assisted electrodeposition). El caracter ferromagnetic de les estructures
obtingudes ha permes la seva manipulacid6 magnetica remota, mentre que s’ha

confirmat la propulsié direccional fotocatalitica dels microtubs.
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Introduction

1.1. Sustainability aspects

The scarcity of raw materials and the environmental damage brought on by rapid
technological progress underscores the importance of bringing forth sustainable
alternatives. The European Union’s (EU) industry and economy relies heavily on
international markets for procuring important high-tech raw materials such as cobalt,
platinum, rare earths and titanium since most of the natural reserves are found in non-
EU countries. One notable exception is hafnium with France possessing 43% of the
global supply.! China is the major supplier of important raw materials, such as rare
earth elements (95% of the global supply), antimony, tungsten and magnesium and
accounts for a 62% of their total supply to the EU. Brazil holds 90% of niobium which
is used in aviation, in stainless steel alloys and in superconducting magnets for
magnetic resonance imaging scanners.® The USA control beryllium and helium
supplies, Russia has 46% of the global palladium and South Africa holds the world’s

major iridium, platinum, rhodium and ruthenium reserves.?

In emerging economies (e.g. China, Russia, South Africa), protectionist government
measures that include export taxes and quotas, price-fixing, dual pricing systems, and
restrictive investment rules distort international trade in raw materials and create
increasing challenges.? The problem is intensified by the high concentration of
reserves on a country level and at a company level with further vertical integration

resulting in few companies controlling a major percentage of the global trade.



Decreased competition leads, in turn, to rising prices for downstream companies
which try to mitigate the effect with long-term contracts and by vertical integration
with mining companies.? China has also increased its engagement in resource-rich
developing countries, particularly in Africa, with infrastructure projects and active
participation in exploration and extraction efforts. On the other hand, the USA and
Japan, having recognized the importance of these critical raw materials, have

implemented policies to safeguard their resources (e.g. stockpiling).?

In consideration of this global climate, the European Commission (EC) first launched
the “Raw Materials Initiative” in 2008 to tackle the growing challenges with an
integrated strategy and created a list of critical raw materials (CRMs) which are of high
importance to the economy of the European Union and whose supply is associated
with a high risk. This list was first published in 2011 with 14 CRMs identified and was
updated in 2014 to include 20 CRMs. The latest list with 27 CRMs was released in 2017
and the EC is committed to regular updates at least every 3 years in order to reflect

production, market and technological developments.

In addition, in its efforts to protect human health and the environment from chemical
hazard and, at the same time, boost the competitiveness of the EU chemicals industry,
REACH (Registration, Evaluation, Authorization and Restriction of Chemicals) was
entered into force in 2007.3 REACH is a regulation with which companies are obliged
to comply by identifying the risk associated with the substances they manufacture and
sell and by demonstrating their safe usage and providing information on risk
minimization methods. It also seeks to encourage alternative methods for hazard
assessment in an effort to reduce animal testing. Pursuant to the evaluation of all
chemical substances, a list of substances of very high concern (SVHC) is composed with
respect to their carcinogenic, mutagenic or toxic hazard.* The aim of this list is to
slowly phase out the use of these substances or to implement new technologies where

safer and economically feasible alternatives exists.

In response to these guidelines, it is imperative to develop new sustainable materials
to meet technological demands. Iron, copper and aluminum-based materials are thus
well suited as candidate replacements in a variety of applications due to their

abundance, low cost and general safety.



1.2. Electrodeposition of metals

Among the various fabrication methods available for producing metallic thin films and
coatings such as atomic layer deposition, physical vapor deposition, mechanical
alloying and vacuum hot pressing sintering, and molecular beam epitaxy,
electrodeposition stands out for its simple setup, cost-effectiveness, fast growth rates,
facile control of resulting thickness and versatility in terms of creating complex three-
dimensional geometries. In combination with lithographic techniques, it can be used
to develop components for micro- and nanoelectromechanical systems
(MEMS/NEMS) and wirelessly controlled microrobots. In addition, the use of
minimally invasive electrolytic baths can further address the concern for

environmentally friendly fabrication processes.

During electroplating, a metallic coating is formed onto a conductive substrate
through electrochemical reduction of metal ions contained in an electrolyte. Typically,
the chemical species containing the metals to be deposited are dissolved in a solvent
such as deionized or ultrapure water or an organic compound, though
electrodeposition from liquefied low (ionic liquids and deep eutectic solvents)’ or high
temperature® molten salts is also quite common. In this work, we will be exclusively

discussing electrodeposition from aqueous electrolytes.

A typical 3 electrode cell used for electrodeposition is illustrated in Figure 1.1. The
substrate to be coated is connected to the negatively charged electrode, known as
cathode or working electrode (WE), while the anode or counter electrode (CE) is the
positive polarity contact. The anode can consist of an inert metal (e.g. graphite,
platinum, vitreous carbon) or can be soluble in order to secure a constant
replenishment of the metal cations. The potential is accurately measured and
controlled through the use of a third electrode with a stable and known potential
which serves as a reference (RE) so that the potential difference between the WE and
RE corresponds to the user defined value. Common types of reference electrodes
include the saturated calomel electrode (SCE), the silver/silver chloride electrode
(Ag/AgCl) and the mercury/mercurous sulfate electrode (Hg/Hg2504). To reduce the
ohmic potential drop due to uncompensated solution resistance, a so-called Luggin

capillary can be used to bring the potential measuring point in very close proximity to

3



the WE.” A potentiostat/galvanostat is an electronic device used to control the
potential of the CE against the WE (potentiostatic mode) or the current flow between
the CE and WE according to the user defined value. The temperature of the electrolyte
can be precisely controlled with a hot plate connected to a temperature probe or by

using a cell comprising an external thermostatization jacket.

Potentiostat / Galvanostat

. .
-V

WE | RE CE (Pt wire)
(-) (+)

® Metal
cations

External
<« thermostatization
jacket

Figure 1.1. lllustration of a standard 3 electrode electrodeposition setup.

In order to determine the time necessary to reach a predetermined deposit thickness,
Faraday’s laws of electrolysis are widely used.” The first law states that the total mass
of the substance deposited is proportional to the total electric charge passed through
the electrolyte. The second law states that for the same electric charge, the mass of
deposited substance is proportional to its atomic weight and inversely proportional to

its valency. This can be summarized in Equation 1.1:

n=(©) o



where m is the mass of the deposited metal, Q is the net electric charge passed
through the system, F is Faraday constant (F = 96485 C mol?), A is the atomic weight
of the metal and z is the valency of the dissolved metal ions in the solution. If we also
consider that, in the case of constant current, Q = It the above equation is modified

as follows:

n=()() a2

where | represents the applied electric current and t is the total time the current is

applied. The calculated mass can be then used to determine the deposit thickness h:

h= (%) (1.3)

where S stands for the surface area of deposition and d is the density of the material.
From Equation 1.3 we can see that the precise knowledge of the surface area is
important for calculations. Therefore smooth, high quality surfaces are important to
minimize the discrepancy between the geometric calculation of the surface area and
the real value as determined by roughness. Due to the presence of these irregularities,
electrodeposition starts at certain high energy sites or growth centers where the metal
atoms are incorporated into the deposit. This, in turn, strongly influences the

distribution of the current density, measured in A m™, across the surface.

Electrodeposition takes place at a very narrow interface, known as the electric double
layer, (EDL) between the growing material and the solution. A charge separation
occurs at this region due to the different nature of the mobile charges in the solution
and in the solid. As a simplification, this can be thought of as a parallel arrangement
of opposite charges. The structure of the EDL has a profound effect on the nucleation

and growth processes.

In order to deposit a metal at a specific rate, it is necessary to shift the electrode
potential from its equilibrium state in the cathodic (negative) direction, i.e. to apply
an overpotential which is symbolized by the letter n. One notable exception is
underpotential deposition which occurs at a potential less negative than the
equilibrium value, e.g. due to strong interactions between the species that are being

deposited and the substrate.® However, since different systems will spontaneously



approach the equilibrium state at different rates, the onset or nucleation
overpotential can instead be defined, which represents the potential at which

deposition begins.®

During the process of electrodeposition, there are four different partial reactions
taking place in the electrolyte, namely mass transport due to diffusion, convection and
migration which governs movement of the reactants from the bulk solution to the
electrode surface, chemical reactions (e.g. dissociation of complexed metal ions),
charge transfer between the WE and the electroactive species across the EDL and,
finally, crystallization by which atoms are incorporated or removed from the crystal
lattice.? As can be easily surmised, the slowest of these partial reactions determines
the overall rate of the deposition process and is thus referred to as rate-determining
or limiting. Therefore, the total overpotential is comprised of several components,
which correspond to the overpotentials of each partial reaction. Upon charge transfer,
the partially reduced ions or metal atoms adsorb onto the surface (i.e. adions or
adatoms) where they subsequently diffuse to active growth sites and incorporate into
the deposit. A non-ideal surface (a surface which is not ideally smooth but contains
lattice defects) consists of flat crystalline layers called terraces and atomic steps which
are known as ledges. The locations where ions or atoms can associate to the crystal
are named kinks and are seen as steps along the ledges. This is described by the
Terrace-Ledge-Kink (TLK) model of which a graphical representation is shown in Figure
1.2. Ledges and kinks along with dislocations, impurities and vacancies are considered
as defects and play an important role in the structural properties of the resulting

material.

Another important consideration is current efficiency since in most situations a certain
amount of the charge is consumed by secondary reactions (e.g. cathodic hydrogen
evolution, partial reduction of metal species) which occur in parallel with metal
deposition.” Current efficiency is thus defined as the ratio of the total mass deposited
to the theoretical value calculated from Faraday’s laws. In the case of co-deposition,
the partial current densities of the co-depositing metals which determine the final

composition of the deposit should be evaluated.
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Figure 1.2. The Terrace-Ledge-Kink model of a real surface.®

The overpotential of deposition as well as the current efficiency are influenced by
several parameters such as electrolyte composition (e.g. additives, complexing agents,
type and concentration of metal salts), pH, temperature and stirring regime.” In most
cases, additives are used to influence deposit morphology and structure with the

purpose of improving quality and leading to enhanced performance.1%1>

1.3. The Fe—Cu system

Iron and copper are plentiful elements in the earth’s crust with iron constituting the
fourth most abundant element after oxygen, silicon and aluminum.® Iron is essential
for lifel” and has many desirable properties such as low cost, recyclability and
versatility due to its magnetism-based polymorphism. At atmospheric pressure, iron
has two crystal structures, namely body-centered cubic (bcc) and face-centered cubic
(fcc). In the lowest-energy state the bcc alpha iron (a-Fe) is stable while at a
temperature of 1184 K it transforms into fcc gamma iron (y-Fe). Above 1665 K and up
to its meting temperature (1809 K) it transforms back to bcc phase of delta iron (8-
Fe).’® Alpha iron is ferromagnetic up to the Curie temperature of 1041 K where it
becomes paramagnetic while gamma iron is paramagnetic in its stability range. Under
high pressures (about 13 GPa at room temperature), iron undergoes a transition from
bcc alpha phase to hexagonal close-packed (hcp) structure with loss of its
ferromagnetic long-range order. This form is known as epsilon iron (e-Fe) and is found

to be bountiful in the earth’s core.'® The diverse iron alloys and compounds feature



very different microstructure and a number of magnetic states which, in turn, greatly
influence the physical properties, and can thus accommodate a variety of
technological needs (e.g. iron-nickel magnetic devices, iron-zinc anti-corrosion
protection, extensive use in steel manufacturing).'® Further highlighting its versatility,
iron can be electrodeposited as a hard and brittle material and subsequently rendered
soft and malleable by heat treatment or, conversely, it can be soft and ductile as
prepared and carburizing, nitriding or cyaniding processes can be employed to
increase the surface hardness.?® One of the main challenges related to iron
electrodeposition, which is problematic for magnetic applications, is the potential
oxidation of Fe?* to Fe3* upon reaction with dissolved oxygen in water-based
electrolytes. Since the local pH at the working electrode increases due to hydrogen
evolution, Fe3* can cause Fe(lll) hydroxide precipitation and incorporation into the
deposit. Moreover, since hydrogen evolution takes place concurrently with iron
deposition, inevitable hydrogen absorption will lead to deposit embrittlement, which
can be partially mitigated by high temperature annealing.” For this reason, the use of
non-water based electrolytes for iron plating like ethylene glycol or deep eutectic
solvents is nowadays researched.?"?> Meanwhile, copper is also of critical biological
importance?®?4, is environmentally friendly and constitutes the most commonly
plated metal due to its very high throughput, excellent coverage and high
conductivity® with applications in electrical wiring, the semiconductor industry?> and
antibiofouling?®?’” among other areas. In recent years, the synthesis of Cu
nanoparticles for printed electronics to replace the expensive silver and gold
nanoparticle inks in conductive printing has garnered much research attention.?®2? |t
has been well established in previous literature that the mutual solid solubility of iron
and copper is very low in equilibrium conditions despite their similar atomic radii due
to the positive enthalpy of mixing, AHmix (calculated value of AHmix= +13 kJ mol* and
experimental value of AHmix = +8.9 kJ mol? in the liquid phase for an equiatomic
composition at 1873 K),3° which encourages clustering of the atoms into Fe-rich and
Cu-rich groups to reduce the internal energy.3! However, the degree of clustering will
decrease as temperature increases due to the increasing importance of entropy.3! A

calculated phase diagram for the Fe—Cu system is given in Figure 1.3. The solubility
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Figure 1.3. Calculated phase diagram for the Fe—Cu
system.3?

of iron in copper is generally reported to be slightly lower than that of copper in iron

as determined by the integral heat of mixing.3°

The novel properties of alloyed and bimetallic thin films and coatings composed of
typically immiscible elements such as high thermal and electrical conductivity, large
ductility, enhanced strength, as well as superior magnetic properties like high
magnetoresistance and coercivity, have attracted considerable scientific and
technologic interest.3® Moreover, due to the fascinating magnetic properties of Fe—Cu
alloys, many methods, such as mechanical alloying®* and magnetron sputtering3> have
been employed to form metastable iron-copper solid solutions over the entire
composition range. For example, Chien et al. report that, while the magnetic moment
of Fe often rapidly declines with alloying due to the magnetic weakness of Fe, it
remains nearly constant up to high concentrations of Cu in the Fe—Cu system.3>
Meanwhile, according to Kuch et al., in fcc Fe—Cu alloy thin films grown epitaxially by
pulsed-laser deposition on Cu(001), the Fe orbital moments are found to be
significantly enhanced with respect to pure Fe.?® In reference to electroplated films,

metastable iron—copper solid solutions have been reported in a few studies related
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to thin films within certain composition ranges (a detailed treatment of the state of
the art on electrodeposited Fe—Cu is given in Chapter 3.1).37-3° Noce et al. found that
the Fe10Cug film prepared by pulsed electrodeposition is superparamagnetic with Fe-
rich clusters forming within a Cu-rich matrix at room temperature, and that at a critical
temperature of 120 K a superferromagnetic order develops.3® Nevertheless, the
limited existing research and the often contradictory results reported highlight the

need for more systematic investigation.

1.4. Soft and hard template patterning techniques

In order to produce porous materials several soft and hard templating techniques
exist. Hydrogen bubble dynamic template!44%-42 jonic surfactants, which are based on
electrostatic interactions, as well as a wide variety of non-ionic amphiphilic surfactants
(e.g. Brij, block copolymers)*34¢ have been widely used as soft templates. Biological
templates, anodized aluminum oxide (AAO) and polycarbonate track etched (PCTE)
membranes, mesoporous zeolites, discrete particles (e.g. colloidal spheres) and in situ
templates are commonly employed in the hard-templating approach.*¢>! Some

examples of the different techniques are shown in Figure 1.4. A combination of soft

Figure 1.4. a) Porous Cu film prepared using hydrogen bubble dynamic
template,*® b) mesoporous Fe-Pt layer grown on Au through micelle-assisted
electrodeposition,* ¢) mesoporous silica (KIT-6) templated Co-doped In,0s
oxide®®and d) Co-W mesowires grown in an AAO template.”’
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and hard templating techniques can lead to hierarchically structured materials with

complex architectures.

With respect to introducing porosity in thin films and coatings, colloidal lithography is
a particularly potent method when combined with electrodeposition since it allows
the creation of three-dimensionally ordered macroporous materials through a
straightforward and inexpensive procedure as compared to sophisticated, high cost
lithographic techniques.>?>3 For the arrangement of the colloidal particles onto the
substrate in a face-centered cubic or hexagonal close-packed structure, several
options exist such as dip-coating, vertical deposition, electrophoretic deposition,
crystallization driven by depletion force and spin coating.”*>> An example of colloidal

spheres electrophoretically deposited onto Au is seen in Figure 1.5.

Finally, since the advent of nanolithography, diverse techniques have been developed
for patterning miniaturized structures. Amid these, electron beam lithography has
unique benefits such as high resolution down to a few nanometers,”®>’ flexibility in
pattern replication and accurate and precise alignment. Typically, a positive polymeric
electron-beam resist such as poly(methyl methacrylate) (PMMA), is used to coat the
substrate prior to the process. Then a focused beam of electrons exposes the resist

writing the desired pattern. A solvent-based developer is then used to remove the
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resist in the exposed areas. If our substrate is conductive we can then immerse it in

our chosen electrolyte and grow our metallic motifs.

1.5. Wetting on rough surfaces

One important aspect of metallic thin films, both during their growth as well as in
terms of the functional properties of the resulting deposit, concerns their wetting
behavior. Wettability is a fundamental property with extensive applicability such as
in anti-corrosion, anti-reflection, transparency, drag reduction, self-cleaning, anti-
biofouling and water/oil separation.”® When placing a liquid on a surface, adhesive
forces between the surface and the liquid will cause it to spread and form a continuous
film while cohesive forces within the liquid will cause it to form a droplet to minimize
contact with the surface. Therefore, wetting behavior can be viewed as a competition

between adhesion and cohesion.

The angle formed between the surface and the liquid droplet, known as the static
contact angle g is a one-dimensional phenomenon determined by the mechanical
equilibrium between three surface tensions y acting on the contact line of the vapor
(v), the liquid (1) and the solid (s) phases, which are symbolized as y./ (vapor/liquid) yis
(liquid/solid) and yys (vapor/solid).>® For an ideally smooth rigid surface, the
relationship between these tensions is described by Young’s equation® (Equation 1.4)
and the contact angle at the three-phase interface is shown schematically in Figure

1.6.

Figure 1.6. Equilibrium forces acting on a liquid droplet placed on a smooth
solid surface.
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When the contact angle is 0° there is perfect wetting while when 6 is between 0° and
90° a partial wetting scheme exists. An angle between 90° and 180° degrees implies a
non-wetted state and at 180° perfect non-wetting is achieved.>® When the liquid is
water, the surface is called hydrophilic in the partial and superhydrophilic in the near-
perfect wetting regime, respectively, whereas in the non-wetted state it is considered

as hydrophobic. For 6 values above 150° superhydrophobicity is said to be achieved.

Besides Young’s angle, there are two additional important angles that can be
measured when a liquid droplet is slowly expanding on or retracting from a surface.
The maximum and minimum stable angles are entitled advancing and receding angle,
respectively, and their difference is the contact angle hysteresis. The hysteresis is
equal to zero for an ideally smooth surface. In practice, however, most surfaces are
far from the ideal case and a certain amount of roughness and inhomogeneity exists.
Wetting on rough surfaces was first described by Wenzel®! for the fully wetted regime
while for partial wetting with air pocket formation at the interface between the liquid
and the solid surface the Cassie-Baxter model®? was developed. An example of these
two wetting states is illustrated in Figure 1.7. It should be noted that the Wenzel and
Cassie-Baxter models often fail to accurately predict the contact angle since they
erroneously assume that it is a result of a simple thermodynamic equilibrium
determined by the energetics at the contact area.?® The fundamental distinction of

the two wetting states, however, still stands.

As can be gleaned from the above, contact angle hysteresis is an important parameter
in rough surfaces and is essential in distinguishing sticky from non-stick surfaces. In

nature, rose petals and lotus leaves are both intrinsically superhydrophobic but have

a) b)

Figure 1.7. Rough surface wetting states: a) Wenzel and b) Cassie-Baxter.
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very different adhesive forces with water. Rose petals benefit from a hierarchical
roughness where water can impregnate large micron sized grooves while air pockets
are formed in the nanosized grooves resulting in a strong adhesion with high contact
angle hysteresis.?* In contrast, lotus leaves have smaller micro- and nanostructures
which do not allow water to enter thus leading to a low adhesion, i.e. hysteresis, which
causes the droplets to easily roll off the leaves.®>®® This distinction has attracted

tremendous interest due to the multitude of prospective applications.®’

Some examples of hydrophobic metallic surfaces prepared by electrodeposition
include gold flower-like microstructures on indium tin oxide (ITO)-coated glass, silver
polyhedrons and dendrites on copper covered by a thin nickel film, copper and copper
oxide microstructures, ZnO nanorods onto fluorine-doped tin oxide (FTO)-coated
glass, cobalt structures with dendritic and flower-like morphologies, manganese rough
clusters, an urchin-like lanthanum complex (La[CH3z—(CH32)12—COOQO]3—) and tungsten
oxide rough surfaces with pebble-like morphology.®® Hydrophobic copper-nickel® and
nickel coatings have been extensively researched and prepared by a variety of one-

step, two-step and composite electrodeposition methods.>®

1.6. Exploiting ferromagnetism

Among the multiple functional properties of electrodeposited metallic alloys, the
investigation of their magnetic behavior and its evolution depending on size, shape
and surface topography is of great interest. On an atomic scale, electrons are
characterized by two types of magnetic moment. One is associated with the electron’s
orbital movement around the nucleus and the other with its spinning motion around
its own axis of rotation. Electron spin can be oriented either in the up or in the down
direction. Orbital and spin moments of electron pairs can cancel each other out and,
therefore, the net magnetic moment of the atom is determined by all orbital and spin

contributions taking into account these cancellations.

Ferromagnetic materials possess a permanent magnetic moment resulting mainly
from the existence of uncancelled electron spins since the contribution from orbital
moments is quite small. Furthermore, coupling interactions cause neighboring

electron spins to align with each other over large areas which are called magnetic
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domains. The size of the domains is microscopic, and, for a polycrystalline material,
the grain and magnetic domain sizes do not necessarily coincide, namely each grain
can contain more than one magnetic domain, or a single domain can contain several
grains. The different domains are separated by walls along which the direction of
magnetization gradually starts to change. Usually, the domains are randomly oriented
with respect to one another and the bulk material remains unmagnetized. However,
when an external magnetic field is applied, the domain walls propagate in such a way
that the magnetic domains aligned favorably to the field direction grow at the expense
of the others. In addition to domain wall propagation, rotation of the magnetic
moments inside the domains toward the direction of the applied field also occurs.
Both processes continue with increasing field strength until the material becomes
macroscopically a single domain which is perfectly aligned in the field direction and
then the maximum magnetization, i.e. saturation magnetization, M, is reached.”® This

phenomenon is illustrated in Figure 1.8.

Ferromagnets will tend to retain a portion of their magnetization, called the
remanence, even after the external field is removed, thus resulting in a hysteresis
effect. Therefore, when reversing the field direction from saturation, the original path
delineated by the variation of the magnetization M with the applied field H will not be
retraced. This effect is attributed to the resistance of domain wall motion in response
to the field reversal. The field required to drive the magnetization of the material back
to zero is its coercivity, H.. Materials with high coercivity values that are difficult to
magnetize and demagnetize are called hard magnetic while those with low coercivity,
which as result involve less energy dissipation with respect to switching, are soft
magnetic. This “memory” effect related to magnetic remanence forms the basis of
magnetic data storage technologies. In Figure 1.8, these concepts are elucidated with
the help of different hysteresis loops acquired for ferromagnetic Fe—Cu films of two
distinct stoichiometries. Typical materials that display these characteristics are certain
transition metals (Fe, Co, Ni) and their alloys as well as alloy compositions containing
rare-earths like neodymium (Nd) and dysprosium (Dy). Recently, room temperature

ferromagnetism was also discovered in tetragonal ruthenium (Ru).”}
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An immensely important parameter which strongly affects the shape of the hysteresis
loop is magnetic anisotropy which describes the directional dependence of the
magnetic properties. The different types of anisotropy can be categorized as
magnetocrystalline, shape, stress and exchange anisotropy as well as induced by

magnetic annealing, plastic deformation or irradiation.”?
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Figure 1.8. Comprehensive image illustrating basic ferromagnetism concepts
through the Fe—Cu system.
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Temperature constitutes an important factor influencing the magnetic behavior of the
material. Saturation magnetization is maximum at 0 K where atomic thermal agitation
is at a minimum. This is also described in Figure 1.8, where it is seen that the M; of a
Fe1oCusi film at 5 K is substantially higher than at room temperature. Random thermal
motions counteract the coupling interactions such that with increasing temperature
the saturation magnetization gradually decreases until it reaches the Curie
temperature T, where it sharply declines to zero. At this temperature the material
becomes paramagnetic which means that it no longer retains any magnetization when
the external field is removed and, as consequence, there is no hysteresis effect.
Certain alloys can be annealed in a magnetic field close to but below the Curie

temperature and then cooled to room temperature to induce a permanent anisotropy
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with an easy axis aligned with the applied field. This process is termed magnetic
annealing and renders the material magnetically softer along the easy axis.”?> This
effect has been technologically exploited as a means to record magnetic information

in hard magnetic materials through thermally-assisted writing.”3

Magnetocrystalline anisotropy is intrinsic to the material and is dependent on spin-
orbit coupling. When an external field is attempting to reorient the electron spin, it
also acts on the orbit which tends to resist due to strong orbit-lattice coupling. The
anisotropy energy is the energy required to overcome the spin/orbit coupling and
rotate the spin against the easy axis of magnetization. Crystal anisotropy is greatly
influenced by temperature and rapidly decreases as the Curie temperature is gradually
approached, at a faster rate than the magnetization, while dropping to zero at the
Curie point. This causes the coercivity to also disappear since it is strongly dependent
on the intrinsic anisotropy. For a polycrystalline material, if the individual grains are
randomly oriented then the material will not exhibit a crystal anisotropy. In most
cases, however, the crystals have a preferred orientation (or crystallographic texture)
and then the material will have an anisotropy corresponding to the weighted average

of the anisotropies of the individual grains.”?

Shape can also be a source of anisotropy since materials are magnetized more easily
along their long (easy) axis rather than their short (hard) axis. This means that larger

fields are required to switch magnetization in the short axis direction.

When exposed to a magnetic field, a ferromagnetic material can also change its
dimensions. This induced strain is termed magnetostriction A and is measured at
saturation. The effect is rather minuscule, but there exists an inverse magnetostrictive
effect whereby the permeability of the material and the size and shape of the
hysteresis loop can be changed dramatically when subjected to a mechanical stress.
This means that if A is positive an applied tensile stress which elongates the material
(positive) will increase the magnetization while a compressive stress (negative) will
decrease it. In polycrystalline metals, the magnetoelastic energy arising from stress

application can be calculated as follows from Equation 1.5:74

E = —%/’Lacosze (1.5)
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where o is the applied stress and 8 is the angle between the saturation magnetization

and the stress direction.

This property is utilized in magnetostrictive transducers and has been intensely
investigated for future ultra-low power and high-density hybrid systems such as in spin
transfer torque magnetic tunnel junction (STT-MTJ)-based nonvolatile memory.”>78
However, there is still a performance gap with respect to high dynamic write energy,

large latency, yield and reliability.”?

Thanks to advances in lithographic and other unconventional synthesis techniques,
recent work on nanomagnetism in three dimensions has been extensive. In 3D
nanostructures, novel physical properties related to geometry, topology and chirality
arise with great implications for sensing, data storage, nanoelectronics, cloud

computing and biomedicine.°

One can also use the geometry of the material to tailor the optical and magnetic
properties. Magnetic metamaterials, for instance, are synthetically created by
subwavelength arrangement of the components rather than by compositional tuning,
thus leading to passive electromagnetic properties not found in nature such as a
negative refraction index and perfect absorption.?83 It is even possible to design
materials with permittivity and permeability values that vary in an independent and
arbitrary manner throughout and assuming positive or even negative values. Notably,

negative permeability is a property naturally found only in diamagnetic materials.

Plastic deformation at room temperature can be used to alter the magnetic properties
and induce a uniaxial anisotropy by a method called rolling. The easy axis can be either
parallel or perpendicular to the rolling direction. It can be applied to metals and alloys
to increase the density of dislocations and other defects. This, in turn, leads to
clockwise rotation of the hysteresis loop, an increase in coercivity as well as increased

mechanical strength and hardness.

Furthermore, a material can be bombarded with neutrons, ions, electrons or gamma
rays to bring about atomic rearrangements which alter the physical and mechanical
properties.’? lon irradiation or ion implantation can be utilized to augment mechanical

strength and hardness and change the magnetization and crystal anisotropy.®48’ This
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can be achieved without necessarily increasing magnetic hardness as plastic

deformation does and some materials become, in fact, magnetically softer.8

Light can also be used to switch the magnetization either by indirect coupling of the
electric field component of the light with spins via spin-orbit interaction or direct

coupling between the magnetic field component and spins.®

Another interesting way to realize magnetization switching has been by employing
electric currents. When an electric current is polarized, i.e. it has an unequal number
of spin-up and spin-down electrons, and passes through a magnetic material, the spin
mismatch exerts a torque which can change the magnetization direction of the
material when large enough currents are flowing.®® This can be exploited for spin-
transfer torque magnetic random-access memory (STT-MRAM) devices as the non-
volatile effect is quite promising for information storage. However, the constant flow

of a large current density is required, which causes high energy consumption.

Phase change materials (PCMs) are among the most promising for nonvolatile,
rewritable data storage and their rapid speed, rivaling volatile dynamic random-access
memories, makes them good candidates for a universal memory. A short voltage pulse
is used to heat the PCM up to its melting temperature where it changes to a liquid
phase. During this process the PCM is absorbing heat and provides a cooling effect.
When the material is rapidly quenched, an amorphous state with higher resistivity is
induced. After application of a second short pulse of lower voltage, the PCM
recrystallizes, hence enabling the nonvolatile data storage functionality. Several

approaches to decrease the required pulse power for storage have been explored.*!

Taking into consideration the above, the switching of magnetization while preserving
the magnetic behavior of the fabricated materials requires the application of magnetic
fields which, in turn, are generated using electric currents. This, however, entails a
large energy consumption through Joule heating. Therefore, the possibility to partially
substitute electric currents with electric fields and thus achieve higher energy
efficiency by minimizing Joule effect heat dissipation holds enormous potential. In this

respect, voltage control of magnetism has been intensely pursued in recent years.??

19



1.7. Voltage control of magnetism

As has been evinced in the preceding short overview, the control of magnetism is a
fascinating research topic due the vast array of applications in information technology.
Among the different avenues explored in literature, voltage manipulation of
magnetism is a particularly promising option with several added advantages such as
reversibility, non-volatility and high-speed which can revolutionize magnetic data

storage, high-frequency magnetic devices and spin-based electronics.

In metals, an enhancement of the electric field through the use of ferroelectric
materials and electrolytes as dielectrics constituted a major breakthrough. lonic
liquids can tremendously magnify the electric field due to the presence of the electric
double layer. Moreover, owing to the high oxygen mobility, they allow for an
alternative mechanism of manipulation through chemically induced oxygen
migration.®3°® More in detail, when an electric field is applied, an electric double layer
forms at the interface between the ionic liquid and the material with paired opposite
charges. As result, transfer of oxygen ions can occur, mediated by oxygen vacancies,

which alters the magnetic properties.

Nevertheless, the well-known screening effect, whereby an electric field can only
penetrate a Thomas-Fermi screening length into a metal (in the order of atomic
dimensions), was long considered a limitation in voltage control of magnetism.®’ In
other words, the electric charges are concentrated at the surface and screen the bulk
of the metal from the applied electric field. In the seminal work by Weisheit et al.,® a
large electric field was achieved in FePd and FePt ultrathin films by immersing them in
a propylene carbonate electrolyte with solvated Na* and OH- ions. Specifically, a
coercivity modification of -4.5% and +1% in FePt and FePd was reached, respectively.

A schematic of the electrolytic cell used is shown in Figure 1.9.

The change was attributed to a modulation in the number of unpaired d electrons with
energies close to the Fermi under application of an electric field. Weisheit et al. also
suggested that a high surface-to-volume ratio could be the key to overcoming the

issue of screening and achieving substantial electric field induced changes.
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Figure 1.9. Schematic of the experimental setup under application of an electric
field. %8

Indeed, a coercivity reduction of 32% was recently accomplished in 600 nm thick,
nanoporous Cu-Ni films prepared by micelle-assisted electrodeposition, a delicate and
intricate electrochemical process.?® Other properties such as the Curie Temperature
and saturation magnetization have also been successfully manipulated by electric

fields.100

Materials such as MgO and HfO; with a high relative permittivity, which results in a
higher capacity per unit area and, therefore, boosts the capability to modulate carrier
density with the same voltage, have been used as the dielectric layer. The effect,
however, is volatile in the absence of an electric field. Ferroelectric materials have
remnant polarization thus ensuring a nonvolatile effect and can greatly enlarge the
relative permittivity.”®> In addition, their inverse piezoelectric and magnetostriction
properties render strain-mediated magnetization switching possible.00101
Meanwhile, in multiferroic materials (ferromagnetic and ferroelectric), exchange bias
coupling between the ferromagnetic and antiferromagnetic order can enable voltage
controlled magnetic switching.19%19 Another mechanism of voltage control of
magnetism is orbital reconstruction which occurs through the orbital hybridization
between a ferromagnetic metal and a dielectric or ferroelectric material or, optimally,

at the interface of ferromagnetic and ferroelectric oxides.'%

The mechanisms of voltage control of mechanisms mentioned above, namely carrier
modulation, strain, exchange coupling, orbital reconstruction and electrochemical

redox can also work synergistically or competitively in many cases rather that in a
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separate and independent manner. Therefore, the investigation of their relationship

and combined result is critical to thoroughly understanding and optimally employing

their properties.

1.8. Objectives

Electrodeposition and the pursuit of alternative materials to replace the scarce and

hazardous currently in use in high tech industry is at the heart of this thesis. For this

reason, the Fe—Cu system presents an excellent candidate to answer modern demands

in a sustainably and cost-efficient manner. Electrodeposition is coupled with other

methods to achieve novel morphologies with solutions to modern day problems.

The main goals can thus be summarized as follows:

Growth of continuous Fe—Cu films over a wide composition range from
aqueous electrolytes and study of the influence that the bath constituents and

plating conditions exert on the resulting films properties.

Combination of electrodeposition with colloidal templating to achieve
patterned macropores and investigation of the effect that different pore

diameters and Fe/Cu ratios have on the wetting behavior of the films.

Experimental investigation of the magneto-electric effects in hierarchically

porous, relatively thick, Fe—Cu films.

Fabrication of submicron structures by electrodeposition onto pre-
lithographed substrates prepared by electron beam lithography with the
purpose of studying the growth of Fe—Cu into narrow cavities with sharply
defined edges and discovering new magnetic phenomena related to size and

geometry.

Preparation of arrays of high aspect ratio rods and tubes of various diameters
and creation of segments by electrodeposition into PC membranes. Another

goal is to assess their potential photocatalytic activity.
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