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I MOTIVATION

I Motivation

Electroless plating is a metal deposition technique widely used in the coating industry [1-3].
It is the method of choice to plate substrates with complex geometries and nonconductive
surfaces, such as polymers and ceramics, since it is based on a chemical reduction in solution
rather than on an external electrical energy source like the electroplating method [4]. Among
others, examples of well-established applications are the electroless deposition of decorative
metal coatings such as gold and silver, wear and corrosion resistant nickel coatings,
particularly to coat drive shafts, rotors, and bathroom fixtures, as well as the electroless
deposition of copper in electronic devices as diffusion barriers and conductive circuit
elements [1-3]. Compared to physical vapor deposition techniques, electroless plating offers
much simpler and less expensive equipment, in particular the absence of high temperatures,
vacuum and cooling systems. On the other hand, it is a wet chemical method and hence not
suitable for all applications [5].

In the academic research, electroless plating is extensively used thanks to its low cost, simple
equipment and versatility that allow rapid prototyping. Two common applications are the
coating of small particles and the selective plating of flat surfaces [6—12]. Electroless plating
is the only practical way to uniformly coat small particles. Physical methods such as vapor
deposition might also be used, but it is inadequate for particles in the submicron and
nanometer range mainly because they lead to inhomogeneous coatings [13,14]. Metal coated
ceramic particles are of enormous interest in many scientific fields, e.g. fluorescent
diagnostics in biochemistry, catalysis, and fabrication of photonic crystals [15]. Metal coated
ceramic nanoparticles and microparticles are also gaining attention as potential candidates in
the fabrication of higher quality metal matrix composites [16—18], which is one of the
applications addressed by this work. Metal coated ceramic particles are easier to integrate in
metal matrix composites, avoiding aggregation caused by the low wettability of the particles
by the matrix metal, and are potentially shielded from oxidation and undesired chemical
reactions that take place at the interface between the particles and the metal matrix [18]. The
use of electroless plating to selectively fabricate metallic patterns on flat surfaces is also
extensively used in scientific research, especially in microelectronics, opto-electronics, and
plasmonics, as well as in the electronics and microelectronics industries, especially for the

fabrication of circuit lines in printed circuits and electronic packaging [1].
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Electroless plating is an autocatalytic process, meaning that the deposited metal atoms
catalyze the deposition of further metal. In order to achieve the first stable metal seeds on a
surface, the latter has to be functionalized. Without this functionalization the metal ions in the
electroless plating bath are not reduced or are simply reduced to metal nanoparticles in
solution [19-22]. The traditional activation step for nonconductive surfaces is performed by
immersion of the substrate in palladium based solutions, which is very time-consuming and
extremely expensive. In particular for nanoparticles, previous work showed that at least
10"° Pd atoms/cm” are required for a uniform activation of a surface, meaning that in the case
of nanoparticles with a surface area of about 100 m*/g are necessary 6.4 g of palladium for
each gram of substrate. Assuming a price of about 150 €/g (laboratory scale) for palladium
nanoparticles and palladium precursors used for surface activation, it results that the
activation of 1 g of nanoparticles costs around 1000 € [23,24]. Such costs are suboptimal
considering the typical production scale, and therefore alternative functionalization methods
are desired. In this work, new organic-based functionalization methods based on (3-
mercaptopropyl)triethoxysilane to functionalize oxide particles, 3-aminopropylphosphonic
acid to activate carbide particles and a substrate-independent method based on the bioinspired
polydopamine are developed and investigated in detail, together with the respective
electroless plating baths, which often have to be specifically tailored regarding the different
reactivity of the different molecules and substrates. Furthermore, in the fabrication of metallic
patterns on substrates by electroless plating, new, simple, and cost-effective activation and
metal deposition processes are desired. In this work, two new methods are presented, one
based on the printing of (3-mercaptopropyl)triethoxysilane by microcontact printing, the other
based on the capillary force lithography of polymethylmethacrylate.

This thesis describes the fabrication by electroless plating of metal coated ceramic micro- and
nanoparticles as well as the manufacture of silver patterns on glass substrates, as shown
schematically in figure 1, focusing on the use of new, simple and cost-effective
functionalization methods as alternative to the expensive state of the art functionalization
method based on Pd catalysts. Overall, five new processes are investigated and presented,
showing that the combination of organic-based functionalization methods and of the
electroless plating technique lead to simple, reliable and cost-effective approaches for the

metal deposition, especially on nano- and microparticles.
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(@)
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Fig. 1: Schematic illustration of the two processes used in this work. (a) Chemical functionalization of ceramic
micro- and nanoparticles followed by electroless deposition for the fabrication of metal plated particles. (b)
Selective functionalization of glass substrates by soft lithography followed by electroless plating for the
development of silver structures.

In particular, the objectives of this work can be summarized in the following points:

Develop and investigate scalable functionalization process for oxide nanoparticles
(ALL,O3 and SiO,) based on (3-mercaptopropyl)triethoxysilane. The thiol group has a
high affinity towards metal ions and can therefore promote the electroless deposition
process, while the ethoxy groups can react with the hydroxyl groups of a glass

substrate, promoting the adhesion of the molecule.

Establish a functionalization process for the more chemically inert WC particles based
on 3-aminopropylphosphonic acid. The phosphonic acid group binds strongly with
metals (tungsten in this case), while the amino group has a high affinity towards metal

ions and can therefore promote the subsequent electroless plating process

Develop a substrate-independent functionalization method based on polydopamine and
systematically investigate the different coating thickness against polymerization time
for particles of different size and material. The alkylamine and catechol functionalities

of polydopamine are used to promote particle electroless plating.

Fabricate Cu, Ni and Co plated particles by electroless deposition, developing

specifically tailored plating baths according to the different particle functionalization.
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Investigate the use of the copper plated particles in the fabrication of copper matrix

composites fabricated by powder metallurgy.

Fabricate silver patterns on glass substrates by microcontact printing of (3-

mercaptopropyl)triethoxysilane and electroless plating.

Develop a substrate independent method to fabricate silver patterns on surfaces based

on the use of soft lithography and PMMA, followed by electroless deposition.
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II Theoretical Part

1. Electroless plating

Electroless plating (EP) is a chemical non-galvanic method used to deposit a metal layer on a
substrate. The metal deposition takes place by the controlled reduction of metal ions in
solution without the use of external electrical energy and the need for an electrical contact
between substrate and energy source, as shown in figure 2. EP is a very versatile technique
since electrically conductive as well as nonconductive substrates, such as polymers and
ceramics, can be plated with a metal layer [4,25,26]. Moreover, EP is the method of choice
for the metal deposition on substrates with complex geometries and on nanoscaled particles
[4,25,26]. EP is extensively used in the microelectronics industry, especially for the
fabrication of circuit lines in printed circuits and electronic packaging, and in the plating
industry for the deposition of decorative coatings as well as wear and corrosion resistant
coatings [27,28]. Besides its ability to plate nonconductive and complex-shaped objects, EP is
inexpensive since only basic equipment is needed, has a fast deposition rate, is carried out at
low temperatures and is suitable for mass production and scaling-up [29,30]. It is also
possible to plate alloys and to finely control their composition, hence allowing the tuning of
the metal coatings properties, for example electrical conductivity, wear resistance and color

[31,32].

(a) —_+O POWER O (b) 8@
®®
. ®

l 00

’ By
Me"™" —— Mn+° O
(c

Substrate Electrolyte

ANODE CATHODE

Fig. 2: schematic illustrations of the (a) electroplating process and (b) electroless plating process, where a
reducing agent (R) is used instead of an external power source to reduce the complexed (C) metal ions (M™).
Modified after Sudagar et al. [2].
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A broad range of metals and alloys, among them copper, silver, gold, nickel, cobalt, iron, tin,
nickel alloy, and cobalt alloy has been plated on different substrates [4,33]. Electroless plated
coatings show a grainy morphology and homogeneous thicknesses regardless of the substrate
shape, as shown in figure 3 [2]. This is a great advantage over electroplating, in which the
thickness of the plated metal layer depends on the electron density of the substrate, with the
consequence that sharp corners and hedges are plated with a thicker metal coating than flat
areas. The first deposited metal seeds act as catalysts for the subsequent metal deposition,
leading to a continuous autocatalytic reaction until the reactant is consumed [4]. A typical
electroless plating solution contains the following features: a source of metal ions, a reducing

agent, one or more complexing agents, and one or more stabilizers or inhibitors [34,35].

Fig. 3: SEM cross sections of microstructures plated with a layer of copper approximately 0.75 pm thick (in
white) by electroless plating, showing the typical grainy morphology and constant thickness. Modified after
Dubin et al. [28].
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In general, the source of metal ions can be any salts such as chlorides, sulfates and cyanides.
The choice of one over the other depends on the desired final properties of the deposited
metal layer, the stability of the solution as well as safety and environmental aspects [4]. The
nature of the reducing agent depends on the plating conditions, the redox potential of the
metal to be plated and on the desired properties of the metal or alloy coating, e.g. reducing
agents containing boron or phosphorus lead to the inclusion of these elements in the plated
metal layer, greatly affecting its properties such as corrosion resistance, crystallinity and
hardness [4]. Electroless plating of pure metals is possible using reducing agents which do not
contain boron or phosphorus, such as hydrazine, formaldehyde and glucose [35]. The choice
of a suitable complexing agent is more difficult. The essential functions of complexing agents
are the reduction of the concentration of free aqueous metal ions and the prevention of
hydroxides and salts precipitation [34]. Additionally, complexing agents affect the properties
of the plated metal and, most importantly, they influence the metal ions reduction rate and
hence the metal deposition rate. The majority of complexing agents used in electroless metal
plating are organic acids or their salts, e.g. ethylenediaminetetraacetic acid (EDTA) and
tartrate, with some exceptions including ligands such as NH;" and CN [4]. Stabilizers are
used to ensure the stability of the plating bath over a longer period of time by preventing the
decomposition of the solution. The use of stabilizers hinders the spontaneous reduction of the
metal ions until an activated substrate is immersed into the electroless plating solution. The
concentration of stabilizers is very important because it also determines the rate of deposition,
to the point that if the concentration is too high it may completely inhibit the plating process
[4]. The most common features of the electroless plating baths for the metals used in this
work (copper, silver, nickel and cobalt) are described in the next sections.

Prior to the plating process, the substrates are generally pretreated to promote a good adhesion
of the metal layer and to avoid pore formation [36]. The pretreatment process usually includes
cleaning and activation. The cleaning step is used to remove dirt, oils and other undesired
chemicals that may be on the substrate surface, while activation refers to the process that is
required to make a surface catalytic, i.e. able to initiate the autocatalytic electroless metal
deposition process. Therefore, activation is a crucial step when plating nonconductive
substrates such as plastics and ceramics, but also some metal substrates are not catalytic when
immersed in the electroless plating solution, such as steel and aluminum, and therefore need
to be activated [37]. Given its central importance in the electroless plating, the pretreatment

process is described in details in chapter I.1.1.
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1.1 Pretreatment

The pretreatment process is used to clean and activate the substrate to be plated by electroless
deposition. The cleaning step is carried out to remove contaminants from the substrate
surface. Even though a common approach does not exist, the most general way includes
degreasing with solvents such as acetone and ethanol, followed by alkaline soak cleaning.
Soak cleaners contain a combination of surfactants and alkaline sodium compounds like
hydroxide, carbonate and phosphates. The choice of a soak cleaner is based on the substrate
material and on the nature of the contaminants [38]. After the cleaning step, the activation of
the substrate is carried out in order to make the surface able to generate stable metal seeds and
thus, able to start the reduction of the metal ions when immersed in the electroless plating
solution. This is necessary for the autocatalytic plating process to start on the substrate
surface, otherwise the metal ions in the electroless plating solution are not reduced or are
simply reduced to metal nanoparticles in solution without conformal metal coating [19-22].
The activation step must be carried out for nonconductive surfaces like plastics and ceramics
as well as for metals that are not already catalytic when immersed in the electroless plating
solution. The traditional activation step for nonconductive surfaces is performed by
immersion of the substrate in tin-based and palladium-based solutions [39,40]. Palladium
catalyzes the subsequent metal deposition, ensuring a better initiation of the EP process. This
method has the main advantage of being substrate-independent, but is also very time
consuming and extremely expensive, especially for the activation of high surface area
materials like nanoparticles [41,42]. A central aspect in this thesis is the development of
alternative activation treatments for electroless plating to overcome the drawbacks of the
palladium based activation, especially the high cost. Three organic-based, cost-effective and

simple activation methods are presented.

1.2  Silver electroless plating

The electroless deposition of silver is a well-known example of the EP process and was
introduced in the 1830 by Drayton and later improved by Liebig [43—45]. Electroless

deposition of silver was commonly used for the fabrication of mirrors and is still nowadays
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widely employed for decorative coating of nonconductive objects and as undercoating to
promote adhesion of a subsequent coated metal layer, in particular copper and gold [43].
Silver electroless deposition is attractive because silver is relatively easy to plate, shows
unique physical properties in the nanometer regime, is a noble metal and having the highest
electrical conductivity can be used in the fabrication of electrodes [28,43].

Generally silver nitrate is used as the silver source while ammonia is used as complexing
agent [43]. Since the standard reduction potential of silver is very high (+ 0.8 V) compared to
other metals, many compounds can be used as reducing agent since the electromotive force
will always be positive and great, i.e. the difference in voltage between the silver reduction
potential and the reducing agent oxidation potential will always be high [43]. Some frequently
used and commercially available reducing agents are potassium sodium tartrate (also known
as Rochelle salt), glucose, formaldehyde, dimethylamine borane (DMAB) and tartaric acid
[46,47]. The high standard reduction potential of silver is however a problem regarding the
bath stability: the plating bath decomposes as soon as the electroless deposition reaction
starts, becoming dirty and muddy [4]. To overcome this bath instability problem it is
necessary to accurately control the pH and to use a specific amount of stabilizers. Typical
stabilizers used to improve the stability of the silver electroless plating bath are 3,5-

diiodotyrosine (DiT), cysteine and metal ions [43].

1.3  Copper electroless plating

Electroless copper plating is widely used in the electronics and microelectronics industries,
e.g. for the fabrication of printed circuit boards [1]. Copper electroless deposition is preferred
over silver plating in the electronics industry because of its higher stability, much lower costs
and comparable conductivity of the plated metal patterns. Normally, copper sulfate is used as
copper source and EDTA is used as complexing agent [1]. Copper plating baths are more
stable than silver plating baths given that the standard reduction potential of copper is lower
than for silver, + 0.34 V against + 0.8 V, but still high enough, so that even mild reducing
agents can be employed. Typically used reducing agents are hydrazine, formaldehyde, DMAB
and sodium hypophosphite [1]. Occasionally, stabilizers such as thiourea, 2-

mercaptobenzothiazole, diethyldithiocarbamate and vanadium pentoxide may be used [1].
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1.4 Nickel electroless plating

The EP of nickel from an aqueous solution was already noted by Wurtz in 1844 and Roux in
1911, but usually the work published in 1946 by Brenner and Riddell is considered the
beginning of the nickel electroless plating development [2,19]. The authors observed that the
use of the additive sodium hypophosphite in the nickel electroplating process led to cathode
efficiencies of more than 100 %, meaning that also a chemical reduction was taking place in
the plating bath. In the following year, Brenner and Riddell systematically investigated and
further improved the process [20]. Nickel electroless plating is almost exclusively employed
for the deposition of functional coatings, as opposed to silver plating which is also extensively
used in decorative coatings. In particular, electroless plated nickel is used for its wear and
corrosion resistance, lubricity, hardness and magnetic properties [2].

Typical bath constituents are nickel sulfate or nickel chloride as metal source, EDTA and
sodium citrate as complexing agents and thiourea or heavy metal salts as stabilizers. Nickel
plating baths are relatively stable since the standard reduction potential of nickel is -0.25 V,
and mild to strong reducing agents are commonly used, in particular sodium hypophosphite,
hydrazine and sodium borohydride [2]. Because of the constituents of the nickel plating bath,
electroless deposited nickel is not a pure metal but includes other elements derived from the
reducing agent, usually boron or phosphorus. Depending on the content of these two
elements, the nickel coating shows different features, which can also be finely tuned. In
example, electroless plated nickel with a high phosphorus content (> 10 %) has a very high
corrosion resistance and is non-magnetic, while plated nickel with low phosphorus content

(1 —4 %) shows a high wear resistance [2].

1.5 Cobalt electroless plating

The EP of cobalt was introduced by Brenner and Riddell in 1947, shortly after the
development of nickel EP by the same authors in 1946 [19,20]. Cobalt EP has several
applications, such as the fabrication of corrosion, wear and oxidation resistance coatings, as
well as ferromagnetic functional coatings [3]. Typical bath constituents are similar to those
used with nickel: cobalt sulfate or cobalt chloride as metal source, EDTA and sodium citrate

as complexing agents, imidazole or heavy metal salts as stabilizers. The standard reduction
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potential of cobalt is — 0.28 V, similar to nickel and hence the same reducing agents are

typically used, i.e. sodium hypophosphite, hydrazine and sodium borohydride [3].

2. Metal coating of particles

Metal coated ceramic particles have been traditionally investigated for their optical properties
and find a plethora of applications in the fields of photonics, biochemistry, catalysis and
electronics [15]. Metal coated microparticles and nanoparticles are also gaining attention in
recent years as potential candidates in the fabrication of improved metal matrix composites
(MMCs) [16-18]. The main problem in the fabrication of MMC is the ceramic particle
aggregation caused by the low wettability of the particles by the metal due to the significant
difference in surface energy and density between the two materials. This in turn causes
inhomogeneous particle distributions and porosity, resulting in MMCs with inadequate
mechanical properties [48,49]. Another issue during the production of MMCs are chemical
reactions that take place at the interface between the particles and the metal matrix, resulting
in the formation of undesired products, such as the formation of aluminum carbide at the
interface between an aluminum matrix and silicon carbide particles. Furthermore, oxidation of
the ceramic particles if the composite material is manufactured at high temperature may be a
problem, e.g. the oxidation of tungsten carbide to tungsten oxide [50]. An elegant and simple
solution for all these drawbacks is to coat the ceramic particles with a thin metal film prior to
the MMC fabrication process, hence minimizing the surface energy difference between the
metal matrix and the particles, and furthermore, acting as a barrier layer [18]. This promotes a
homogeneous particle distribution in the metal matrix composite and prevents undesired
reactions at the interface with the metal and particle oxidation.

Metal coated ceramic particles can be produced with many techniques, including ball milling
[51], sputtering [52], metal vapor deposition [53], seed growth [54], electroless plating and
other solution-based processes [7,8,55-59]. While physical methods like vapor deposition and
sputtering show cost-intensive scaling up and inhomogeneous coatings, electroless plating is
gaining interest as metal coating method because of its simplicity, versatility, conformal
coating, high potential for mass production and high deposition rate. However, prior to the
electroless plating process, the ceramic particles must be functionalized in order to selectively

promote the metal deposition of their surface. This is discussed in the next section.
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2.1 Functionalization of particles

In order to be electroless plated, nonconductive particles have to be activated as in the case of
macroscopic objects. The traditional activation step for nonconductive surfaces is performed
by immersion of the substrate in tin-based and palladium-based solutions [39,40]. This
method is substrate-independent, but on the other hand is very time-consuming and extremely
expensive, in particular for the activation of materials with a very high surface like
nanoparticles [41,42]. Previous work showed that at least 10" Pd atoms/cm” are required for a
uniform activation of a surface [23,24]. In the case of nanoparticles with a surface area of
about 100 m*/g, 6.4 g of palladium for each gram of substrate are necessary as previously
discussed, assuming a price of about 150 €/g for palladium nanoparticles and palladium
precursors, resulting in costs of about 1000 € for the activation of 1 g of nanoparticles. Such
costs are very high in the field of research and development and surely a disadvantage in the
industrial scale production. Hence, new, cost-effective and environmentally friendly
functionalization processes for the electroless plating are highly desired.

Over the last few years, the use of polydopamine has been investigated as a new, substrate-
independent functionalization process. This method, described in the next section along with
the relevant literature, is very promising and is extensively investigated and applied to
nanoparticle functionalization in this work. Alongside with polydopamine functionalization,
in this work other two organic-based functionalization methods are investigated, one using 3-
mercaptopropyltriethoxysilane (MPTES) to functionalize oxides and one using 3-
aminopropylphosphonic acid (3-APP) to functionalize carbides. These methods were
specifically designed as simple and cost-effective functionalization processes for particles, as
alternatives to the standard palladium based activation, but can be used also for the

functionalization of macroscopic objects.

2.1.1 Functionalization with polydopamine

Polydopamine is a bioinspired polymer developed for multifunctional coatings by Lee ef al. in
2007 by drawing inspiration from the adhesive proteins found in mussels (fig. 4.a) [60]. They

developed a facile approach to generate surface-adherent polydopamine coatings on different
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Fig. 4: Polydopamine is a bioinspired polymer with properties similar to the adhesive proteins found in mussels.
(a) Mussels in their natural environment. (b) The structure of dopamine, consisting of a catechol (in blue) and an
alkylamine (in yellow) functional groups. (c) Schematic illustration of the dopamine polymerization process and
of the several possible secondary reactions. Modified after Waite ez al.[61].

objects by simply immersing a substrate in an aqueous solution of dopamine buffered at
pH 8.5. Many oxides, noble metals, polymers, and ceramics were successfully coated with a
50 nm thick polydopamine layer by Lee et al. showing the substrate-independence of this
method. Thanks to the alkylamine and catechol functionalities of dopamine (fig. 4.b),
polydopamine can be used to carry out a wide range of secondary reactions, such as grafting
of organic molecules for the fabrication of bioactive or bioinert surfaces (fig. 4.c) [61].

The polydopamine structure and the dopamine polymerization process are still not well
understood. Lee et al. propose a mechanism that involves the oxidation of the catechols and a
subsequent melanin-like polymerization as shown in figure 5.a [60]. Analogous mechanisms
were also proposed by others [62-64]. Conversely, Dreyer ef al. showed that polydopamine

may not be made of covalently bonded units, but of monomers which interact with each other
13
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through non-covalent interactions like hydrogen bonding, n-stacking and charge transfer, as
shown in figure 5.b [65].

Thanks to its versatility, the use of polydopamine has attracted considerable attention in a
variety of research fields and applications, such as the fabrication of separators and anodes for
Li-Ton batteries [66—69], the fabrication of capsules for drug delivery [70—72], antibacterial
materials [73-75], surface wetting control [76,77], tissue engineering [78,79] and
functionalization of carbon nanotubes [80,81]. Despite the growing interest in polydopamine
and catecholic chemistry in general, only very few works deal with the polydopamine coating
of particles. Zhou ef al. and Si et al. successfully synthesized polydopamine coated Fe;O4
nanoparticles [82,83], while Li et al. fabricated polydopamine coated Fe;O4 particles
decorated with silver [84].

oxidation oxidation
(2H" + 2e) cyclization (2H" + 2e)

Dopamine Dopaminequinone Leukodopaminechrome Dopaminechrome
n t
rearrangemen
7 NH Z SNH " NH o
polymerization
—
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Fig. 5: (a) Possible self-polymerization mechanism of dopamine and hypothetical polydopamine structure
(modified after [60,62,63]). (b) Proposed polymerization mechanism of dopamine and hypothetical
polydopamine structure by Dreyer et al. [65].
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Also Wang et al. explored the use of polydopamine for the fabrication of metal coated
particles, but only the plating with silver of 25 pum silica spheres is investigated [85]. In this
thesis, the use of polydopamine for particle functionalization is further investigated by
systematically analyzing the polydopamine layers regarding its thickness and morphology on

different substrates, such as oxides and carbides.

2.2 Metal coating of particles by electroless plating

There are several examples in the literature of metal coating of particles by electroless plating
(listed in table 1). In the majority of works the standard tin-based and palladium-based
activation process is used [6—9]. Only a small number of works explore the use of organic
molecules, not as a promoter for the plating process, but rather only to help the adhesion of
palladium ions or palladium nanoparticles, which are the actual catalyst [86—88]. The work by
Zou et al. is interesting, reporting on SiC nanoparticles with a size of about 20 nm that are
uniformly plated with nickel (fig. 6) [7]. Particularly interesting is also the work by Leon et
al., in which both the nickel coating by EP of SiC particles and the production of a MMC are
investigated (fig. 6) [6]. In general, the most plated metal is nickel, given its many
applications and useful properties, while the most used ceramic particles are carbides and
oxides, and only the tin- and palladium-based activation process is used, sometimes with the

help of organic molecules to promote adhesion.

Table 1: List of selected publications investigating the metal coating of particles by electroless plating.

Reinforcing particles Coated metal Ref.
SiC (78 pm, 49 pm and 18 pm) Ni (6]
ALO; (74 pm, 46 pm and 17 pm) Ni (6]
SiC (20 nm) Ni (7]
ALO3/Si0, mixture (100 wm) Cu [8]
ALO; (5 pm) Cu [9]
SiO, (240 nm) Ni [86]
SiO, (227 nm) Au [87]
Mica powder (30-120 pm) Ni [88]
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Fig. 6: Examples of ceramic particles coated with a metal layer by electroless plating. Top: SEM images of (a)
uncoated mica powder and (b) nickel coated mica powder, modified after Dai ez a/. [88]. Middle: TEM images
of (a) SiC nanoparticles and (b) nickel coated SiC nanoparticles, modified after Zou et al. [7]. Bottom: SEM
images of (a) uncoated SiC powder, (b) nickel coated SiC powder and (c) SiC/Al composite fabricated using the
coated powder from (b), modified after Leon ez al. [6].
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3. Metal matrix composites

Metal matrix composites are materials based on a metal or metal alloy matrix incorporating
ceramic particles, commonly nitrides, carbides and oxides. As a result of the combination of
the toughness and ductility of the metal matrix with the stiffness and specific strength of the
ceramic particles, the MMCs show many significant improvements over monolithic metals
like higher strength and wear resistance, better high temperature properties and higher
chemical resistance [89,90]. In particular, nanoparticle reinforced MMCs have superior
mechanical properties as compared with microparticles reinforced MMCs having a similar
volume content of particles [18]. This is due to the grain boundary strengthening (or Hall-
Petch effect): grain boundaries impede the movement of dislocations and therefore, metals
with smaller grains show better mechanical properties. Incorporating nanoparticles in a metal
is a way of effectively reducing the size of the grains, however the particle volume content
must not exceed a limit value of around 4 %, otherwise the strengthening effect level off
because of the particle agglomeration [18].

Metal matrix composites can be classified in ex-situ and in-situ: in the former case the
reinforcing particles are prepared separately prior to the MMC fabrication, while in the latter
case the reinforcing particles are formed in situ by exothermal reactions between elements and
compounds [18]. Ex-situ metal matrix composites are the most common MMCs and are the
ones addressed by this work. Ex-situ metal matrix composites are fabricated with a variety of
techniques which can be grouped in two classes according to the physical state of the metal
during processing: solid state and liquid state methods [91]. Solid state methods involve the
blending of a metal powder with a ceramic powder, followed by the pressing and
consolidation phases. The material can then be worked, e.g. by extrusion, to produce the final
composite component, as shown in figure 7. Liquid state methods are based on the
incorporation of ceramic particles in a molten metal matrix, followed by mixing and casting
[92]. Many variations exist, such as the widely used melt infiltration technique, in which the
molten metal is infiltrated in a preformed ceramic body [48]. In both the liquid and solid state
fabrication processes, the main drawbacks in the fabrication of MMC is the ceramic particle
aggregation caused by the low wettability of the particles by the metal, the oxidation of the
ceramic particles if the composite material is manufactured at high temperature and undesired
chemical reactions that take place at the interface between the particles and the metal, as

discussed in chapter I1.2. Moreover, the MMC fabrication processes are rather complex and
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time-consuming and therefore a faster integration of the reinforcing particles, i.e. a shorter
processing time, is desired. An elegant and simple solution for these problems is to coat the
ceramic particles with a thin metal film prior to the MMC fabrication process [18]. This
assures a faster and homogeneous particle distribution in the metal matrix composite and the
prevention of particle oxidation and undesired reactions at the interface with the metal.
Thanks to their superior mechanical and physical properties, MMCs are used in many

applications in the automotive, aerospace, electronics and coating industries [ 16—18,89,90].

Fig. 7: The Alcoa process, a solid state method for the fabrication of ex-situ metal matrix composites (MMCs),
based on the mixing of a metal powder with a ceramic powder, followed by compaction, degassing, pressing and
extrusion [89].

3.1 Metal matrix composites incorporating metal plated particles

The idea of coating ceramic particles prior to the incorporation in the metal matrix during the
fabrication of composite materials was developed in the 90s of the last century, mainly using
carbides as ceramic particles, nickel as particle coating and aluminum as metal matrix [89,93].
The most interesting and influencing literature is reported here, while for a comprehensive
overview the reader is referred to Drew et al. [94]. One of the first articles was published by
Chung et al. in 1996, in which a vacuum infiltration method was used to fabricate aluminum

composites containing 50 vol% of nickel coated SiC particles. The authors reported nickel
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macrosegregation as a major problem, explained with the dissolution of the nickel coating
during the melt infiltration [95].

In 1997 Yih et al. successfully fabricated copper matrix composites using a powder
metallurgy method [96]. The use of uncoated and copper coated reinforcing particles made of
silicon carbide, molybdenum and titanium diboride was investigated. All the composite
materials fabricated using copper coated reinforcing particles show superior properties as
compared with the composites fabricated with uncoated particles, in particular higher
hardness, higher thermal conductivity, higher electrical conductivity and lower porosity.
Moreover, composites with coated reinforcing particles show a stronger bond and a cleaner
interface between the particles and the copper matrix. The optimal reinforcing particles
content was 33 vol% for silicon carbide, 60 vol% for molybdenum and 42 vol% for titanium
diboride. In 2000 Drew et al. fabricated and systematically investigated aluminum matrix
composites using nickel plated SiC and alumina particles [6]. From the same authors is also
the influential work from 2002 about the influence of the nickel coatings on the wettability of
aluminum on ceramic reinforcing particles [97]. More recently, Ramesh et al. fabricated
aluminum matrix composites incorporating nickel plated Si3N4 particles using the stir cast
method, leading to a material with superior hardness [98,99]. Among other applications,
copper composites reinforced with copper coated particles can be potentially used as
reinforced electrodes for resistance spot welding (fig. 8.a,b) and reinforced overhead wire and

sliding contact for trains and other vehicles (fig. 8.c).
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Fig. 8: (a) Picture of a Cu/Cu@AlL,0O; composite electrode for resistance spot welding, fabricated by powder
metallurgy using Cu powder and 1 wt% of Cu plated Al,O; nanoparticles. (b) The resistance spot welding
principle. (c) Picture of an overhead wire and of the sliding contact of a train, both potential applications of
composite reinforced electrodes. Courtesy of C. Gromann, J. Zschetzsche, U. Fiissel.
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4. Soft lithography

Soft lithography is a term used to describe a broad set of unconventional micro- and
nanofabrication methods based on printing and molding using patterned elastomeric stamps,
as opposed to rigid photomasks used in conventional photolithography [100]. The most
common techniques include replica moulding, microcontact printing (LCP), micromoulding

in capillaries, and microtransfer moulding, all shown in figure 9.

a Replica moulding € Micromoulding in capillaries

Micropatterned
> |ayer of PDMS

Substrate
l Add prepolymer and cure l Add prepolymer and cure
Prepolymer
l Peel away PDMS l Remove PDMS channels

Embossed layer
of polymer microstructures

b Microcontact printing d Microtransfer moulding

Invert stamp; bring into
contact with substrate;
cure polymer

Invert stamp; bring into
contact with substrate

Substrate Substrate

1 Peel away PDMS stamp l Peel away PDMS stamp

Fig. 9: The main fabrication methods of the soft lithography technique. (a) Replica moulding, (b) microcontact
printing, (c¢) micromoulding in capillaries and (d) microtransfer moulding [101].
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Soft lithography is a very simple, fast and cost-effective alternative to photolithography,
which is attracting considerable attention in applications in which uniformity and alignment
of the patterns are not a major concern, such as in the fabrication of sensors and
microelectrodes [100]. Moreover, soft lithography allows the patterning of nonplanar surfaces
and of functional groups, can be used with liquid materials, allows the fabrication of three-
dimensional structures and can be transferred to a roll-to-roll process [100].

The key element in soft lithography is the patterned elastomeric stamp, which is usually made
of poly(dimethylsiloxane) (PDMS) by cast molding, but also other materials such as
polyimides, polyurethanes and polytetrafluoroethylene (PTFE) are used for specific
applications [102]. The main advantages of PDMS are its chemical and thermal stability,
flexibility, durability and nontoxicity. Moreover, it is commercially available and inexpensive
[103,104]. At room temperature, PDMS is available as a liquid prepolymer with a glass
transition temperature of approximately -120 °C and a melting point of -50 °C [105]. To
fabricate a patterned PDMS stamp the prepolymer is blended with a curing agent, poured on a
non-adhesive micropatterned master (usually made of silicon), and cured in order to crosslink

the polymer, as shown below in figure 10.
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Fig. 10: Mechanism of PDMS cross-linking: siloxane oligomers terminated with vinyl groups (1) are mixed with
cross-linking siloxanes oligomers (2) and a platinum-based catalyst which cures the elastomer by an
hydrosilation of the double bonds forming Si—~CH,—CH,-Si linkages, allowing the three-dimensional cross-
linking of PDMS. Modified after Campbell et al. [106].
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However, there are some drawbacks related to the PDMS stamps which limit their range of
use. A major disadvantage is the resolution: in theory, PDMS stamps can be fabricated with
features down to the nanometer range, but the mechanical characteristics of the elastomeric
PDMS molds provide adequate stability for printing only with features down to 500 nm [107],
since stamp deformation during contact with the substrate and also during stamp removal
from the master reduces the patterning resolution [108]. Because the patterned PDMS molds
are flexible, another problem is related to the aspect ratio of the features: if the aspect ratio is
too high, the stamp features collapse against the substrate during the printing process [105].
On the other hand, if the aspect ratio is too low, e.g. in broad noncontact areas, roof collapse
may occur, leading to contact between the mold and the substrate where it is actually
undesired [108].

Another limit of PDMS lies in its hydrophobicity meaning that water-based inks do not wet
PDMS molds and hence cannot be homogenously printed on the substrate. This severely
reduces the usage of inorganic complexes and biomolecules such as DNA and proteins as inks
for PDMS stamps [107]. To overcome the aforementioned drawbacks of PDMS in soft
lithography, either chemical or mechanical modifications of the PDMS mold or the use of a
different polymer with higher Young’s modulus and polarity is required. A common
treatment process is the oxidation of the PDMS mold surface, e.g. by oxygen plasma,
generating a chemically modified stamp with a polar and thin silica-like surface, allowing the
printing of polar inks. In the next sections, the two soft lithography methods used in this

work, microcontact printing and capillary force lithography, are described in detail.

4.1 Microcontact printing

Microcontact printing is a soft-lithographic technique for surface patterning in which a
patterned elastomeric stamp is inked and then pressed on a substrate to transfer the molecules
of the ink from the stamp to the substrate, as shown in figure 9.b. Developed as an alternative
patterning processes to photolithography by Whitesides et al. in 1993, uCP is extremely
versatile, simple, and with a resolution down to the nanometer range [107,109,110].
Microcontact printing was first used to pattern self-assembled monolayers (SAMs) on gold
substrates [102,111,112], but a plethora of applications and fabrication strategies were

investigated since then [107]. For example, a patterned SAM on a substrate can control the
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deposition of a material onto that substrate by metallization [113], crystal growth [114] and
chemical amplification [115], and it can regulate the wetting and adhesion features of the
substrates on which they are printed [116]. Also the printing of metal nanofilms and
nanoparticles on different substrates were investigated [110], as well as the printing of
biomolecules such as proteins, lipids and DNA [105].

The crucial steps in microcontact printing are the inking and printing processes. Inking is
generally done either by placing an ink droplet on the patterned area of the stamp or by
dipping the whole stamp into the ink solution [105,107]. The ink molecules do not only stay
on the PDMS stamp surface but they also diffuse into the bulk of the stamp, creating an ink
reserve [117]. The most commonly used solvent in the inking process is ethanol because of its
low boiling point and the little swelling effect on the elastomer stamp [105,107]. After the
inking process, the stamp is pressed against the substrate to be printed. Only the regions with
protrusions are in conformal contact with the substrate, allowing a selective transfer of the ink
molecules from the stamp. During the printing step the surface chemistries of stamp and
substrate play a very important role in the transfer process efficiency, because the ink
molecules will transfer to the substrate surface only if it is more energetically favorable than
staying on the PDMS mold [107]. For example, the strong interactions of thiols with gold or
the interactions of silanes with silica surfaces drive the transfer of these molecules from the

mold to the surface [118].

4.2  Capillary Force Lithography

Capillary force lithography (CFL) is a polymer patterning method which combines the basic
aspect of nanoimprint lithography, molding a polymer, with the key feature of soft
lithography, the use of an elastomeric stamp [119]. The CFL process is carried out as follow:
a patterned elastomeric mold is placed on a polymer layer and the temperature is raised above
the polymer glass-transition point. Capillary force causes the melted polymer to rise in the
narrow channels between the stamp and the substrate. After cooling, a hardened negative
replica of the mold is left on the substrate. An ingenious variation of the CFL technique is the
softening of the polymer by dissolving it in a solvent instead of heating it. In this case the
process is also known as soft molding or solvent-assisted molding [119,120]. Soft molding is

a very simple and efficient method for the patterning of polymers at room temperature, over
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large areas, down to sub-100 nm resolution and without the need of complex and expensive
instrumentation. Capillary force lithography was introduced by Suh et al. in 2001 using a
commercial novolac resin and commercial polystyrene [119,121]. In the following years the
method was further improved, smaller and more complex polymer structures were fabricated
[122,123], and the use of other polymers such as polyvinylpyrrolidone and poly(ethylene
glycol) was also studied [124,125]. In this thesis a new soft molding approach is investigated
by using a solution with a polymer content of only 5 % in weight, much lower as usual in
literature. This ensures a very fast rising of the polymer solution through the channels and

hence a faster patterning time.

Fig. 11: SEM images showing polymer patterns fabricated using two approaches of the capillary force
lithography process: (a) the use of a thick polymer layer (1.5 um) and (b) the use of a thin polymer layer (180
nm). In the latter case the patterns show the meniscus caused by the capillary action. Modified after [119, 122].

4.3 Fabrication of metal structures by soft lithography

The fabrication of metal nano- and microstructures by unconventional fabrication processes
like soft lithography is attracting increasing interest in different materials science areas,
especially in opto-electronics, microelectronics and plasmonics [126—-129]. The standard
processes to fabricate metal nano- and microstructures are based on beam lithography or
photolithography in combination with electroplating, ion sputtering or metal evaporation.
Unfortunately, these conventional methods have low throughput, require sophisticated
equipment, are time-consuming, use environmentally unfriendly chemicals for etching, waste
a large amount of material and generally allow the patterning of only very small regions on

the planar surface of a small number of inorganic substrates [13,14]. This explains why
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several alternative methods, usually called “soft lithographic” processes, are receiving more
and more attention from the scientific community [107].

Unconventional fabrication techniques such as soft lithography can circumvent many
disadvantages of the conventional processes, above all cost, complexity and speed, but on the
other hand they are difficult to use in the production of highly integrated and complex
devices, where uniformity, reproducibility and alignment of the final metal patterns are
critical concerns [100,127]. Nevertheless, soft lithographic techniques are very well suited for
an extensive range of applications such as manufacturing of metal etching masks, the
realization of sensors and biosensors [130,131], wiring of printed circuits [11], plasmonics
[129], and the fabrication of transparent electrodes in solar cells and displays [132,133].
Extensive research has been done in the last decade in the development of new methods for
the manufacturing of metallic nano- and microstructures [105,127,129]. For this reason, only
the existing literature involving both electroless plating and microcontact printing is

exhaustively reviewed in the next section.

4.3.1 Selective metallization by electroless plating

A patterned metal layer can be fabricated by electroless deposition either by directing the
plating process or by plating a metal layer on the whole substrate and afterwards etching it
selectively. In general, the first approach is preferred because it does not involve an extra
etching process and thus it is simpler and more cost-effective. On the other hand, selectivity
problems have been reported [12,134]. The use of microcontact printing in combination with
electroless plating for the fabrication of metal microstructures was at first reported by Hidber
et al. in 1996, three years after the introduction of the microcontact printing process by
Whitesides et al. Previously, only non-soft lithographic patterning methods like
photolithography and beam lithography were used. Hidber ef al. printed palladium colloids
stabilized by tetraoctadecyl-ammonium bromide on a substrate which was initially coated
with siloxanes to promote adherence, followed by the electroless plating of copper catalyzed
by the palladium colloids. They fabricated copper lines and other complex structures with a
lateral dimension down to 0.5 um (figure 12). The process was also used to manufacture free-
standing copper structures by dissolution of the glass substrate in a dilute HF solution. In

addition, both glass and polymers substrates were successfully patterned, showing the

25



II THEORETICAL PART

versatility of the method [10]. Also other research groups applied an analogous approach
based on electroless deposition on a substrate selectively activated with palladium-based
catalysts. In 2000, Kind et al. successfully produced copper lines with lateral dimensions of
170 nm and 500 nm on substrates covered with titanium employing a precursor based on a
Pd(II)-complex with organic ligands [135]. This work is of particular importance because it is
the first that systematically investigate many parameters involved in the selective electroless
deposition by microcontact printing, such as ink stability and ink adhesion to the stamp and
substrate. However, this technique has a few major disadvantages: the ink solution is highly
unstable and the PDMS mold must be hydrophilized with a plasma treatment before the
inking and printing processes.

Other authors used a passivation process to fabricate metal patterns by stamping a passivation
layer or a resist on a substrate. Exposing the passivated substrate to an electroless deposition
solution allows the metal to deposit exclusively on the exposed non-passivated regions
[136,137]. In 2002, Bittner et al. developed an interesting process based on the electroless
metallization of dendrimer-coated micropatterns [138]. First a passivation layer was printed
by microcontact printing, then polyamide-amine (PAMAM) dendrimers were transferred on
the not passivated regions. Afterwards, palladium ions were bound to the PAMAM
dendrimers by immersing the substrate into a Pd*" solution. The Pd*" ions are then reduced to
palladium particles using an aqueous NaBH, solution, which act as seeds for the subsequent
electroless plating step. Metallic lines and dots with a size of 10 um were successfully
fabricated. Although this method is a very interesting approach for the manufacturing of metal
microstructures, it includes too many fabrication steps and is very complicated. In 2003,
Moran et al. fabricated silver and gold lines with a lateral dimension in the submicrometer
range using a passivation microcontact printing process which involves the stamping of n-
propyltrimethoxysilane (PTMS) molecules as a patterned passivation layer [139]. Exposing
the substrate printed with PTMS to a solution of SnCl, activates exclusively the non-printed
regions, i.e. the PTMS-free regions, which can be afterwards selectively metallized by
electroless plating. The resulting metal patterns were also used to investigate the propagation
of surface plasmons within periodic and confined structures.

In 2004, Carmichael ef al. introduced a new organic ink containing phosphonic acid groups to
bind the ink to a glass substrate and phosphine groups to bind the colloidal palladium catalyst
that starts the metal deposition during the electroless plating process [11]. Using this ink, the

authors selectively deposited patterned layers of nickel and copper on glass substrates, with
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areas as large as 15 cm® and with a lateral dimension of the metal structures down to 2 pm
(figure 12). This work is noteworthy since it is the first effort to overcome many of the
drawbacks related to the direct microcontact printing of palladium-based catalysts by
developing a new organic-based ink. However, the metal layers show major irregularities and
lack of adhesion. In 2006, Mewe et al. fabricated metal microstructures on a silicon dioxide
substrate using a seeded-growth method based on gold nanoparticles [12]. The authors used
microcontact printing to print aminopropyltriethoxysilane (APTES), generating functionalized
patterns with a high affinity towards gold. By immersing the substrate into a colloidal
suspension of gold nanoparticles, the authors observed that gold nanoparticles selectively

adhere on the printed APTES patterns.

k —

Fig. 12: Examples of metal structures fabricated by pCP and selective EP. Top-left: Cu structures fabricated by
Hidber et al. by pCP of Pd colloids stabilized by tetraoctadecyl-ammonium bromide, followed by EP of copper
[10]. Right: Ni patterns manufactured by Carmichael et al. by uCP of an organic ink containing phosphonic acid
groups to bind the ink to the glass substrate and phosphine groups to bind the colloidal Pd catalyst, followed by
EP [11]. Bottom-left: Au structures fabricated by Mewe et al. by uCP of aminopropyltriethoxysilane, followed
by immersion of the substrate into a colloidal suspension of gold nanoparticles and subsequent EP. The image
sizes are: (a) 1 x 1 mm?, (b) 100 x 100 pm?, (c) 25 x 25 um? and (d) 4 x 4 um? [12].
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Afterwards, the isolated gold nanoparticles were grown above the percolation threshold by
electroless plating, generating metal structures with high conductivity, although a selectivity
problem is reported since there are some undesired gold depositions in the APTES-free areas
(figure 12). Hsu et al. in 2007 were the first who reported the direct printing of an inorganic
catalyst on a substrate, eliminating one process step in comparison with the previous methods
[134]. They fabricated patterns made of silver lines with linewidths in the 0.6 — 10 pm range
and a thickness of 50 nm by directly printing a SnCl, solution on a glass substrate, followed
by the metallization process of the Sn-stamped areas via electroless plating. In 2008, Yoon et
al. manufactured gold microstructures with a lateral dimension down to approximately 20 um
on a polyimide substrate [140]. The method is based on the selective activation of the
polyimide substrate by microcontact printing of an aqueous solution of potassium hydroxide,
which makes the printed areas hydrophilic, followed by activation of such areas with Pd*"
ions by immersing the film in a PdCl, solution. In this thesis a new method based on the

direct printing of an organic promoter followed by selective electroless plating is investigated.

5. Characterization methods

The samples were characterized with standard and commonly used methods for chemical
analysis: scanning electron microscopy (SEM), Fourier transform infrared spectroscopy
(FTIR), thermogravimetric analysis (TGA) and X-ray diffraction (XRD). Other less common
characterization techniques were used, namely transmission electron microscopy (TEM) and

atomic force microscopy (AFM) which are described in the next sections.

5.1 Transmission electron microscopy (TEM)

A transmission electron microscope (TEM) operates basically in a similar way to the optical
microscope, but instead of light a beam of electrons is used. The electron beam collides with
the sample and the directly transmitted electrons are focused on an imaging device such as a

fluorescent screen. The contrast of the image is caused by the absorption of electrons by the
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sample. Given the small de Broglie wavelength of electrons, TEM can reach very high
resolutions. In fact, singles rows of atoms can be seen in crystalline materials as a result of the
diffraction of the electrons by the specimen. The resolution of TEM microscopes is constantly
improved, e.g. Meyer et al. were able to see single carbon and hydrogen atoms on a graphene
substrate [141]. In figure 13, the principal parts of a TEM are shown. The TEM is basically a
column containing an electron gun and several electromagnetic lenses operating in vacuum.
The electrons are generated by the electron gun and accelerated and focused by a set of
condenser lenses. The beam then reaches the sample, which must be thin enough for the
electron beam to pass through it. The samples are usually placed on specifically designed
TEM grids, with a diameter of approximately 3 mm and a thickness of a few micrometers.
The grid is fixed on a specimen holder and inserted in the TEM column. Afterwards, the
electrons which are not absorbed by the sample are focused by a set of objective lenses and
projector lenses before reaching the imaging device, usually a fluorescent screen or a CCD
camera.

TEM is a very powerful analysis method and is necessary in the investigation of
nanomaterials. It has however a few limitations: the preparation of the microscope and of the
samples is very time consuming, the high energy of the electron beam can damage the
sample, usually by amorphization or melting, and the small amount of sample volume

investigated may lead to false interpretations [142].

5.1 Atomic force microscopy (AFM)

In an atomic force microscope, the specimen surface is sampled by a probing tip attached to a
cantilever, usually made of silicon or Si3N4 by chemical etching (figure 14). Generally, when
the tip is brought close to the specimen surface it experiences an interaction force, leading to
the deflection of the cantilever. This deflection is usually determined by measuring with
photodiodes the movement of a laser spot reflected from the cantilever. The measurement of
the cantilever deflection along the z-direction as a function of the tip lateral position (X,y)
leads to a 3D image of the sample surface. The interaction forces that the tip experiences
when in proximity of the sample surface depends on the nature of both sample and tip and
include, among others, electrostatic forces, mechanical contact forces, van der Waals forces,

magnetic forces and capillary forces.
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Fig. 13: (a) picture and (b) schematic illustration of a “JEOL JEM 2010” TEM. Modified after [142].
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Depending on the application, the AFM can be operated in several ways. Generally, the
operating modes are grouped into contact modes, where the tip is dragged across the surface
of the sample in a repulsive force regime, and tapping modes, where the cantilever is vibrated.
In this work an AFM operating in tapping mode was used. Tapping mode is a dynamic
operating mode in which the cantilever is vibrated near its resonance frequency in proximity
of the surface (usually 0 — 10 nm above the surface). If the distance between tip and surface
becomes smaller, the intensity of the van der Waals and electrostatic forces experienced by
the tip becomes stronger, leading to a decrease of the oscillation amplitude of the cantilever.
In this way, the surface morphology can be measured and the above mentioned 3D image
generated. From this image, also the roughness of the sample surface can be determined. The

surface roughness is usually expressed with R, and R, defined as:
1 n
Ra=— Z vl (1)
nig
1<,
Ry= ; Z Vi (2)
i=1

R, is defined as the arithmetic average of the absolute values of the collected roughness data
points (yi), while Ry is the root mean square of the collected roughness data points (y;)

[143,144].

(a)

” __FRONT ATOM

Fig. 14: (a) AFM operating principle: a probing tip attached to a cantilever is brought close to the specimen
surface where it experiences an interaction force, leading to the deflection of the cantilever. By measuring the
deflection of the cantilever along the z-direction as a function of the tip lateral position (x,y) a 3D image of the
sample surface can be produced. (b) SEM image of a typical AFM tip.
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III Experimental

1. Fabrication of metal-coated particles

1.1 Functionalization with 3-mercaptopropyltriethoxysilane

Silica nanoparticles (10 — 20 nm particle size) and alumina nanoparticles (13 nm average
primary particle size) were functionalized with MPTES by hydrolysis and condensation
reactions, as summarized in figure 15. Silica nanoparticles were used as received, whereas
alumina nanoparticles were pretreated with hydrochloric acid to increase the number of
hydroxyl groups on the particle surface. The pretreatment with HCl was carried out as
follows: 1 g of alumina nanoparticles were suspended in 50 ml of a mixture of deionized
water and 37 % HCI (1:1, v/v), sonicated for 15 min and then left in this solution overnight
under intense stirring to avoid aggregation. Afterwards, the pretreated Al,Os nanoparticles
were carefully washed via centrifugation with distilled water. The MPTES functionalization
reaction was performed in the same way for both alumina and silica: 1 g of nanoparticles were
suspended in 50 ml deionized water and sonicated for 15 min. The coating reaction was

carried out in reflux at 100°C for 2 h after the addition of 0.05 g MPTES.

MPTES-coated Copper-coated
Nanoparticle . .
nanoparticle nanoparticle
% 3 5 &
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Fig. 15: Schematic illustration of the functionalization process of oxide particles with 3-
mercaptopropyltriethoxysilane. The high affinity of the thiol groups towards metal ions promotes the subsequent
metal deposition on the MPTES coated particles [145].
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Synthesis of self-condensed MPTES as a reference for the FTIR analysis was done via a sol-
gel process by mixing 1 ml deionized water, 1 ml acetone, 1 ml HCI (1 M), 10 ml ethanol and

1 g MPTES at room temperature. The resulting gel was dried in air for 12 h at 60°C [145].

1.2  Functionalization with 3-aminopropylphosphonic acid

Tungsten carbide microparticles (1 pum average size) were functionalized with 3-
aminopropylphosphonic acid (3-APP) as follows: 20 g/l WC particles were suspended in a
5-10° M aqueous solution of 3-APP, sonicated for 5 min and then left in this solution for
24 hours under stirring. Afterwards, the functionalized particles were washed via consecutive

centrifugation cycles with deionized water and ethanol and then vacuum dried.

Electroless
Functionalization platmg

3- Ammopropylphosphonlc acid
5-10° M, Ry, 24h

Ho- BJ\/NHQ
OH

Fig. 16: Schematic illustration of the functionalization process of tungsten carbide particles with 3-
aminopropylphosphonic acid. The high affinity of the amino groups towards metal ions promotes the subsequent
metal deposition on the functionalized particles.

1.3  Functionalization with polydopamine

Tungsten carbide microparticles (1 pm average size) and alumina microparticles (4 — 10 um
average size) were coated with polydopamine using the same procedure for both materials:
1 g of particles was suspended in 33 ml of a Tris—HCI (tris(hydroxymethyl)aminomethane—
HCI) bufter solution (10 mM, pH = 8.5) containing 2 g/l dopamine, sonicated for 5 min and
then left in solution with stirring for a certain amount of time between 1 h and 24 h. A similar
procedure was used with alumina nanoparticles (13 nm average primary particle size) and
tungsten carbide nanoparticles (approx. 50 nm average primary particle size): 1 g of
nanoparticles was suspended in 500 ml of a Tris—HCI buffer solution (10 mM, pH = 8.5)
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containing 2 g/l dopamine, sonicated for 15 min and then left in solution under intense stirring
for a certain amount of time. After the polymerization of dopamine, the polydopamine coated
particles were washed via consecutive centrifugation cycles with deionized water and ethanol,
until the solution became clear. The particles were then vacuum dried at 40°C. Pure
polydopamine used in the FTIR analysis as a reference was synthesized in the same way as
previously described, but without the addition of particles and sonication (2 g/L dopamine, 10

mM Tris—HCI buffer solution at pH = 8.5, 24 h polymerization time) [146].

Dopamine Electroless
polymerization plating
B T

pH=8.5
Dopamine (2 g/L)

HO
Fig. 17: Schematic illustration of the functionalization process with polydopamine by self-polymerization of

dopamine on the particle surface. The affinity of the amino and catechols groups toward metal ions promotes the
subsequent electroless metal deposition [146].

1.4 Metal deposition by electroless plating on functionalized particles

The nano- and microparticles functionalized with MPTES, 3-APP or polydopamine were
coated with silver, copper, nickel or cobalt. The composition of the electroless plating bath
used is summarized in table 2 and described in detail, along with operating conditions, in the

next chapters.

1.4.1 Silver electroless deposition

Silver electroless deposition was carried out using an aqueous plating bath containing 4.5 g/l
AgNO:; as silver source, 13.5 ml/l ethylenediamine as complexing agent, 0.3 g/l 3,5-diiodo-L-

tyrosine dihydrate as stabilizer, 12.0 g/l potassium sodium tartrate as reducing agent and
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10 g/L of the particles to be plated. The pH was adjusted to 12.0 with the addition of NaOH,
the suspension was sonicated for 5 min and then the deposition was carried out for 1 h at

35°C. The particles were afterwards washed via consecutive centrifugation cycles with

deionized water and ethanol, then vacuum dried at 40°C [146].

Table 2: Composition of the electroless plating baths used in this work to fabricate metal coated particles. “p

[T L)

indicates the plating baths used to coat microparticles while “nano” indicates the plating bath used to coat

nanoparticles.

Ag-n Cu-p Cu-nano Ni-p Co-n
AgNO3 CUSO4' 5H20 CUSO4 : SHZO NlClz : 6H20 COClz : 6H20
Metal source
4.5 g/ (7.5 g/ (13.5 g/ 10 g/n (30.0 g/
Sodium citrate
Complexing  Ethylenediamine EDTA EDTA EDTA (35.0 g/
agent(s) (13.5 ml/T) 5.5¢g (10 g/ (16 g/l NH,CI
(50 g/)
DiT
Stabilizer - - - -
(0.3 g/
NaPOsz
Potassium Hydrazine Hydrazine
Reducing . NaBH,4 (20 g/)
sodium tartrate hydrate 80%  hydrate 80%
agent(s) 3.2 g/ NaBH,
(12.0 g/ (18.5 ml/1) (33 ml/1)
(7 g
Particles 10 g/l 10 g/l 3¢l 10 g/l 10 g/l
Temperature 35°C Ry Rr Rr 60°C
pH 12.0 - - - 9.0

1.4.2 Copper electroless deposition

Copper electroless deposition on nanoparticles was carried out in an aqueous plating solution
containing 13.5 g/l CuSO4-5H,0 as copper source, 10 g/l EDTA as complexing agent and
3 g/l nanoparticles. The suspension was sonicated for 15 min before adding 33 ml/l hydrazine

hydrate as reducing agent, which triggers the metal deposition reaction. After 2 h in the
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plating solution at room temperature, the particles were removed and washed with distilled
water and ethanol by consecutive centrifugation cycles, then vacuum dried at 40°C and stored
under argon to avoid oxidation. Copper electroless deposition on microparticles was carried
out in an aqueous plating solution containing 7.5 g/l CuSQO4-5H,0 as copper source, 5.5 g/l
EDTA as complexing agent and 10 g/l nanoparticles. The suspension was sonicated for 5 min
before adding 18.5 ml/l hydrazine hydrate as reducing agent. After 2 h in the plating solution
at room temperature, the particles were removed and washed with distilled water and ethanol
by consecutive centrifugation cycles, then vacuum dried at 40°C and stored under argon to

avoid oxidation [145,146].

1.4.3 Nickel electroless deposition

Nickel electroless deposition was carried out using an aqueous plating bath containing 10 g/1
NiCl,-6H,0 as nickel source, 16.0 g/l EDTA as complexing agent and 10 g/l of the particles
to be plated. The suspension was sonicated for 5 min before adding 3.2 g/l NaBH4 as reducing
agent. After 1 h in the plating solution at room temperature, the particles were removed and
washed via consecutive centrifugation cycles with deionized water and ethanol, then vacuum

dried at 40°C.

1.4.4 Cobalt electroless deposition

Cobalt electroless deposition on microparticles was carried using a plating bath modified after
Brenner and Riddell [20]. The plating bath is made of an aqueous solution containing 30.0 g/1
CoCl,-6H,0 as cobalt source, 35.0 g/l sodium citrate and 50.0 g/l ammonium chloride as
complexing agents, 20.0 g/l sodium hypophosphite and 7.0 g/l NaBH, as reducing agents, and
10 g/l of the particles to be plated. The pH was adjusted to 9.0 with the addition of ammonia
and the suspension was sonicated for 5 min. Afterwards, the plating process was carried out
for 1 h at 60°C, then the particles were removed, washed with distilled water and ethanol by

consecutive centrifugation cycles and vacuum dried at 40°C.
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2. Fabrication of metal matrix composites by powder metallurgy

2.1 Cu composites reinforced with Cu@Al,O; nanoparticles and
Cu@WC microparticles

The copper matrix composites were fabricated by powder metallurgy by CEP- Compound
Extrusion Products GmbH and the Institute of joining technology and assembly of the
Technical University of Dresden. First, Cu coated Al,O; nanoparticles were synthesized as
described in chapter III.1.4.2 by using the MPTES functionalization method followed by
electroless plating, dried for 24 h at 3-10™ bar and stored under nitrogen. Afterwards, 1 wt%
of the plated particles and a 99 wt% of copper powder (4.5 — 7.0 um in size) were mixed in a
drum hoop mixer, placed in a copper vessel and extruded in small rods of 1.5 cm in diameter.
In the same way, copper matrix composites reinforced with 1 wt% of copper coated tungsten
carbide microparticles were manufactured using the Cu coated WC microparticles synthesized

as described in chapter II1.1.4.2 by using the 3-APP functionalization method.

3. Fabrication of silver structures by soft lithography

All the soft lithographic processes were carried out with the semiautomatic micro-contact
printer “GeSiM p-CP 3.0”. The printer, the printing process, the stamps fabrication and the

metallization procedures are described in following chapters.

3.1 Micro-contact printer “GeSiM p-CP 3.0”

The device is a benchtop station (fig. 18.a) with a width of 63 cm, a length of 53 cm, a height

of 37 cm and a weight of 35 kg. It has an inking station on the left side and a printing station

on the right side. Up to four stamps can be placed on the stamps holder, which can be moved

from the inking station to the printing station. A substrate is placed on the substrate holder in

the printing station and its position is adjusted in two spatial directions and by rotation using

vernier drives. During the printing process, the stamps are picked up from the stamps holder
37



IIT EXPERIMENTAL

by the printing head and pressed against the substrate. A built-in video microscope allows the
perfect alignment of substrate and stamp, making it possible to print on defined regions only,
or to print multiple layers exactly side by side or on top of each other. Before the stamping
process, many parameters such as printing time, applied pressure and temperature of the
substrate can be adjusted. The stamps used by this printer are made of two elements: a
polycarbonate scaffold and a patterned elastomeric diaphragm (fig. 18.b), usually PDMS.
During the printing process the elastomeric diaphragm is bulged out by air pressure in order to
be in a homogeneous contact with the substrate surface and resulting in a very even 1 cm?

printed area. The fabrication of the stamps is described in the next two sections.

3.1.1 Preparation of PDMS stamps

The polymeric stamps with patterns in the micrometer range were fabricated using
polydimethylsiloxane by replica molding. First PDMS prepolymer and curing agent (Sylgard
184 silicone elastomer kit) were mixed with a mass ratio of 9:1, vigorously stirred and then
degassed for 20 min. A teflon-coated silicon master with the replica of the desired structure

and a teflon spacer were placed on the casting station as shown in figure 18.c.

(a)
— Print head
== =% stamps in Stamp
= stamp huwer Substrate holder
) holder
Cumpressed air Stamp
‘\ frame

PDMS

Inking
station

Fig. 18: (a) lllustration of the printer GeSiM p-CP 3.0 and (b) a cross-section of the stamp used by the printer.
(c) The casting station used to fabricate PDMS stamps. The Si master and the Teflon spacer are also visible. (d)
Fabrication of a PDMS stamp by injection of the prepolymer in the polycarbonate frame. () A PDMS stamp
after curing and releasing. On top the 1 x 1 cm” patterned area is also visible. (f) A SEM image showing the
micropatterns of a PDMS stamp.
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The polycarbonate stamp scaffold was then placed on the silicon master and the PDMS was
injected into the casting station through a small hole in the scaffold (fig. 18.d). Afterwards,
the PDMS stamp was cured for 1 h at 80°C and then removed from the casting station. Figure
18.e shows a stamp after the curing process and ready to use, with the patterned PDMS
diaphragm visible on top of the polycarbonate scaffold. A SEM image showing an
enlargement of the patterned area, in this case lines with a width of 10 um and a height of
5 pwm, is shown in figure 18.1.

Six different PDMS stamp designs were used, as summarized in table 3: lines with
approximately a width of 500 nm and 1 um pitch, lines with a width of 10 um and 20 pm
pitch, lines with a width of 20 pm and 40 pum pitch, a regular grid of lines with a width of
5 um, a 2D array of squares with a width of 5 um and spaced 5 pm from each other, a 2D
array of rings with an internal diameter of 10 um, an external diameter of 20 um and spaced
20 um from each other. All the PDMS stamps have a patterned area of 1 cm” and all the
structures have a height of 5 um, except the first design which has a height of approximately

500 nm.

3.1.2 Preparation of PFPE stamps

The low stiffness of PDMS does not allow the accurate fabrication of structures with features
in the nanometer range. Hence, perfluoropolyether (PFPE) was used instead of PDMS for the
fabrication of stamps with features smaller than 500 nm. A similar fabrication procedure as
with PDMS was used: perfluoropolyether prepolymer (Solvay Solexis Fomblin MD 700) and
an ethanolic solution of 2,2-Dimethoxy-1,2-diphenylethan-1-one as photo initiator were
mixed so that the initiator to PFPE weight ratio is 0.1 %, vigorously stirred and then degassed
(figure 19). A teflon-coated silicon master with the replica of the desired structure and a teflon
spacer were placed on the casting station. The polycarbonate stamp scaffold was then placed
on the silicon master and the PFPE was injected into the casting station through a small hole
in the scaffold. Afterwards, the PFPE stamp was cured for 30 min by UV radiation and then

removed from the casting station. One PFPE mold design was used, consisting of a 2D array
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of squares with a width of approximately 1 um, a pitch of 1.2 pm, a height of about 500 nm

2
and an area of 1 cm”.

CH, O Q CH,
| I | Il
H C—C—C—O-CHz—CHz—u-C—O—CHZ—CF;O{—CcmFZO)ﬁ[—CFZO-)?CF.‘,—CH;O-C-H—CH;CH,—O-ﬁ—C-CH

o}

s

ne

Q—C—?—Q UV-light 10 min
o
cH,

Crosslinked PFPE Network

Fig. 19: Mechanism of PFPE cross-linking: methacryloxy functionalized PFPE is mixed with a photoinitiator
(2,2-Dimethoxy-1,2-diphenylethan-1-one) and photocured by exposing the material to UV radiation, allowing
the cross-linking of PFPE. Modified after Rolland et al. [147].

Table 3: List of the stamp designs, along with the SEM images of the silicon master and of the final stamp. All
SEM pictures in this table are provided by the microcontact printer producer (Gesim).

Pattern Material Master (SEM) Stamp (SEM)

10 pm lines PDMS

20 pm lines PDMS
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Pattern

5 um grid

5 pm squares

20 um donuts

500 nm lines

1/0.2 um

squares

Material

PDMS

PDMS

PDMS

PDMS

PFPE

Master (SEM)

41

474 nm

Stamp (SEM)
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3.2 Fabrication of silver structures by micro-contact printing of 3-

mercaptopropyltriethoxysilane and electroless plating

A 5:10° M solution of MPTES in commercial grade ethanol was used as ink. Several other
organic solvents are used in literature for the deposition of silanes, such as benzene [148] and
toluene [149], but considering that none of these solvent has any reported significant
advantage, ethanol was used since it is easy to handle, less harmful and less expensive. Water
is generally not used as a solvent with silanes because of its role in the hydrolysis reactions,
and moreover it is problematic to use in soft lithography because it can not wet the
hydrophobic PDMS stamps. Soda-lime glass microscope slides were used as substrates. Glass
substrates were chosen for their low cost, transparency and because surface silanol groups,
necessary for the condensation reaction with MPTES molecules, can be easily created on the

glass surface by treatment with acids [150].

PDMS stamp

— MPTES

(a) Glass substrate

l Microcontact printing
BN . sH T\ Hs Hs
® R
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o

(c) Electroless plating bath

W R
(d)

Fig. 20: Schematic illustration of the fabrication of silver structures by microcontact printing of MPTES and
electroless plating. (a) A PDMS stamp is inked with MPTES and pressed against a glass substrate. (b) The glass
substrate is selectively functionalized with MPTES. (c) Silver deposition by electroless plating. (d) Silver is
selectively plated only on the MPTES functionalized areas [151].

42



III EXPERIMENTAL

After sonication for 15 min in a mixture of deionized water and acetone (v/v = 1:1) to remove
organic contamination, the glass substrates were treated for 60 min with piranha solution (v/v
= 7:3 mixture of 95 % H,SO4 and 30 % H,0,) in order to hydroxylate the glass surface, rinsed
with deionized water and dried with an air stream. Prior to each printing process, the stamp is
sonicated for 5 min in a mixture of water and ethanol (v/v = 1:1) to remove any dirt or
residual ink molecules in order to avoid contamination.

The inking of the stamp was performed by placing a drop of ink on the structured area and
letting the solvent dry. The printing process was carried out using the Gesim p-CP 3.0
microcontact printer by gently pressing the inked stamp against the pretreated glass substrate
for 500 s, as shown in figure 20. The substrate is then carefully rinsed with deionized water
and ethanol to wash away any physisorbed MPTES molecules. The reaction of the MPTES
with the glass surface takes place in two steps: first, the ethoxy groups of the MPTES
molecules are hydrolyzed by the small amount of water contained in commercial ethanol
(approximately 5 vol% H;,0), then the hydrolyzed MPTES molecules react with the hydroxyl
groups of the hydroxylated substrate surface, forming a covalent bond between the MPTES
and the substrate. The metal deposition on the printed structures was carried out in an aqueous
solution containing 1.5 g/l AgNOs as silver source, 4.5 ml/l ethylenediamine as complexing
agent, 0.1 g/l 3,5-diiodo-L-tyrosine dehydrate as stabilizer and 4.0 g/l potassium sodium
tartrate as reducing agent. The pH was raised to 12.0 by adding NaOH and the temperature
was set to 35°C. The printed glass substrates were immersed in the plating bath, then the
reducing agent was added. This triggered the reduction of silver ions and the selective silver
plating of the MPTES printed areas. After a deposition time of about 300 s, the substrates
were removed from the plating bath and thoroughly rinsed with deionized water and ethanol

[151].

3.3 Fabrication of silver structures by capillary force lithography of

PMMA and electroless plating

Soda-lime microscope slides were used as substrates. After sonication for about 15 min in a
mixture of deionized water and acetone (v/v = 1:1) to remove organic contamination and dirt,
the glass substrates were immersed for 40 min in an aqueous solution containing 18.0 g/l

SnCl, in order to create a thin SnO, layer on its surface. The role of this SnO, layer is to
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promote the adsorption of silver ions during the subsequent silver electroless plating process
[152]. The pretreated substrate is then rinsed with deionized water and dried with an air
stream. For the patterning process, a 5 wt% solution of commercial grade PMMA in acetone
was used. The use of a low PMMA concentration ensures a very fast capillary rise due to the
low viscosity of the solution. This also allows the total conformity of the stamp to the
substrate, i.e. the absence of a residual layer between the stamp and the substrate and hence
the exposure of the substrate surface without a posttreatment process such as reactive-ion
etching. In addition, acetone evaporates very quickly due to its high volatility, significantly
lowering the patterning time. A concentration of 5 wt% PMMA in acetone was found to be
the ideal concentration since a solution with a higher wt% leaves a residual layer in the
printed areas, while a solution with lower PMMA concentration leads to defective and
inhomogeneous patterns.

The patterning process was performed using the Gesim p-CP 3.0 microcontact printer by
placing a small drop (approximately 10 ul) of PMMA solution on a pretreated glass substrate

and promptly pressing it with a stamp as shown in figure 21.

PDMS stamp

PMMA / Acetone
(a) Glass substrate
(b)

PMMA patterns

(c)

[ Ag deposition and PMMA removal

- - - - —— Ag patterns
(d)

Fig. 21: Illustration of the fabrication of Ag structures by CFL of a 5 wt% PMMA solution in acetone followed
by EP. (a) A small drop of PMMA solution is placed on a pretreated substrate and (b) immediately pressed with
a stamp, allowing the solution to rise through the channels via capillary force. (c) The solvent evaporates and the
mold is removed. (d) Ag is deposited on the exposed substrate surface, while the PMMA structures prevent the
deposition on the covered areas. The PMMA structures are then removed with acetone [22].
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After 10 — 100 s, depending on the structures size, the stamp was slowly lifted to avoid any
damage to the PMMA structures and the substrate was carefully rinsed with deionized water
and ethanol. The patterning of structures with sizes in the micrometer range takes
approximately 100 s, whereas the patterning of structures in the submicrometer range is
almost instantaneous, since only about 10 s are needed. For comparison, the fabrication of
submicrometer polymeric structures by CFL requires a time of at least 1000 s [119], but
patterning time of one or more hours are frequently reported in literature [120,153].

The silver deposition was carried out at room temperature in an aqueous solution containing
6.0 g/l AgNO:s as silver source, 4.0 g/l NaOH and 20 ml/l ammonium hydroxide solution (ca.
25 % NHj). The glass substrates with PMMA structures were immersed in the plating bath,
then 4.5 g/l glucose as reducing agent was added. This triggered the reduction of silver ions
and the silver deposition on the exposed areas of the substrates, while the PMMA structures
prevent the silver deposition on the covered areas. After a deposition time of about 60 s, the
substrates were removed from the plating bath and thoroughly rinsed with acetone to remove

the sacrificial PMMA structures [22].

4. Characterization methods

4.1 Transmission electron microscopy (TEM)

Transmission electron microscopy images were taken with a JEOL JEM-2010F with spherical
aberration (Cs) corrected objective lens and condenser lens system. The TEM was operated at

an acceleration voltage of 80 kV.

4.2 Scanning electron microscopy (SEM) and Energy-dispersive X-ray

spectroscopy (EDX)

Scanning electron microscopy images were acquired with two different microscopes: a Zeiss

DSM-982 Gemini and a FEI NanoSEM 450. The same two microscopes were also used to
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perform Energy-dispersive X-ray microscopy. The measurements were performed by Susanne

Goldberg, Marcel Haft, Michael Kohl and Jan Briickner.

4.3 Atomic force microscopy (AFM)

Atomic force microscopy analysis was performed using a Veeco Dimension 3100 atomic
force microscope with a Veeco Nanoscope IV SPM controller. The microscope was operated
in tapping mode and using a Tap 150-G silicon tip (BudgetSensors) with a resonant frequency
of 150 kHz, a force constant of 5 N/m and a tip radius < 10 nm. The measurements were

performed by Benjamin Schumm.

4.4 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectra were collected with a Bruker Vertex 70 (32 scans, 2 cm’

resolution, KBr plates). The measurements were performed by Florian Wisser.

4.5 Thermal gravimetric analysis (TGA)

Thermogravimetric analysis was performed with a Netzsch STA 409 PC/PG analyzer in
synthetic air atmosphere and using a heating rate of 5 °C/min. The measurements were

performed by Ilka Kunert.

4.6 X-Ray Diffraction (XRD)

X-ray diffractograms were acquired using a Panalytical X Pert Pro diffractometer in Bragg—

Brentano geometry with Cu K radiation.
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5. List of used chemicals

In the following table the used chemicals are listed. All the chemicals were used without

further purification.

Table 4: List of used chemicals, with chemical formula, CAS number, purity grade and manufacturer.

Chemical

2,2-Dimethoxy-1,2-
diphenylethan-1-one

3,5-diiodo-L-tyrosine dihydrate

3-aminopropylphosphonic acid
3-mercaptopropyltriethoxysilane

Acetone
Alumina nanoparticles (13 nm)

Alumina microparticles
(<10 um avg. part. size)

Ammonium hydroxide solution
Ammonium chloride

Borosilicate glass microscope
slides

Cobalt(II) chloride hexahydrate

Copper(1l) sulfate pentahydrate
Dopamine hydrochloride

Ethanol
Ethylenediamine

Ethylenediaminetetraacetic acid
(EDTA)

Fomblin MD-700 (PFPE)
D-(+)-Glucose

Hydrazine hydrate solution
(78-82%)
Nickel(II) chloride hexahydrate

Polymethylmethacrylate
(PMMA)

Formula
C 1 6H 1 603

C9H9IzNO3 : 2H20
H,N(CH,);PO(OH),

HS(CH,);Si(OCH,C
H3)3

(CH;),CO

6-AlO;
(X-Alzo:;

NH,OH

NH,Cl

COCIZ : 6H20
CUSO4' SHzo

(HO),CsH3(CH,).N

CH;CH,OH
NH,(CH,),NH,

(HO,CCH,),NCH,C
H,N(CH,CO,H),

CeH 1206
NH,NH, -H,O
NiCl,-6H,0
(CsO,Hs)n
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CAS Number

24650-42-8

18835-59-1

13138-33-5

14814-09-6

67-64-1

1344-28-1

1344-28-1

1336-21-6

12125-02-9

7791-13-1

7758-99-8

62-31-7

64-17-5

107-15-3

60-00-4

9002-84-0

50-99-7

10217-52-4

7791-20-0

9011-14-7

Purity [%]
99

>98
98

>80

99.9
99.8

99.5

25

99.5

98

>99

>99

>99

>99.5

> 98

Manufacturer
Acros

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
BCD Chemie
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
VWR

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich

Solvay

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich


http://www.sigmaaldrich.com/catalog/search?term=7791-13-1&interface=CAS%20No.&lang=de&region=DE&focus=product
http://www.sigmaaldrich.com/catalog/search?term=7758-99-8&interface=CAS%20No.&lang=de&region=DE&focus=product
http://www.sigmaaldrich.com/catalog/search?term=62-31-7&interface=CAS%20No.&lang=de&region=DE&focus=product
http://www.sigmaaldrich.com/catalog/search?term=107-15-3&interface=CAS%20No.&lang=de&region=DE&focus=product
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=9002-84-0
http://www.sigmaaldrich.com/catalog/search?term=7791-13-1&interface=CAS%20No.&lang=de&region=DE&focus=product
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Hydrogen
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Chemical
Potassium sodium tartrate
tetrahydrate

Silicon dioxide nanoparticles
(10 - 20 nm)

Silver nitrate
Sodium borohydride
Sodium hydroxide

Sodium hypophosphite
monohydrate

Sylgard 184
Tin(II) chloride

Tris(hydroxymethyl) —
aminomethane—HCI (Tris—HCI)

Trisodium citrate dihydrate

Tungsten carbide microparticles
(0.5 -2 pm)

Tungsten carbide nanoparticles
(50 nm)

Formula

KNaC4H406 : 4H20

Si0O,
AgNO3
NaBH4

NaOH
NaP Osz ' Hzo

SnClz

NH,C(CH,OH);
‘HCI
Na3C6H507

WC

WC
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CAS Number

6381-59-5

7631-86-9

7761-88-8

16940-66-2

1310-73-2

10039-56-2

7772-99-8

1185-53-1

6132-04-3

12070-12-1

12070-12-1

Purity [%]
99

99.5

99.5
98

98.5

>99

98

>99

Manufacturer
Sigma-Aldrich
Sigma-Aldrich
Griissing

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Dow Corning

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

H.C. Starck

H.C. Starck
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IV Results and discussion

In the first part of this chapter the results regarding the functionalization of particles with
MPTES, 3-APP and polydopamine is discussed, followed by the electroless metal deposition
of Cu, Ag, Niand Co on the functionalized particles. In the second part the results concerning
the selective functionalization of glass substrates with MPTES, the selective fabrication of

PMMA sacrificial layers and the subsequent metallization by EP are discussed.

1. Functionalized particles

1.1 Particle characterization (as received)

In this part the characterization of the as received uncoated particles used in this work are
shown in order to better evaluate the characteristics of the functionalized and metal coated

particles. TEM images, SEM images, XRD diffractograms and TGA analysis are reported.

1.1.1 Al O; nanoparticles

Alumina nanoparticles were purchased from Sigma Aldrich. According to the manufacturer
the particles have a primary particle size of 13 nm, which is verified by high resolution TEM
characterization (fig.22). Figure 22.a shows a SEM image of the Al,O3 nanoparticles, while
figures 22.b-d show TEM images with different magnifications. The nanoparticles are
received in a dry state and hence have some degree of agglomeration. In addition, the lattice
fringes can be seen in the high resolution TEM pictures, indicating the crystallinity of the
particles. Figure 23.a shows the XRD diffraction pattern of the alumina nanoparticles,
confirming their crystallinity and size in the nanometer range, since peak broadening can be
seen. The XRD diffractogram also indicates that the Al,Os; nanoparticles are the d-phase
(JCPDS 4-877). Figure 23.b shows the TGA analysis, in which a mass loss of about 4.5 % can
be seen. This mass loss is due to the removal of the water bound on the AlI-OH groups of the

particle surface [154,155].
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Fig. 22: (a) SEM image and (b-d) TEM images of the Al,O; nanoparticles (as received) used in this work.
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Fig. 23: (a) XRD diffractogram and (b) TGA analysis of the Al,O5 nanoparticles (as received) used in this work.
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1.1.2 Al O; microparticles

Alumina microparticles were purchased from Sigma Aldrich. According to the manufacturer
the particles have an average particles size < 10 pm. Figures 24.a-c show SEM images of the
as received alumina microparticles with different magnifications. The particles have an
irregular shape and sizes in the 4 — 10 um range. Figure 25.a shows the XRD diffraction
pattern of the alumina microparticles, confirming their crystallinity and indicating that the
particles are the a-phase (JCPDS 10-173). Figure 25.b shows the TGA analysis up to 1000°C,
in which a mass loss of about 0.5 % can be seen. As for the nanoscaled particles, this mass
loss is due to the removal of the water bound on the AI-OH groups of the particle surface
[154,155]. The higher content of water bound to the d-alumina nanoparticles surface (4.5 %)
as compared with the a-alumina microparticles (0.5 %) is partially related to the different
surface properties of 6- and a-alumina [154], but is in this case mainly due to the higher
specific surface area of the nanoparticles, i.e. higher surface to volume ratio and hence a

higher concentration of AlI-OH groups.

Fig. 24: SEM images of the Al,0; microparticles (as received) used in this work.
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Fig. 25: (a) XRD and (b) TGA analysis of the Al,O; microparticles (as received) used in this work.
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1.1.3 SiO, nanoparticles

Silica nanoparticles were purchased from Sigma Aldrich. According to the manufacturer the
particles have a particle size in the 10 — 20 nm range (determined by BET analysis), which is
verified by high resolution TEM characterization (fig. 26). Figure 26.a shows a SEM image of
the silica nanoparticles, while figures 26.b,c show TEM images with different magnifications.
In this case, the nanoparticles are amorphous and hence no lattice fringes can be seen in the
TEM images. Moreover, the nanoparticles are received in a dry state and hence show some
degree of agglomeration. Figure 26.d shows the XRD diffraction pattern of the SiO;

nanoparticles, confirming their amorphous nature.

Intensity [a.u.]

Si0,NPs

2-0.3I0.4I0.5I0I6‘0'7I0'80
20 [deqg.]

Fig. 26: (a) SEM image, (b,c) TEM images and (d) XRD diffraction pattern of the SiO, nanoparticles (as
received) used in this work.
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1.1.4 'WC nanoparticles

Tungsten carbide nanoparticles were obtained from the company H.C. Starck. Figure 27 show
TEM images with different magnifications. The particles have some degree of aggregation
and a particle size of approximately 50 nm. Figure 28.a shows the XRD diffractogram of the
WC nanoparticles, indicating their crystallinity (JCPDS 25-1047) and size in the nanometer
range, since peak broadening can be seen. Figure 28.b shows the thermogravimetric analysis
performed in air, in which a mass gain of about 18 % due to the oxidation of WC to WO; can

be seen [156]. The oxidation process starts at 400°C and stops at around 650°C.

Fig. 27: (a,b) TEM images of the tungsten carbide nanoparticles (as received) used in this work.
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Fig. 28: (a) XRD diffraction pattern and (b) TGA analysis (in air) of the tungsten carbide nanoparticles (as
received) used in this work.
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1.1.5 WC microparticles

Tungsten carbide microparticles were obtained from the company H.C. Starck. Figure 29
shows SEM images with different magnifications. The particles have sizes in the 0.5 — 2 um
range, are irregular in shape and show a faceted surface with flat areas and sharp edges.
Figure 30.a shows the XRD diffraction pattern of the WC microparticles (JCPDS 25-1047),
with peaks slightly sharper than the peaks of the WC nanoparticles from figure 28.a because
of the bigger particle size. Figure 30.b shows the thermogravimetric analysis performed in air,
in which a mass gain of about 18 % due to the oxidation of WC to WO; can be seen [156].

The oxidation process starts at 400°C and stops at around 850°C.

Fig. 29: (a,b) SEM images of the tungsten carbide microparticles (as received) used in this work.
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Fig. 30: (a) XRD diffraction pattern and (b) TGA analysis (in air) of the tungsten carbide microparticles (as
received) used in this work.
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1.2 Particle functionalization with 3-mercaptopropyltriethoxysilane

In this section, the results of the functionalization of silica and alumina particles with MPTES
are shown. In particular, the reaction of MPTES with the particle surface is verified by TEM

and IR analysis.

1.2.1 MPTES@AI,O; nanoparticles

TEM images of Al,O; nanoparticles before and after the functionalization with MPTES are
shown in figure 31. An amorphous coating can be seen on the surface of the alumina particles,
with an irregular thickness ranging from 1 to 4 nm. According to the literature, the thickness
of an MPTES monolayer is about 0.7 nm [148], suggesting that the coating on the surface of

the particles in figure 31.d is made of both monolayers and thicker disordered agglomerates.

Fig. 31: TEM images of alumina nanoparticle (a,b) before and (c,d) after the functionalization with 3-
mercaptopropyltriethoxysilane. An amorphous coating can be seen on the surface of the crystalline alumina
nanoparticles, with a thickness ranging from 1 to 4 nm.
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The condensation reaction of MPTES with the particle surface is in competition with the self-
polymerization of MPTES in solution, leading to the formation of oligomers, as shown in
figure 32 [148]. These oligomers also undergo condensation reactions with the particle
surface and are responsible for the thicker agglomerates of the coating. As indicated by Hu et
al., the thiol groups in such MPTES oligomers are not densely packed and well ordered as in
a monolayer, but they still show the capacity to promote metal deposition [148].

The alumina nanoparticles coated with MPTES were also analyzed with FTIR spectroscopy.
The FTIR spectra of MPTES-coated alumina nanoparticles, pristine alumina nanoparticles
and pure condensed MPTES (as reference) are shown in figure 33. In the FTIR spectrum of
MPTES-coated alumina nanoparticles, several absorption bands in the 2850 — 3000 cm™ and
1000 — 1500 cm™ spectral regions can be seen, indicating the presence of MPTES on the
AL O; particles [157,158]. The broad absorption bands in the 950 — 1250 cm™ spectral region
are typical absorption features of the polysiloxanes [157,158]. Among them, the two strong
absorption bands at 1090 cm™ and 1020 cm™ are assigned to the stretching of the Si—O-Si
bond, indicating the condensation of adjacent MPTES on the alumina particles surface and
demonstrating that a part of the MPTES molecules have undergone self-polymerization,
resulting in the formation of oligomers [159,160]. Interestingly, the absorption band
at 1090 cm™ is shifted to lower wavelengths in comparison to the MPTES reference, where
the band is at 1120 cm™. This band is characteristic of the type of the Si second neighbor

atom and a shift to lower wavelengths indicates the formation of Si-O—Al bonds [161,162].
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Fig. 32: Schematic illustration of the condensation reactions involving MPTES. Route a: hydrolysis and
condensation of MPTES molecules leading to the formation of a monolayer. Route b: hydrolysis and self-
condensation of MPTES molecules in solution leading to the formation of an oligomer.
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The results show that the alumina nanoparticles were successfully coated with MPTES.
Moreover, FTIR spectroscopy analysis suggests the presence of Si—-O—Al bonds, indicating
that MPTES is covalently bound to the particle surface.
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Fig. 33: FTIR spectra of alumina nanoparticles (blue line), condensed MPTES as a reference (red line) and
alumina nanoparticles coated with MPTES (black line).

1.2.2 MPTES@SiO; nanoparticles

In the case of alumina nanoparticles, the amorphous MPTES coating is clearly distinguishable
from the crystalline alumina particle in the TEM images, but in the case of silica nanoparticles
TEM analysis is not helpful because the particles and also the MPTES coating are amorphous
and based on silica, hence, no contrast difference or lattice fringes can be seen. The MPTES
coated silica nanoparticles were therefore investigated with FTIR spectroscopy. The FTIR
spectra of MPTES coated SiO, nanoparticles, pristine SiO, nanoparticles and pure condensed
MPTES (as reference) are shown in figure 34. In the FTIR spectrum of MPTES coated silica
nanoparticles, the absorption bands of the -CH, and —CHj3 asymmetric stretching modes can
be seen in the 2800 — 3000 cm'spectral region, demonstrating the presence of the organic
MPTES coating. The absorption band at 1455 cm™ is assigned to the —CH, scissoring mode
[163], whereas at lower wavelengths a strong and broad absorption band of silica covers the
other peaks. The functionalization with MPTES is suitable for oxide particles, but does not
work with carbides. For this reason, the method using 3-APP was developed and the results

are shown in the next section.
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Fig. 34: FTIR spectra of silica nanoparticles (blue line), condensed MPTES as a reference (red line) and silica
nanoparticles coated with MPTES (black line).

1.3  Particle functionalization with 3-aminopropylphosphonic acid

In this section the results of the functionalization of tungsten carbide particles with 3-
aminopropylphosphonic acid are reported. The main advantage of this method is that it can be
used to activate carbides, which are notoriously chemically inert. Moreover, phosphonic acids
are able to form only monolayers on the substrate surface, contrary to MPTES which can also
form thicker oligomers. On the other hand, 3-aminopropylphosphonic acid is very expensive
as compared to other functional molecules, with 1 g from around 200 € (laboratory scale

price).

1.3.1 3-APP@WC microparticles

TEM images of a tungsten carbide microparticle before and after the functionalization with 3-
aminopropylphosphonic acid are shown in figure 35. A monolayer with a thickness of about
0.6 nm can be seen on the surface of the functionalized WC microparticle, in good agreement

with the thicknesses of similar phosphonic acids measured with AFM [164,165].
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Fig. 35: TEM images of (a) an untreated WC microparticle and (b) a WC microparticle functionalized with 3-
APP. A monolayer of 3-APP is visible on the particle surface.
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Fig. 36: (a) FTIR spectra of pristine tungsten carbide microparticles, 3-APP functionalized tungsten carbide
microparticles and pure 3-APP as a reference. (b) Thermogravimetric analysis of the 3-APP functionalized WC
microparticles and pristine WC microparticles as a reference.

The tungsten carbide microparticles functionalized with 3-APP were also investigated with

FTIR spectroscopy and thermogravimetric analysis. Figure 36.a shows FTIR spectra of

pristine tungsten carbide microparticles, 3-aminopropylphosphonic acid functionalized

tungsten carbide microparticles and pure 3-aminopropylphosphonic acid as a reference. In the

FTIR spectrum of the 3-APP functionalized WC microparticles, several broad absorption

bands can be seen in the spectral region between 850 cm™ and 1200 cm™, as in the 3-APP

reference spectrum. These bands are assigned to the P—O stretching modes, while the weak

absorption band at 1242 ¢cm™ is assigned to the P=O stretching vibration modes [166,167].
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The decrease in intensity of the P=0 band as compared to the P—O bands suggests that the
bonding mode of the phosphonic acid on the WC particles surface involves the P=O group.

Figure 36.b shows the thermogravimetric analysis of the 3-APP functionalized WC
microparticles and pristine WC microparticles as a reference. Pristine tungsten carbide
microparticles are stable up to 400°C, when the oxidation of WC to WO; begins and a mass
gain of about 18 % is observed [156], while tungsten carbide microparticles functionalized
with 3-aminopropylphosphonic acid show also a mass loss of about 1.3 %. The mass loss
starts at lower temperatures due to the decomposition of the organic 3-APP monolayer and

continues in parallel with the WC oxidation up to 600°C, when the latter becomes dominant.

1.4 Functionalization with polydopamine

In this part, the results of the coating with polydopamine of alumina micro- and nanoparticles
as well as tungsten carbide micro- and nanoparticles are shown. In contrast to 3-APP that
forms monolayers and MPTES that forms both monolayers and small oligomers,
polydopamine growth on a substrate surface up to several tens of nanometers in thickness.
The polydopamine coating thickness for different polymerization times is systematically

investigated with TEM and thermogravimetric analysis.

1.4.1 Polydopamine@Al,O3; nanoparticles

TEM images of Al,O3 nanoparticles before and after the functionalization with polydopamine
are shown in figure 37. A thin and amorphous polydopamine coating can be seen on the
surface of the crystalline ALLO3; nanoparticles, with a thickness of about 2 nm after 1 h of
polymerization time, in good agreement with the expected thickness according to the data of
Lee et al. [60]. The alumina nanoparticles coated with polydopamine were also investigated
with FTIR spectroscopy. The FTIR spectra of the polydopamine coated alumina
nanoparticles, pristine alumina nanoparticles and pure polydopamine (as reference) are shown
in figure 38.a. In the FTIR spectrum of the polydopamine coated alumina nanoparticles,
several absorption peaks can be seen in the spectral region between 1200 cm™ and 1600 cm™,

as in the polydopamine reference.
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Fig. 37: TEM images of alumina nanoparticle (a) before and (b) after the coating with polydopamine. An
amorphous polydopamine coating ca. 2 nm thick can be seen on the surface of the crystalline alumina
nanoparticles after 1 h polymerization time.
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Fig. 38: (a) FTIR spectra of uncoated alumina nanoparticles, polydopamine coated alumina nanoparticles (1 h
polymerization time) and pure polydopamine as a reference. (b) Thermogravimetric analysis of polydopamine
coated alumina nanoparticles and uncoated alumina nanoparticles as a reference.

In particular, the strong absorption band at 1500 cm™ is assigned to the shearing vibrations of
the amino groups, while other peaks are partially covered by the broad absorption band of the
AlL,O3 nanoparticles. Interestingly, the absorptions bands of the polydopamine coated particles
are slightly shifted to lower wavelengths as compared to pure polydopamine, suggesting a
strong interaction of the polydopamine coating with the alumina particles surface, probably

due to the high reactivity of the oxide nanoparticles.
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Figure 38.b shows the thermogravimetric analysis of polydopamine coated alumina
nanoparticles and uncoated alumina nanoparticles as a reference. Uncoated alumina
nanoparticles show a mass loss of about 4.5 % due to the water bound on the AI-OH groups
of the particle surface [154,155], whereas the coated alumina nanoparticles show a more
substantial weight loss of about 13.5 % due to the decomposition of the polydopamine layer,
at first at a slow rate followed by a higher rate up to 600°C, a trend also described in other

works [80,81].

1.4.2 Polydopamine@Al,O3 microparticles

The coating of alumina microparticles with polydopamine was investigated by TEM and
thermogravimetric analysis. TEM images showing the thickness of the polydopamine layer
for different polymerization times are depicted in figure 39. The thickness increases linearly
at about 6 nm/h until 5 h polymerization time, then the thickness increases at a much slower

rate.
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Fig. 39: (a) SEM image of uncoated alumina microparticles. (b-g) TEM images of the polydopamine coated
alumina microparticles after 0 h, 1 h, 3h, 5 h, 11 h and 24 h polymerization time, respectively. (h) Thickness of
the polydopamine coating (measured from the TEM pictures) against polymerization time.
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This trend is in agreement with the data reported by Lee et al. [60], but a higher deposition
rate is observed in the case of alumina microparticles, where a thickness of 65+ 10 nm is
reached after 24 h polymerization time, while only about 50 nm is reported by Lee ef al. after
the same polymerization time.

Figure 40.a shows the thermogravimetric analysis of polydopamine coated alumina
microparticles for the different polymerization times. Uncoated alumina nanoparticles (0 h
polymerization time) show a small mass loss of about 0.5 % due to the water bound on the
Al-OH groups of the particle surface [154,155], while the polydopamine coated alumina
microparticles show an increasing weight loss with increasing polymerization time, up to 6 %.
This is due to the decomposition of the polydopamine coating, which takes place with a
characteristic two-step trend: first a slow rate mass loss up to 250°C followed by a higher rate
mass loss up to 600°C, as shown with polydopamine coated alumina nanoparticles and as
reported in literature [80,81]. The polydopamine mass deposited on the alumina
microparticles for different polymerization times was reported in figure 40.b. The deposited
polydopamine mass was calculated as the difference between the mass loss of the
polydopamine coated alumina particles and the uncoated alumina particles from figure 40.a.
The results are in good agreement with the TEM analysis, i.e. the thicker the polydopamine
coating the greater is the polydopamine mass deposited on the particles. Moreover, the
polydopamine mass grow almost linearly at a rate of about 0.25 %/h. The results show that
also the alumina microparticles can be coated with a uniform polydopamine layer and, in
addition, the thickness of this layer can be accurately tuned from a few nanometers up to

65 = 10 nm by changing the polymerization time.
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Fig. 40: (a) TGA curves of the uncoated (0 h) and the polydopamine coated alumina microparticles after 1 h,

3h, 5 h, 11 h and 24 h polymerization time. (b) Mass of the coated polydopamine on the alumina
microparticles after different polymerization times, calculated from the TGA analysis in figure (a).
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1.4.3 Polydopamine@WC nanoparticles

TEM images showing the thickness of the polydopamine layer for different polymerization
times up to 24 h are shown in figure 41. The thickness increases almost linearly at about 1.4
nm/h over the whole polymerization time range investigated, unlike the coating of alumina
microparticles where the thickness increases with a varying rate. This trend is not in
agreement with the data reported by Lee et al. about the kinetics of dopamine polymerization
[60], suggesting that at a nanoscale level another model is necessary to describe the
polydopamine coating process.

Figure 42.a shows the thermogravimetric analysis of polydopamine coated WC nanoparticles
for different polymerization times together with uncoated particles as reference (0 h
polymerization time). Uncoated tungsten carbide nanoparticles are stable up to 400°C, when
the oxidation of WC to WO; begins and a mass gain of about 18 % is observed [156]. On the
other hand, polydopamine coated tungsten carbide nanoparticles exhibit also a mass loss at
lower temperatures due to the decomposition of the organic polydopamine coating, with an

increasing mass loss as the polymerization time increases.
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Fig. 41: (a,b) TEM images of uncoated tungsten carbide nanoparticles. (c-g) TEM images of the polydopamine
coated tungsten carbide nanoparticles after 1 h, 3h, 5 h, 11 h and 24 h polymerization time, respectively. (h)
Thickness of the polydopamine coating (measured from the TEM pictures) against polymerization time.
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Fig. 42: (a) TGA curves of the uncoated (0 h) and the polydopamine coated tungsten carbide nanoparticles after
1 h, 3h, 5h, 11 h and 24 h polymerization time. (b) Mass of the coated polydopamine on the tungsten carbide
nanoparticles after different polymerization times, calculated from the TGA analysis in figure (a).

Also in this case, the characteristic two-step decomposition trend of polydopamine
decomposition can be seen, with a slow rate mass loss up to 250°C followed by a higher rate
mass loss that is partially covered in this case by the WC oxidation reaction. The mass
increase due to WC oxidation to WOs stops for different samples at different temperatures.
This is related to the different average particle size of the investigated samples: particles with
a smaller average size oxidize faster than particles with a bigger average size [168]. Since all
the WC samples used in this work come from the same batch, the difference in average
particle size was probably produced by washing and centrifuging the different samples with
slightly different procedures.

The mass of the polydopamine deposited on the tungsten carbide nanoparticles for different
polymerization times is reported in figure 42.b. The deposited polydopamine mass was again
calculated as the difference between the mass loss of the polydopamine coated WC
nanoparticles and the mass loss of the uncoated WC nanoparticles from figure 42.a. The
results are in good agreement with the TEM analysis, i.e. the thicker the polydopamine
coating the greater is the polydopamine mass deposited on the WC nanoparticles. In addition,
the deposited polydopamine mass grows almost linearly at a rate of 0.8 %/h up to 19 % after
24 h polymerization time. The results show that also the tungsten carbide nanoparticles can be
coated with a uniform polydopamine layer of tunable thickness from a few nanometers up to
33 + 6 nm. Surprisingly, dopamine grows at a slower rate on WC nanoparticles as on Al,O3
microparticles and with a different growth trend. This is probably due to the fact that WC is

more chemically inert than alumina.
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1.4.4 Polydopamine@WC microparticles

TEM images showing the thickness of the polydopamine layer for different polymerization
times from 1 h up to 24 h are depicted in figure 43. The thickness increases linearly at about
1.5 nm/h until 5 h polymerization time, then the thickness increases at a much slower rate.
This trend is in agreement with the polydopamine growth on alumina microparticles and the
data reported by Lee et al. [60], however, a much slower deposition rate is observed in the
case of tungsten carbide microparticles, where a thickness of 18 + 4 nm is reached after 24 h
polymerization time, while 50 nm is reported by Lee et al. and a thickness of 65 £ 10 nm is
reached in the case of alumina microparticles.

Figure 44.a shows the thermogravimetric analysis of polydopamine coated tungsten carbide
microparticles for different polymerization times together with uncoated particles as reference
(0 h polymerization time). Uncoated tungsten carbide microparticles are stable up to 400°C,
when the oxidation of WC to WO; begins and a mass gain of about 18 % is observed [156].
Polydopamine coated tungsten carbide microparticles show also a mass loss at lower
temperatures due to the decomposition of the organic polydopamine coating, with an
increasing mass loss as the polymerization time increases, similar to the case of WC

nanoparticles.
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Fig. 43: (a) SEM image of uncoated tungsten carbide microparticles. (b-g) TEM images of the polydopamine
coated tungsten carbide microparticles after O h, 1 h, 3h, 5 h, 11 h and 24 h polymerization time, respectively. (h)
Thickness of the polydopamine coating (measured from the TEM pictures) against polymerization time.
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Fig. 44: (a) TGA curves of the uncoated (0 h) and the polydopamine coated tungsten carbide microparticles after
1 h, 3h, 5h, 11 h and 24 h polymerization time. (b) Mass of the coated polydopamine on the tungsten carbide
microparticles after different polymerization times, calculated from the TGA analysis in figure (a).

Again, the characteristic two-step decomposition trend of polydopamine can be seen, with a
slow rate mass loss up to 250°C followed by a higher rate mass loss that is partially covered
by the WC oxidation reaction. As in the case of the WC nanoparticles, the mass increase due
to WC oxidation to WOj3 stops for different samples at different temperatures because of a
different average particle size between the samples, probably produced by washing and
centrifuging the different particles with slightly different procedures. The mass of the
polydopamine deposited on the tungsten carbide microparticles for different polymerization
times is shown in figure 44.b. The results are in good agreement with the TEM analysis, i.e.
the thicker the polydopamine coating the higher is the polydopamine mass deposited on the
WC microparticles. In this case, the deposited polydopamine mass grow non-linearly, i.e. at
first a sharp increase in the polydopamine mass content takes place, followed by a much
slower increase.

Polydopamine coated WC microparticles were also characterized with SEM. Unlike the Al,O;
particles, they show very flat and clean surfaces which are optimal to study the morphology of
the polydopamine coating. Figures 45.a and b show uncoated WC particles, characterized by
flat surfaces and sharp edges, while figures 45.c and d show polydopamine coated WC
microparticles with 24 h polymerization time. The coated particles have smoothened edges
and corners, and the surface shows a fine granularity, as reported in other works in the
literature [77,85]. The tungsten carbide microparticles coated with polydopamine were also
investigated with FTIR spectroscopy. The FTIR spectra of the polydopamine coated WC
microparticles, pristine WC microparticles and pure polydopamine (as reference) are shown
in figure 46. In the FTIR spectrum of the polydopamine coated WC microparticles, several

absorption peaks can be seen in the spectral region between 1000 cm™ and 1600 cm™, as in
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the polydopamine reference spectrum. The absorption bands at 1518 cm™, 1336 cm™ and
1078 cm™ are assigned to the N—H shearing vibrations mode, aromatic rings absorption and
stretching vibrations mode of C—OH groups, respectively [80,169,170]. Moreover, dopamine
has several strong IR absorption bands at wavelengths higher than 1600 c¢m™, but none of
them are observed in figure 46, suggesting that all dopamine molecules were removed or

effectively polymerized [65,80].

Fig. 45: SEM images of (a,b) uncoated WC microparticles and (c,d) polydopamine coated WC microparticles
with 24 h polymerization time.
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Fig. 46: FTIR spectra of polydopamine coated WC microparticles, uncoated WC particles and pure
polydopamine as a reference.
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In figure 47 all the results regarding the polydopamine coating process are summarized,
together with the model introduced by Lee at al. Given a similar size of the substrate, these
results indicate that in the same conditions polydopamine deposits three times faster on
alumina microparticles than on tungsten carbide microparticles, suggesting that the thickness
of polydopamine coatings is not substrate independent as reported by Lee et al [60].
Moreover, for the same material, in this case tungsten carbide, a thicker polydopamine layer
is observed on nanoparticles as on microparticles, suggesting that also the size of the substrate
play an important role, so far not explored in the literature. In addition, the polydopamine
growth trend for alumina and WC microparticles is the same as the one reported by Lee ef al.,
while in the case of WC nanoparticles a different growth trend is observed, suggesting that at
a nanoscale level another model is necessary to describe the polydopamine coating process.
An explanation may be that different materials induce a different orientation of the first
polydopamine oligomers that adhere on the particle surface, which in turn influence the
orientation and hence the growth of the subsequent polydopamine layer. Also the catalytic
activity of alumina, due to Lewis acidity of surface aluminium ions, might influence the

process [171].
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Fig. 47: Thickness of the polydopamine coating (measured from the TEM pictures) against polymerization time
for the different substrates investigated in this work: alumina microparticles, tungsten carbide microparticles and
nanoparticles. Also the data from the model introduced by Lee et al. are reported [60].
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2. Metal plated particles

2.1 Silver coated particles

2.1.1 Ag@Pdop@WC microparticles

SEM images of the silver coated WC microparticles, pre-functionalized with polydopamine
(24 h polymerization time), are shown in figure 48. The surface of the metal coated
microparticles is much rougher than the pristine microparticles. Moreover, the WC
microparticles are completely plated with a coarse metal coating, which has a granular
morphology consisting of coalesced metal grains, distinctive of metal coatings deposited by
electroless plating and other solution based processes [22,59,172,173]. The silver coated WC
microparticles were also characterized by XRD. The thickness determination of the metal
coating is not straightforward: the particles are too thick to be investigated with TEM and
from SEM images only an approximate conjecture can be made. By comparing the SEM
images before and after the plating process, it can be seen that the Ag coating has a relatively

thin thickness (< 50 nm).

Fig. 48: (a,b) Pristine WC and (c,d) Ag coated WC microparticles, formerly functionalized with polydopamine.
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Figure 49 shows the diffraction patterns of the pristine WC microparticles, polydopamine
coated WC microparticles and Ag coated WC microparticles. The diffractogram of the Ag
coated WC microparticles shows the diffraction peaks of WC along with four more peaks at
38.2°, 44.3°, 64.5° and 77.5° which correspond to the (111), (200), (220) and (311) lattice
planes of silver (JCPDS 4-783), respectively. These results show that polydopamine
functionalized WC microparticles can be coated with a coarse silver layer by electroless
plating, however, the exact thickness of the silver layer can not be easily determined. SEM

images indicate that the deposited silver coating has a relatively thin and irregular thickness.
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Fig. 49: XRD diffractograms of the pristine WC microparticles, polydopamine coated WC microparticles and

silver coated WC microparticles.

2.2 Copper coated particles

22.1 Cu@MPTES@AI,O; and Cuy@MPTES@SiO; nanoparticles

SEM images of the uncoated and copper coated silica nanoparticles and alumina nanoparticles

are shown in figures 50.a-d. An increase of the nanoparticle size after the copper plating is

clearly visible.
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Cu@Al,O4

3

Fig. 50: SEM images of (a) pristine silica nanoparticles, (b) pristine alumina nanoparticles, (c) copper coated
silica nanoparticles and (d) copper coated alumina nanoparticles. (e,f) TEM images of the copper plated silica
nanoparticles and copper plated alumina nanoparticles, respectively. Both alumina and silica copper plated
particles were pre-functionalized with MPTES.
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Figure 50.e-f show TEM images of the copper plated silica nanoparticles and alumina
nanoparticles, respectively. The plated nanoparticles have a size in the 30 — 50 nm range and a
slightly irregular spherical shape. In addition, a weight increase of about 80 % after the
copper electroless deposition process was observed. In figure 51.a and b are depicted SEM
images with the respective EDX mapping for copper plated silica nanoparticles and copper
plated alumina nanoparticles, respectively. From the EDX mapping images it can be seen that
the copper (in green) and silicon (in cyan) from figure 51.a as well as copper and aluminum
(in red) from figure 51.b are uniformly distributed, indicating that the nanoparticles are

homogeneously coated with copper.

Fig. 51: SEM image and the respective EDX mapping for (a) copper coated silica nanoparticles and (b) copper
coated alumina nanoparticles.
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The copper coated Al,O; and SiO, nanoparticles were also characterized by X-ray diffraction.
Figure 52.a shows the diffractograms of pristine and copper coated silica nanoparticles. In the
diffractogram of pristine silica nanoparticles, only the characteristic broad peak of amorphous
SiO, at low angles can be seen, whereas the diffractogram of the copper coated silica
nanoparticles shows also three diffraction peaks at 43.3°, 50.5° and 74.2°, which are assigned
to the (111), (200) and (220) lattice planes of copper (JCPDS 4-836), respectively. Similarly,
figure 52.b shows the diffractograms of pristine and copper coated alumina nanoparticles. In
the diffractogram of pristine alumina nanoparticles only the diffraction peaks of 6-AL,O3; can
be seen, whereas the diffractogram of the copper coated alumina nanoparticles shows also the
three copper diffraction peaks at 43.4°, 50.6° and 74.3°. These results reveal that silica and
alumina nanoparticles functionalized with MPTES can be coated with a copper layer by

electroless plating with a thickness of about 10-25 nm [145].
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Fig. 52: (a) XRD diffractograms of the pristine silica nanoparticles and copper coated silica nanoparticles, pre-
functionalized with MPTES. (b) XRD diffractograms of the pristine alumina nanoparticles and copper coated
alumina nanoparticles, pre-functionalized with MPTES.
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2.2.2 Cu@3-APP@WC microparticles

SEM images of the copper coated tungsten carbide microparticles are shown in figure 53. The
metal coated tungsten carbide microparticles are plated with a grainy copper coating, which
has a rough morphology consisting of coalesced metal grains, peculiar of metal coatings
deposited by electroless plating and other solution based processes [22,59,172,173]. The
copper coated WC microparticles were additionally characterized by X-ray diffraction.

Figure 54 shows the diffraction patterns of copper coated WC microparticles. The diffraction
peaks of tungsten carbide (JCPDS 25-1047) at 48.4°, 64.0°, 65.8°, 73.0°, 75.5° and 77.0° can
be seen along with the copper (JCPDS 4-836) diffraction peaks at 43.3°, 50.4° and 74.1°,
indicating a successful deposition process. These results show that 3-aminopropylphosphonic
acid functionalized WC microparticles can be coated with a rough copper layer by electroless
plating, however, as in the case of silver plated WC microparticles, the exact thickness of the
metal can not be easily determined: the particles are too thick to be analyzed with TEM and
from SEM images only an approximate conjecture can be made. By comparing the SEM
images before and after the plating process, it can be seen that the deposited copper coating

has a relatively thin and irregular thickness of about 50 nm.
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Fig. 53: SEM images of (a) pristine tungsten carbide microparticles. (b-d) Copper coated tungsten carbide
microparticles, pre-functionalized with 3-APP.
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Fig. 54: XRD diffractogram of the copper coated WC microparticles, pre-functionalized with 3-APP.

2.2.3 Cu@Pdop@Al,O; nanoparticles

SEM images of the uncoated and copper coated alumina nanoparticles are shown in figure
55.aund 55.b, respectively. An increase of the nanoparticles size up to around 30-40 nm after
the copper plating is clearly visible. Figure 55.c shows a TEM image of the copper plated
alumina nanoparticles, while in figure 55.d the related particle size distribution histogram for
a population of 40 nanoparticles is shown. The coated nanoparticles have an irregular
spherical shape and a size in the 20-40 nm range, in agreement with the average particle size
observed in the SEM image from figure 55.b. In figure 56 is depicted a SEM image with the
respective EDX mapping for of the copper plated alumina nanoparticles. It can be seen that
the copper (in cyan) and aluminum (in red) are uniformly distributed, indicating that the
nanoparticles are uniformly coated with copper.

The copper coated alumina nanoparticles were also characterized by X-ray diffraction. Figure
57 shows the diffraction patterns of the pristine Al,Os nanoparticles, polydopamine coated
Al,O3 nanoparticles and copper plated ALOs nanoparticles. The diffractogram of copper
coated alumina nanoparticles shows the broad diffraction peaks of 3-ALO; (JCPDS 4-877)
along with three more peaks at 43.3°, 50.4° and 74.1° which correspond to the (111), (200)

and (220) lattice planes of copper (JCPDS 4-836), respectively, demonstrating the successful
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copper coating. These results show that alumina nanoparticles functionalized with
polydopamine can be uniformly plated by electroless plating with a copper coating with an

average thickness of about 10-20 nm [146].
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Fig. 55: SEM images of (a) pristine alumina nanoparticles and (b) copper coated alumina nanoparticles, pre-
functionalized with polydopamine. (¢) TEM image of the copper coated alumina nanoparticles and (d) the
related particle size distribution histogram (for a population of 40 nanoparticles).

Fig. 56: SEM and the respective EDX mapping images for copper coated alumina nanoparticles, pre-
functionalized with polydopamine.
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Fig. 57: X-ray diffractograms of the pristine Al,O; nanoparticles, polydopamine coated Al,O; nanoparticles and
copper coated Al,O; nanoparticles.

2.2.4 Cu@Pdop@WC microparticles

Figure 58 show SEM images of the uncoated tungsten carbide microparticles and copper
coated tungsten carbide microparticles pre-functionalized with polydopamine (24 h
polymerization time). After the electroless deposition process the tungsten carbide
microparticles are entirely plated with a grainy copper coating, which has a very rough
morphology consisting of coalesced metal grains, characteristic of metal coatings deposited
by electroless plating and other solution based processes [22,59,172,173]. The copper coated
WC microparticles were also characterized by X-ray diffraction. Figure 59 shows the
diffraction patterns of pristine WC microparticles, polydopamine functionalized WC
microparticles and copper coated WC microparticles. In all diffraction patterns, the diffraction
peaks of tungsten carbide (JCPDS 25-1047) at 31.5°, 35.7°, 48.4°, 64.0°, 65.8°, 73.0°, 75.5°
and 77.0° can be seen. In the copper coated WC microparticles also three more peaks at 43.3°,
50.4°, and 74.1° are present, corresponding to the (111), (200), and (220) lattice planes of
copper (JCPDS 4-836), indicating a successful deposition process. These results show that
polydopamine functionalized tungsten carbide microparticles can be coated with a coarse and
grainy copper layer by electroless plating, however, as in the case of silver plated WC

microparticles, the exact thickness of the metal can not be easily determined. SEM images
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indicate that the deposited silver coating has a relatively thin and irregular thickness of about

50 nm.

Fig. 58: SEM images of (a,b) pristine tungsten carbide microparticles and (c,d) copper coated tungsten carbide

microparticles, pre-functionalized with polydopamine.
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Fig. 59: XRD diffraction patterns of the pristine WC microparticles, polydopamine coated WC microparticles
and copper coated WC microparticles.

79



IV RESULTS AND DISCUSSION

2.3 Nickel coated particles

2.3.1 Ni@3-APP@WC microparticles

SEM images of the uncoated and nickel coated tungsten carbide microparticles are shown in
figure 60. The plated WC microparticles are entirely covered with a grainy nickel coating,
which has a rough morphology consisting of coalesced metal grains. Such metal coatings are
peculiar of coatings deposited by electroless plating and other solution based processes
[22,59,172,173], but in this case, the metal grains are smaller compared to the copper grains
in the coatings shown in the previous chapters. EDX analysis shows a nickel content of 20 %
in element weight percentage, but X-ray diffraction shows only the diffraction peaks of
tungsten carbide. Nevertheless, the coated microparticles are magnetic, as shown in figure
60.d, demonstrating that a conformal nickel coating was achieved, since all the powder
responded to the magnet. This indicates that the tungsten carbide particles are actually coated
with nickel, which is amorphous because of the high boron content from the reducing agent
NaBHy [2]. These results show that 3-aminopropylphosphonic acid functionalized WC
microparticles can be coated with a conformal, noncrystalline and magnetic nickel layer made

of coalesced fine particles.

Fig. 60: SEM images of (a) pristine tungsten carbide microparticles and (b-c) nickel coated tungsten carbide
microparticles, pre-functionalized with a monolayer of 3-APP. (d) A picture showing the magnetic properties of
the nickel coated WC particles.
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2.4 Cobalt-coated particles

24.1 Co@3-APP@WC microparticles

Figure 61 shows SEM images of the uncoated and cobalt coated tungsten carbide
microparticles. The plated WC microparticles are entirely covered with a rough cobalt
coating, which has a coarse grainy morphology consisting of coalesced metal grains, peculiar
of metal coatings deposited by electroless plating and other solution based processes
[22,59,172,173]. EDX analysis shows Co content of 14 % in element weight percentage, but
X-ray diffraction shows only the peaks of WC, as in the case of nickel coated WC
microparticles. The coated particles are however magnetic, as shown in figure 61.c,
demonstrating that a conformal cobalt coating was achieved. The reason for the non-
crystallinity is a high boron content coming from the reducing agent NaBH4, as in the nickel
electroless plating process [2]. These results show that WC microparticles functionalized with
3-APP can be coated with a grainy cobalt layer made of coalesced fine particles. The cobalt

coating is magnetic but noncrystalline probably because of the relatively high boron content.

co@wc [{€)" coawc

Fig. 61: SEM images of (a) pristine tungsten carbide microparticles and (b) cobalt coated tungsten carbide
microparticles, pre-functionalized with a monolayer of 3-APP. (c) A picture showing the magnetic properties of
the synthesized cobalt coated WC particles.

24.2 Co@Pdop@WC microparticles

Figure 62 show SEM images of the uncoated tungsten carbide microparticles and cobalt
coated tungsten carbide microparticles pre-functionalized with polydopamine. After the

electroless deposition process the tungsten carbide microparticles are covered with a thick and
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coarse cobalt coating, which has a very grainy morphology consisting of coalesced metal
grains, as the cobalt coated WC particles functionalized with 3-aminopropylphosphonic acid.
Also in this case, EDX analysis shows a cobalt content of approximately 15 % in element
weight percentage and X-ray diffraction shows only the diffraction peaks of tungsten carbide.
The plated particles are nonetheless magnetic, and the reason for the non-crystallinity is
probably also in this case a high boron content coming from the reducing agent NaBH4, as in
the nickel electroless plating process [2]. These results show that polydopamine
functionalized tungsten carbide microparticles can be coated with a rough cobalt layer made

of coalesced fine particles.

Fig. 62: SEM images of (a,b) pristine tungsten carbide microparticles and (c,d) cobalt coated tungsten carbide
microparticles, pre-functionalized with polydopamine.
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3. Metal matrix composites fabricated by powder metallurgy

3.1 Cu composites reinforced with Cu@Al,O; nanoparticles

Copper matrix composites incorporating 1 wt% of copper plated alumina nanoparticles were
successfully fabricated by powder metallurgy. The copper plated alumina nanoparticles were
synthesized as described in chapter I11.1.4.2 by using the MPTES functionalization method
followed by electroless plating, while the composite fabrication was performed by CEP-
Compound Extrusion Products GmbH and the Institute of joining technology and assembly of
the Technical University of Dresden. In figure 63 are depicted SEM images with different
magnification of a polished cross-section of the copper matrix composite reinforced with 1
wt% copper plated alumina nanoparticles. The nanoparticles (white spots) are well dispersed
with some agglomerates in the submicron range, but the samples show also some degree of
porosity, especially on the macroscopic level (black spots in fig. 63.a). Porosity, which is
highly undesired since it drastically reduces the mechanical properties of the composite,
probably originates from inaccurately dried nanoparticles or residual chemicals which

evaporates during the extrusion process.

Fig. 63: SEM images of a polished cross-section of a copper matrix composite rod reinforced with 1 wt% copper
plated alumina nanoparticles. Courtesy of C. GroBmann, J. Zschetzsche, U. Fiissel (Institute of joining
technology and assembly of the TU of Dresden).
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3.2 Cu composites reinforced with Cu@WC microparticles

Copper matrix composites incorporating 1 wt% of copper plated tungsten carbide
microparticles were successfully fabricated by powder metallurgy. The copper plated WC
microparticles were synthesized as described in chapter II1.1.4.2 by using the 3-APP
functionalization method followed by electroless plating, while the composite fabrication was
performed by the Institute of joining technology and assembly of the Technical University of
Dresden. Figure 64 shows SEM images with different magnification of a polished cross-
section of the copper matrix composite reinforced with 1 wt% copper plated tungsten carbide
microparticles. The WC microparticles (white spots) are very well dispersed, however some

black spots can also be seen. In this case it is not due to porosity, but simply to the

detachment of WC particles during the polishing of the composite rods for SEM analysis.

Fig. 64: SEM images of a polished cross-section of a copper matrix composite rod reinforced with 1 wt% copper
plated tungsten carbide microparticles. Courtesy of C. GroBmann, J. Zschetzsche, U. Fiissel (Institute of joining
technology and assembly of the TU of Dresden).
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4. Silver structures by soft lithography

4.1 Microcontact printed 3-mercaptopropyltriethoxysilane

An AFM image of printed MPTES lines on a glass substrate using a stamp with 20 pm wide
lines and 40 pm pitch is shown in figure 65, together with the respective cross-section taken
along the white dotted line. The wide band crossing the picture from the lower left corner to
the upper right corner is the unprinted glass substrate, while the MPTES printed regions are
clearly visible in the bottom-right and top-left parts of the image. The unprinted region has a
width of 20.0 £ 0.1 pm, in good agreement with the nominal width of 20 um of the silicon
master patterns. Moreover, the MPTES printed regions are very well delineated and
distinguishable from the unprinted region in the middle of the picture. They show a roughness
of Rg = 3.5 £ 0.6 nm and R, = 1.3 £ 0.4 nm, while the unprinted glass substrate has a
roughness of Rq= 0.6 £ 0.1 nm and R, = 0.5 = 0.1 nm. This implies the MPTES patterns

printed by microcontact printing are not a well ordered monolayer.

MPTES-inked stamp Microcontact printing MPTES-printed structures
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Fig. 65: (a) Schematic illustration of the MPTES microcontact printing process. (b) AFM image of a printed
MPTES pattern (in this case lines with a width of 20 pm and a pitch of 40 um) and (c) the cross-section profile
along the white dotted line.
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The higher roughness of the MPTES printed areas as compared with the glass substrate can be
explained with the presence of both MPTES monolayer and MPTES aggregates of different
sizes. As in the case of the MPTES functionalized nanoparticles, such aggregates with heights
up to several nanometers are oligomers made of condensed MPTES molecules.

Since the ink is freshly prepared before each printing process, the presence of such aggregates
is related to the ability of the microcontact printing method to promote chemical reactions and
to simplify the formation of new chemical bonds, i.e. its ability to lower the kinetic barrier of
a reaction [174]. In this case, the microcontact printing process promoted the condensation of
single MPTES molecules into oligomers as a side effect of the MPTES patterning process,
even though the contact time was only 500 s. These results show that MPTES molecules are
well suited to be printed with a PDMS stamp by soft lithography, probably because of its
good interaction with the polymeric stamp. The MPTES pattern is well defined and both

regions where MPTES is printed as a monolayer as well as oligomers are present.

4.2 Ag structures on printed 3-mercaptopropyltriethoxysilane patterns

Figure 66 shows optical microscope images of the silver microstructures (dark-colored)
fabricated by selective electroless plating on the previously printed MPTES patterns, i.e. lines
with a width of 20 um and a pitch of 40 um, a regular grid of lines with a width of 5 um and a
2D array of rings with an internal diameter of 10 um, an external diameter of 20 pm and
spaced 20 pum from each other. All the structures are well defined, uniform over large areas
and there are no major defects like overgrowing or undesired interconnections of the

structures. Moreover, the silver structures were plated over a relatively large area of 1 cm’.
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Fig. 66: Optical images of the silver structures (dark-colored) fabricated by electroless plating on the MPTES-
printed glass substrates. (a) lines with a width of 20 um and 40 um pitch, (b) a regular grid of lines with a width
of 5 pum, (c) a 2D array of rings with an internal diameter of 10 um, an external diameter of 20 um and spaced 20
um from each other.
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Fig. 67: SEM images of the silver structures (light-colored) fabricated by electroless plating on the MPTES-
printed glass substrates. (a) lines with a width of 20 pum and 40 pm pitch, (b) a regular grid of lines with a width
of 5 um, (c) a 2D array of rings with an internal diameter of 10 um, an external diameter of 20 pm and spaced 20
pm from each other, (d) lines with approximately a width of 500 nm and 1 pm pitch.

Figure 67.a-c shows SEM images of the same silver microstructures (colored in white). The
patterns are continuous, well delineated over the entire printed area and in agreement with the
stamps specifications. Small silver particles can be seen also on the glass substrates in the
MPTES-free regions between the silver structures, evidencing a selectivity problem. On these
regions the MPTES molecules were not printed and consequently no silver should be found
there. The presence of silver particles on the MPTES-free regions is probably due to ink
diffusion during the printing process or deposition of Ag particles formed in the plating bath.
Figure 67.d shows a SEM image of silver structures fabricated with a PDMS stamp with a
width of 500 nm and a pitch of 1 pm. These are the smallest silver structures made with this
method, however a miniaturization into linewidths in the 0.1 — 0.5 pum range seems
straightforward.

Figure 68.a is a high magnification SEM image of the structure from figure 67.a showing the
morphology of the electroless plated silver. The surface appears very grainy and rough, and

consists of coalesced silver particles, typical of the metal structures fabricated by electroless
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deposition [4]. The size of the coalesced silver particles is 50 — 200 nm in width, whereas the
thickness cannot be exactly estimated from the SEM images. The quality of the plated silver
is confirmed by the X-ray diffraction pattern shown in figure 68.b, which shows the
diffraction peaks of silver (JCPDS 4-783). AFM measurements show an irregular thickness
ranging from 10 nm up to 50 nm due to the high roughness of the patterns, but also depending
on the plating time and pattern size.

In addition, the silver structures are conductive and show a resistance of about 1 kQ
(measured with a two-point method, with contacts 1 c¢cm apart). By comparison, a standard
ITO-coated glass shows a sheet resistance of around 10 Q/sq [132,182]. Such a high
resistance value is probably explained by the high density of grain boundaries due to the
granular silver structures. The selective deposition of silver structures by electroless plating
shows that the thiol group of the printed MPTES molecules is effectively acting as a
deposition catalyst, promoting the plating of silver only on the MPTES-printed regions and
showing that silver micro- and submicron structures can be fabricated via direct electroless

plating without further activation steps.
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Fig. 68: (a) SEM image showing the grainy morphology of the silver structures fabricated by electroless plating
on a MPTES-printed glass substrate (high magnification image taken from the structures shown in fig.67.a). (b)
Diffraction pattern of the silver structures deposited by electroless plating on a MPTES-printed glass substrate
(diffractogram taken using the sample shown in fig.67.a).
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The suggested mechanism is that in the alkaline plating bath the thiol groups are deprotonated
(-S) and help initiating the silver nucleation process by binding Ag’ and establishing
activated regions with a high density of Ag' complexes. These regions with (-S)Ag"
complexes act as nucleation sites, opposed to the unfunctionalized glass surface which is not
activated and cannot promote the silver deposition process. The silver patterns fabricated with
this method are well defined over large areas (up to 1 cm”) and the dimensions are in
agreement with the stamps specifications. The structures are made of small coalesced silver

grains and show a resistance of about 1 kQ.

4.3 PMMA resist structures by Capillary Force Lithography

The PMMA structures were investigated with AFM and SEM analysis, shown in figure 70
and 71, respectively. In particular, figure 71.d shows the SEM image of the PMMA grid
structure from figure 71.c after it was peeled off of the glass substrate, demonstrating the lack
of any residual layer after the printing process and the overall stability of the PMMA patterns.
All the PMMA structures are extremely uniform, defect-free and show a great edge definition.
Notably, figures 70.g and 71.e show donuts-like structures, showing the ability of this
technique to fabricate curvaceous and non-trivial patterns.

It is in theory possible to fabricate each planar pattern by choosing the right polymeric stamp,
but in practice the choice is limited because of issues related to the capillary effect and the
polymeric stamps: in large channels the capillary force is negligible and therefore the
fabrication of large structures is more demanding, whereas the fabrication of nanometric
structures is problematic because stamps with small features are challenging to manufacture

and, secondly, the PMMA structures are easily torn apart during the peeling process [13].

/

5 wt% PMMA in acetone capillary force lithography PMMA structures

Fig. 69: Schematic illustration of the capillary force lithography process, used to fabricate PMMA structures as
sacrificial layer for the manufacture of silver structures.
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Fig. 70: AFM images and the respective cross-sections of the PMMA structures fabricated by the modified
capillary force lithography method using a 5 wt% solution of PMMA in acetone. (a,b) lines with a width of 10
pm and 20 pum pitch, (c,d) a 2D array of squares with a width of 5 pm and spaced 5 pm from each other, (e,f) a
regular grid of lines with a width of 5 um, (g,h) a 2D array of rings with an internal diameter of 10 um, an
external diameter of 20 pm and spaced 20 um from each other.
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Fig. 71: SEM images of the PMMA structures fabricated by the modified capillary force lithography method
using a 5 wt% solution of PMMA in acetone. (a) lines with a width of 10 um and 20 um pitch, (b) a 2D array of
squares with a width of 5 um and spaced 5 um from each other, (c) a regular grid of lines with a width of 5 pm,
(d) a peeled off regular grid of lines with a width of 5 um, (e) a 2D array of rings with an internal diameter of 10
pm, an external diameter of 20 um and spaced 20 pm from each other, (f) a grid of lines with a width of
approximately 200 nm and spaced approximately 1 um from each other. The inset shows a glass substrate
covered with a PMMA patterned area of 1 cm’.

Therefore, the capillary force lithography method introduced in this work is best suited for the
printing of PMMA structures in the submicrometer and micrometer range, with linear, angled
and curved shapes. Moreover, regions as large as 1 cm® were uniformly and defect-free
patterned, as shown in the inset of figure 71.1f.

Due to the capillary rise during the molding process, a meniscus is observed at the summit of
the PMMA structures. According to the capillary rise equation, the maximum height / a fluid

can rise through a narrow channel is:
h = 2ycos0 / pgr 3)

where y is the surface tension at the interface between liquid and air, 6 is the contact angle, p
is the density of the liquid, g is the gravitational constant, and r is the radius of the channel
[175]. The maximum height % a liquid can rise through a narrow channel is hence inversely
proportional to the channel radius and this explains why the larger structures, i.e. 10 pm-wide
lines and donuts, have a lower capillary rise than smaller patterns, i.e. 5 pm-wide squares and

grid. In addition, a certain extent of lateral shrinkage takes place. It is interesting to note that
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this swelling is anisotropic along the vertical direction: the lateral shrinkage of the PMMA
structures is 5 % in the bottom part, while it becomes more significant at the top, with
shrinkage of approximately 20 % for the 10 pm-wide structures and up to 40 % for the 5 pm-
wide structures. Such trapezoid-shaped structures can be better seen in the cross sections in
figure 70. Such shape can be partly explained by the AFM tip shape effect, considering that
all regular structures measured with AFM appear trapezoid-shaped to some extent. However,
in this case the anisotropic shrinkage of the polymeric structures is remarkable and is
probably related to two other factors: the PDMS stamp deformation during the stamping
process and the swelling effect of acetone of PDMS structures which are not in a free swelling
regime. The first one is related to the low stiffness of PDMS, which in turn causes
deformation of the stamp because of its own weight and the applied pressure during the soft
lithography process [176,177]. The second factor is related to the fact that the elastomeric
PDMS mold is not in a free swelling regime during the printing process because its weight
and the applied pressure are keeping it tightly against the substrate and, in addition, the
solvent is not absorbed from the bottom surface of the PDMS stamp. According to the
literature, in this regime an anisotropic deformation of the mold takes place [178,179]. Given
a swelling ratio of PDMS in acetone of 1.06 [178], the former factor is probably the one
giving the bigger contribution.

The molding process by capillary force lithography is made of two distinct steps: the capillary
rise of the PMMA solution in acetone in the stamp channels, and the subsequent evaporation
of the solvent through the PDMS mold. The fast capillary rise of the PMMA solution due to
the low viscosity of acetone is essential in this fabrication method, but it can be shown that
the limiting step is the solvent evaporation phase. The time ¢ a fluid needs to rise through a

channel by capillary force is given by:

t = 25z’ / Rycost (4)

where 7 is the viscosity of the fluid, z is the channel length, R is the hydraulic radius, which is
approximately one half of the width of the channel, y is the surface tension at the interface
between air and fluid, and 6 is the contact angle [180]. Hence, for a channel with a width of
10 pm and a length of 1 pm, using the surface tension of acetone in air y = 25 dyn cm™, a
contact angle of about 30° (estimated from the AFM images) and # = 0.3 mPa s [181], a time
of approximately 5 ms is calculated. This implies that the PMMA solution in acetone rise

through the channels of the stamp and fills them almost instantly. Since it can be observed
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that the molding process takes about 100 s using micrometer structures and about 10 s using
submicrometer structures, it follows that the evaporation of the solvent, i.e. the time the
acetone needs to diffuse from the bulk to the surface of the PMMA structures and then leave
through the PDMS stamp, is very slow if compared to the speed the solution need to rise
through and fill the channels, and hence is the actual limiting step. In addition, structures in
the micrometer range need a much longer molding time than structures in the submicron
range because the solvent has to move through a greater distance before reaching the PMMA
surface.

This modified capillary force lithography method is extremely fast and versatile since
virtually any planar pattern in the micrometer and submicrometer range can be fabricated in
10 — 100 s on areas up to 1 cm”. Some degree of anisotropic lateral shrinkage due to the stamp
deformation during molding is unavoidable but irrelevant since the PMMA structures are used
as sacrificial resist in the fabrication of metallic patterns. Moreover, it was demonstrated that
the PMMA solution in acetone rise through the channels almost instantly, while the limiting

step is the evaporation of the solvent.

4.4 Silver structures from patterned PMMA resist

Figure 72 shows SEM images of the silver microstructures (light-colored) fabricated by
electroless plating followed by the removal of the PMMA resist structures with acetone. The
stamps used to fabricate the Ag structures are (a,b) lines with a width of 10 um and a pitch of
20 pum, (c,d) a regular grid of lines with a width of 5 um, (e,f) a 2D array of squares with a
width of 5 um and spaced 5 um from each other and (g,h) a 2D array of squares with a width
of approximately 1 um and a pitch of 1.2 pm. The silver patterns are very well defined and
uniform over large areas, with the patterns shown in figures 72.e-h in agreement with the
stamps specifications, while the patterns shown in figures 72.a-d are slightly larger, probably
because of the more pronounced lateral shrinkage of the PMMA resist structures during the
molding process. Compared with the silver structures fabricated by selective EP of the printed
MPTES patterns, much less silver particles can be seen on the glass substrates, indicating the
better selectivity of this method. Because of the inherent growth mechanism of electroless

plating, the silver patterns show a granular and rough morphology.
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Fig. 72: SEM images of the silver structures (light-colored) fabricated by electroless plating followed by the
removal of the PMMA resist structures with acetone. (a,b) lines with a width of 10 um and a pitch of 20 pm,
(c,d) a regular grid of lines with a width of 5 um, (e,f) a 2D array of squares with a width of 5 um and spaced 5
pum from each other, and (g,h) a 2D array of squares with a width of approximately 1 pm and a pitch of 1.2 um.
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The structures are made of coalesced particles with sizes in the 50 — 200 nm range, however
they are robust and well defined, as shown by EDX analysis in figure 73. The thickness of the
silver structures was measured with AFM and is around 60 nm, hence slightly thicker as the
structures fabricated with the EP of printed MPTES (fig. 73.b). In addition, the silver grid
shown in figure 73 has a sheet resistance of 1.0 = 0.1 €/sq (measured with a four-point probes
method) and a transmittance of 9.8% at A = 500 nm, making it suitable for electronic
applications, e.g. in the fabrication of semitransparent electrodes. Considering a filling factor
of 82 %, 1.e. the area of the substrate which is covered with silver and hence not transparent to
light, the transmittance value of 9.8% is very promising and can be increased by using a
different stamp pattern, leading to a smaller filling factor. The quality of the electroless
deposited silver is confirmed by the diffractogram shown in figure 74, which shows the
diffraction peaks of silver (JCPDS 4-783).

These results show that the structures fabricated by capillary force lithography are of better
quality than the structures fabricated with the plating of the printed MPTES patterns, in
particular they are thicker, more defined and show a higher conductivity. However, the size of
the Ag grains can be a problem in the fabrication of smaller structures, particularly in the

nanometer range.
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Fig. 73: (a) SEM image of a regular grid of silver lines with a width of 5 um, and the respective (b) cross-section
measured by AFM along the white dotted line, (c) EDX mapping for Ag and (d) EDX mapping for Si.
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Fig. 74: XRD diffraction pattern of silver structures fabricated by electroless plating followed by the removal of
the PMMA resist structures with acetone (diffractogram taken using the sample shown in fig.72.c).
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V Conclusions and Outlook

In this work, new surface functionalization methods for electroless metal deposition processes
were developed. In particular, the work is focused on the synthesis of metal coated particles
regarding the application as reinforcement for metal matrix composites, and on the
preparation of silver patterns on glass substrates for applications in the electronics and
microelectronics industries, such as transparent electrodes. Three different particle
functionalization methods were successfully developed, using three different systems: (3-
mercaptopropyl)triethoxysilane for self-assembly layers in order to functionalize oxide
particles, 3-aminopropylphosphonic acid forming monolayers to functionalize carbide
particles and a substrate-independent method based on the bioinspired polymer coating made
of polydopamine. All new methods are organic based and have significant advantages over
the state of the art technique based on the substrate activation using Pd ions or nanoparticles,
especially in terms of homogeneity of the coating, environmental aspects and efficiency.

The particle functionalization method using (3-mercaptopropyl)triethoxysilane was developed
for the functionalization of oxide particles. Silica and alumina nanoparticles were successfully
functionalized with (3-mercaptopropyl)triethoxysilane as verified by FTIR and TEM analysis.
The key features of the (3-mercaptopropyl)triethoxysilane are the thiol and the three ethoxy
groups: because of its high affinity toward metal ions the thiol group promotes the selective
electroless metal deposition process, while the ethoxy groups can react with the hydroxyl
groups of an oxide substrate, promoting the covalent bonding of the self-assembled
monolayer. This MPTES layer on the particles surface has a thickness between 1 and 4 nm,
suggesting that the coating is made of both monolayers and thicker disordered agglomerates.
The condensation reaction of MPTES with the particle surface is in competition with the self-
polymerization of MPTES in solution, leading to the formation of oligomers. These oligomers
also undergo condensation reactions with the particle surface and are responsible for the
thicker agglomerates of the coating. The MPTES functionalized silica and alumina
nanoparticles were coated with copper by electroless plating. The copper coating has a
thickness of about 10-25 nm and the plated particles maintain their spherical shape during the
process.

The particle functionalization method involving the use of 3-aminopropylphosphonic acid
was developed to functionalize carbide particles. The key features of the 3-

aminopropylphosphonic acid are the phosphonate group and the amino group: because of its
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high affinity toward metal ions, the amino group promotes the selective electroless metal
deposition process, while the phosphonate group interacts with the metal ions of the carbide,
promoting the adhesion of the molecule as a monolayer without any condensation. Tungsten
carbide microparticles and nanoparticles were successfully functionalized with 3-
aminopropylphosphonic acid as verified by FTIR, TGA and TEM images, from which a
monolayer can be seen on the particles surface. In contrast to (3-
mercaptopropyl)triethoxysilane, 3-aminopropylphosphonic acid does not react with itself,
meaning that the deposition of oligomers is not possible. The tungsten carbide microparticles
functionalized with 3-aminopropylphosphonic acid were coated with copper, nickel and
cobalt by electroless plating. In the case of nickel and cobalt, specific plating baths were
developed by modifying the plating baths used by Brenner and Riddell. All the metal coated
tungsten carbide microparticles are entirely plated with a grainy metal coating, which has a
rough morphology. These coatings consist of coalesced metal grains, peculiar of metal
coatings deposited by electroless plating and other solution based processes. The exact
thickness of the metal can not be easily determined. Comparing SEM images before and after
the deposition process, the metal coating can be estimated as relatively thin with an average
thickness of about 50 nm. The copper coating is crystalline, while nickel and cobalt coatings
are amorphous because of the high boron content coming from the reducing agent NaBHj,. In
addition, the cobalt and nickel coatings are magnetic and EDX analysis show a cobalt content
of 14 % in element weight percentage, whereas in the case of nickel a 20 % in element weight
percentage is obtained.

The method using polydopamine was developed as a simple, bioinspired and substrate-
independent functionalization process. The functionalization with polydopamine of alumina
nanoparticles and microparticles as well as tungsten carbide nanoparticles and microparticles
were systematically investigated with SEM, TEM, IR and TGA analysis. The method is
extremely simple and versatile since a surface-adherent polydopamine coating with tunable
thickness can be fabricated by simply immersing a substrate in an aqueous solution of
dopamine buffered at pH 8.5. The longer the substrate stays in the solution, the thicker is the
polydopamine layer. In this work, it was investigated how the thickness of the polydopamine
coatings depends also on the substrate size and material type (such as carbide or oxide
surfaces), whereas in the literature it is assumed that the dopamine polymerization reaction is
substrate-independent. In the case of alumina microparticles a polydopamine thickness of
65 + 10 nm was reached after 24 h of polymerization, while in the case of tungsten carbide

nanoparticles and tungsten carbide microparticles a thickness of 33 + 6 nm and 18 + 4 nm was
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reached after 24 h, respectively. Moreover, the polydopamine coating on WC microparticles
can be examined by SEM. Uncoated WC microparticles are characterized by flat surfaces and
sharp edges, while polydopamine coated WC microparticles have smoothened edges and
corners, and the surface shows a fine granularity. This work is also the first in which such a
systematic analysis of the dopamine polymerization process on different particle materials is
performed and investigated. Due to the alkylamine and catechol functionalities of
polydopamine, it can be used to promote the selective electroless metal deposition process
because of the affinity of such functional groups toward metal ions. The process was used to
fabricate copper coated tungsten carbide microparticles and alumina nanoparticles, as well as
silver and cobalt coated tungsten carbide microparticles. The deposited metal shell is
conformal and compact, with an estimated thickness of about 50 nm. The use of both micro-
and nanoparticles, as well as a carbide and an oxide as particle materials, evidences the
versatility of this technique.

The copper coated alumina nanoparticles synthesized as described in chapter 111.1.4.2 by
using the MPTES functionalization method followed by electroless plating, as well as the
copper coated tungsten carbide microparticles synthesized as described in chapter 111.1.4.2 by
using the 3-APP functionalization method, were used to fabricate reinforced copper matrix
composites. The composites contain 1 wt% of the plated particles and were successfully
fabricated via powder metallurgy by the Institute of joining technology and assembly of the
Technical University of Dresden. The nanoparticles are well dispersed with some
agglomerates in the submicron range, but the samples also show some degree of porosity,
while in the case of the WC microparticles a very homogeneous distribution and no porosity
can be seen. These composites are under investigation for potential applications as reinforced
electrodes for resistance spot welding, reinforced overhead wire and sliding contact for trains
and other vehicles.

Moreover, two new processes for the fabrication of silver patterns on glass substrates were
developed by selective functionalization via soft lithography combined with metal electroless
deposition. In one approach (3-mercaptopropyl)-triethoxysilane is printed by microcontact
printing on a glass substrate, followed by selective electroless metallization. In a second
approach, PMMA structures are patterned by capillary force lithography as a sacrificial layer,
followed by silver electroless plating and PMMA removal. These two patterning processes
combine the advantages of both, soft lithography and electroless plating, leading to new,
versatile and inexpensive patterning processes without the use of the conventional palladium-

based sensitization, lithography and etching steps. This new fabrication methods offer unique
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opportunities for the manufacture of micro- and submicrometer-sized silver structures. The
selective functionalization of glass substrates with (3-mercaptopropyl)triethoxysilane by
microcontact printing followed by silver electroless plating was developed as simple, cost
effective alternative to the state of the art manufacture techniques of micro- and nanometer-
sized metallic structures, such as photolithography and etching. All the structures are well
defined, uniform over large arecas and there are no major defects like overgrowing or
undesired interconnections of the structures, however, some silver particles can be seen on the
MPTES-free regions. This process is used to manufacture patterned silver layers on areas as
large as 1 cm’, with thicknesses ranging from 10 nm up to 50 nm due to the high roughness of
the patterns, depending on the plating time and pattern size. The structures show a grainy
morphology made of coalesced silver particles.

The fabrication process of silver patterns on glass substrates based on capillary force
lithography of a 5 wt% PMMA solution in acetone followed by silver electroless plating was
developed to avoid the selectivity issues of the technique based on the printing of MPTES,
previously described. The fabrication of several PMMA structures as resist by a very simple,
cost-effective and versatile process using a new capillary soft lithography approach was
investigated in this work. This single step patterning method is performed in only 10 — 100 s,
depending on the structures size. This short patterning time is achieved due to an almost
instant capillary rise of the low weight PMMA solution through the stamp channels, followed
by solvent evaporation. This method was used to fabricate silver patterns of different shapes
and sizes by silver deposition via electroless plating followed by PMMA removal. The silver
patterns are very well defined, have a grainy morphology and a high uniformity over
relatively large areas (1 cm?), with the patterns in agreement with the stamps specifications.
Compared with the silver structures fabricated by selective EP of the printed MPTES patterns,
much less silver particles can be seen on the glass substrates, indicating the better selectivity
of this method. This process is used to manufacture patterned silver layers with a thickness of
approximately 60 nm. In addition, the silver grid made of 5 pm-wide lines has a sheet
resistance of 1.0 + 0.1 Q/sq and a transmittance of 9.8% at A = 500 nm, making it suitable for
electronic applications, e.g. in the fabrication of semitransparent electrodes.

All the developed processes combine organic functionalization with electroless plating,
leading to innovative and simple coating and patterning techniques with potential to be scaled
up quite efficiently. In future works, more derivates of amino-phosphonic acids should be
investigated for the activation of different particle materials. The use of the functionalization

methods introduced in this work with other metals or alloys as coating and new substrate
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materials should also be investigated, in particular other oxides and carbides particles.
Additionally, the fabrication of composite materials reinforced with metal plated particles and
the improvement of their properties should be studied in detail. In the case of the patterning
methods, future works may be carried out to investigate the fabrication of smaller structures.
A miniaturization into linewidths in the 0.1 — 0.5 pum range and an extension into larger
patterned areas is straightforward, however, structures smaller than 0.2 pum can be challenging
to fabricate because of the grain sizes of the silver structures fabricated by electroless plating.
The conductivity of the silver patterns may be improved by using mild temperature
treatments: an adequate thermal treatment is expected to improve the conductivity of the
patterned silver layers by promoting the percolation of the grains, even though concerns

regarding structure widening may arise.
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