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"When you have eliminated the impossible,
whatever remains, however improbable,
must be the truth”

Sir Arthur Conan Doyle - The Sign of the Four
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Introduction

Since the first part of the XX century and the possibility to observe, fabricate, and
work with objects smaller than a few hundreds of nanometers, many scientists have
bustled about understanding nano-objects, especially their behaviour and their numerous
properties. As the observation techniques were getting improved, a lot of new interesting
properties have been revealed among the freshly-discovered nanoparticles until today.
One of the most emblematic ones concerns the famous discovery of the carbon nanotubes
in 1991, which electrical, mechanical or optical properties goes far beyond any material
known so far. Some other studies showed for example that specific nanoparticles could
have huge benefits in medicine (improved drug delivery accuracy, medical imaging...),
health (antimicrobial nano-silver), environment (water filtration), energy (higher Li-ion
batteries density storage, solar cells...), electronics (components size decrease, lower
power consumption), mechanics (stronger materials, better elasticity...) and in many
other domains.

The wide variety of the different nanoparticles can be subject to a classification,
based on their morphological appearance. We find nanowires, nanotubes, nanoribbons,
nanosheets, nanospheres. .. The nanowires and the nanotubes can be merged under the
appellation "one dimensional nanostructures", or 1D nanostructures. They are called
this way from their high aspect ratio, their diameter varying between 1 nm to a few
tens of nm, and their length up to hundred microns. So far, 1D nanostructures have
been studied by a lot a research teams in the world, for their potential and promising
applications, notably in electronics. Indeed, it has been shown that they could be used
as basic building blocks in nanoscale electronic devices, such as transistors, sensors,
photodetectors, solar cells, field emitters. .., which can avoid the use of costly patterning
techniques. To make good use of the bottom-up formation of these structures allows the
fabrication of ready-to-use nanometric elements, whose geometrical features and physical
properties can be adjusted, and their implementation in electronic devices made easier.

Despite these promising marches, an essential problem remains to be studied. One
cannot handle nanoparticles as easily as tweezers move a grain of sand, so a challenging
task consists in being able to control the location and the orientation of the 1D nanos-
tructures, whose interactions with matter are quite different compared to what happens
in the macroscopic world. Expensive and time-consuming means like e-beam lithography
have been used to define precise spots to grow nanowires, or even to etch nanowires from
a bulk material, but this is suitable for demonstrators only, and probably not for mas-
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sive integration nor collective organization. Self-organized templates (see intro of [1] for
examples) are promising candidates to provide the advantages required for controlled 1D
nanostructure growth. In particular Porous Anodic Alumina (PAA) templates, which
gather easy and cheap fabrication, geometry flexibility and which can provide collec-
tive control of the nanostructures. A PAA template consists in a nanoporous structure,
whose vertical and parallel pores can be arranged in a hexagonal pattern, very close to
a honeycomb structure. Its fabrication, made by anodic oxidation of aluminium, is sim-
ple, cheap, and leads to a periodic hollow formation able to guide the growth of vertical
nanostructures, which are confined inside the pores. The nanostructures thus adopt the
pore diameter and the spacing corresponding to the inter-pore distance, which are both
parameters easily tunable during the PAA fabrication. This powerful tool also makes
collective contact easier. Note that the use of PAA templates is in accordance with
an integration in the electronic device fabrication industry, since Al is a really common
material in this sector.

That’s the way many researchers focused on growing nanotubes (NTs) and/or nanowires
(NWs) inside PAA templates, leading the path towards ultra-high density integration
of individual nanostructures per cm. These studies allowed both metallic and semi-
conducting materials growth like Si, Ge, C, GaN, InSb, Cu, Ni, Au, Te and many others.
It has also been reported that as well as the composition, the morphological aspect of
the 1D nanostructures could be modified. Nanotubes or nanowires can be synthesized,
in a single stem or with a branched structure thanks to an appropriate design of the tem-
plate, which is interesting for interconnection applications [2|. An application directly
related to the porous template-assisted nanostructure growth has been reported in 2001,
when vertically-aligned and patterned carbon nanotubes (CNTs) have been used as field
emitters [3], [4]. The same year, CNT-based nanotransistors have been fabricated using
a PAA template to grow and contact properly each end of the CNTs [5], which led to
a potential density of 2.10"" per cm?. Combining the sensing properties of CNTs and
the high order of the vertical pores in PAA, another research team developed a simple
process to fabricate parallel sensing channels, responsive to NHz and NOg [6]. Another
interesting field to investigate is the magnetic properties of 1D nanostructures. The latter
are indeed a promising candidate for high density magnetic data storage devices, and this
is why studies involving classical magnetic materials like Fe, Ni or Co are carried out,
using electrodeposition methods to grow metallic nanowires in PAA templates [7], [8], [9].
PAA templates have therefore huge potentialities in the nanomaterials fabrication tech-
niques, and appear like a tool that cannot be ignored for organizing 1D nanostructures,
in preparation for high density electronic device integration.

Following the examples cited above, we investigated the CNT and the silicon NW
(SINW) growths inside vertical PAA templates, except we kept in mind a particular goal:
to realize a vertical CNT/SiNW-based Field Effect Transistor (FET).

Some very interesting results have already been published and bring a proof of con-
cept about the use of 1D nanostructures in FETs. The most represented structures are
definitely SINWs, that have been successfully used to fabricate transistors. As an em-
blematic example, Lieber’s group used laser ablation (see chapter 3) to synthesize high



INTRODUCTION 3

quality SiINWs and contacted them by e-beam lithography to make various electronic
devices[10], [11]...CNT-based FETs have also been reported but researchers come up
against the inability to perform a selected growth of semiconducting CNTs. One can
nevertheless cite essential articles like [12] and [13].

A common major drawback of these device fabrication processes is that they mostly
consist in in-plane devices, that either require a painful step of transfer and/or alignment
[14], implying random connections with pre-patterned electrodes, or impose an electrode
deposition according to an anarchic placement of the nanostructures 15|, which is unac-
ceptable for more complex integrated circuits. Moreover, even though lithography may
be avoided thanks to the bottom-up synthesis, it is still used to contact the NWs (e-beam
lithography), and the location of the devices is poorly controlled.

All these devices also suffer from a non-ideal gate coupling (due to their position
regarding the bottom or the top gate). To provide a better gate coupling, some innova-
tive configurations have been proposed, like multiple-gate FETs [16], surrounding gates
[17]. .. Besides, some of them have the advantage to integrate more devices thanks to the
vertical configuration [18]. The achievement that resembles the most to our goal has
been described in [19], where SINWs are grown vertically and are surrounded by a gate,
but there is still a high dependence on the size dispersion of the catalyst droplets, which
leads to a badly-controlled SINW diameter.

The work we present herein takes particular care in describing how to combine the
advantages of 1D nanostructures and those of PAA. We propose a configuration that
no longer requires heavy and costly means to achieve both placement control and size
control. Indeed, the use of a PAA template to guide the nanostructure growth ensures
a very narrow diameter distribution, a perfect alignment and a very good spatial spread
of the NWs. Moreover, since their position is given by the template during the growth,
no subsequent step of dispersion, drop-casting or spraying is required. Basing on the
self-arrangement of the PAA, a fully-surrounding gate has been etched, thus providing
a quasi-ideal coupling with the nanostructures. The power of this configuration is that
the nanostructures directly grow on an electrode, and are immediately organized thanks
to the template. The vertically-packed configuration can lead to high densities, up to
10" devices per cm?, and the confinement of the growing structures allows a modulated
doping profile along the axis, which can form p-n junctions in a single NW.

Basically, the outline of this work corresponds to the main steps of the total process
to reach this goal; therefore we chose to explain our studies about PAA templates in
the first chapter. Their formation process and the experimental methods we used will be
detailed, as well as how to customize their geometry. The second chapter will describe the
electrodeposition process, that we used to deposit metallic particles at the bottom of the
pores of the PAA templates. If, as mentioned above, possible applications can be found
in the magnetic data storage field, we performed this study with a view to using metallic
nanoparticles as catalysts for CNT and SiNW growth. We therefore investigated Ni,
Cu, and Au electrodeposition. In the third chapter we will talk about 1D nanostructure
growth, we will introduce our experimental CVD set-up, and show our results about the
peculiar case of growth inside PAA templates. For a better understanding, a theoretical
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section about catalytic nanostructure growth introduces this chapter. Finally, the fourth
chapter will deal with the concept of porous stack. Indeed, to realize a vertical FET, a
new structure has been imagined and patented a few years before this work, in order to
receive the nanostructures and play the role of electrodes all in the same time. A first
part is dedicated to the fabrication principle of the porous stack, that relies on the use of
a PAA template as a hard mask for etching vertical pores inside two underlying layers.
Then a second part details our results about growth inside the porous stack, last brick in
the vertical FET fabrication process. With a view to performing electrical measurements
on these samples, a simple lithography-based method has also been developed to narrow
the surface where the porous stack is fabricated, and thus create some clean Al contacts.
A final part sums up the chapters, and brings some perspectives to this work.
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Chapter 1

Porous Anodic Alumina

1.1 History of Porous Anodic Alumina

An anodization process corresponds to an electrochemically-assisted oxidation of a metal.
Aluminium oxidation has been well-known for several decades now, forasmuch as since
the beginning of the XX century, the protective power of aluminium oxide upon ob-
jects made of aluminium against corrosion has been demonstrated. Anodization is also
efficient to colorize aluminium, which has made this technique widely used in industry
for decades now. More recently, i.e from the 50s, anodic aluminium oxide aroused new
interest with the emergence of electron microscopy, which led to the study of the alumina
pores formation. A lot of articles have been published since then, from formation the-
ory to practical fabrication. The first model describing the pore structure, introducing
the concept of hexagon cells, has been brought by Keller et al. in 1953 [1|. Then re-
search teams like Thompson, Wood et al. [2],[3] brought precise explanations about the
chemical mechanisms involved in the pore formation process, especially about ionic ex-
changes at the alumina/aluminium and the alumina/electrolyte interfaces. Tremendous
understandings of the different structures obtainable depending on voltages, electrolytes,
temperature etc. have thus been done between 1970 and the 90s. A break-through in
ordering alumina pores has been made in 1995 by Masuda and Fukuda, who managed to
fabricate mono-domain porous alumina areas over large surfaces [4]. First using a "two-
step replication", and then using a nano-imprint technique [5], porous alumina templates
exhibiting high aspect ratio with both adjustable diameters and narrow diameter distri-
bution were easy to realize. Other metals like Ti [6], W [7], Ta [8], Zr [9]...have also
been oxidized to form porous structures, nevertheless none of them has led to as many
studies as Porous Anodic Alumina (PAA). However, although advances in the field of
nano-ordering have leaped forward during these decades, the use of PAA is nowadays
still restricted to research labs, where numerous potential applications are still being de-
veloped. The goal of the following is to explain the formation theory of a PAA template,
and then to use it to carry out and understand our investigation about it. We especially
took particular care to fabricate ordered templates with various pore diameters, height,
and to control the thickness of the barrier layer present at the bottom of the pores.
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1.2 Fabrication principle and structure tailoring

1.2.1 The anodization of aluminium

Contrary to natural aluminium oxidation, which is due to the presence of oxygen in
the atmosphere, the anodization is an electrochemical process, and therefore involves an
electric field that influences the reaction a lot. Indeed, without any electric field, the thin
aluminium oxide (alumina) layer that forms according to:

4AL, +30,,, — 2AL0,

(s) (2) (s)

stops the reaction as soon as the alumina is thick enough (a few nanometers) to prevent
oxygen of the atmosphere to react with aluminium. In the electrochemistry case, the
electric field helps ions to cross the oxide barrier, allowing the reaction to go further and
therefore to realize thicker alumina layers, as long as the electric field is high enough
compared to the barrier thickness. This process has been used for ages to realize pro-
tective films on metals (especially aluminium) against corrosion. From a practical point
of view, the aluminium to oxidize is set as the anode, and a counter electrode (typically
made of graphite, platinum or gold so it doesn’t react in the electrolyte) as the cathode.
Both are dipped in the electrolyte, usually made of acid (sulfuric, oxalic, phosphoric. .. )
diluted in DI water. The oxidation of Al is as follows:

Al . — APt + 3¢

()

This reaction takes place at the metal/oxide interface and is responsible of the alumina
formation. Indeed, part of the AI*T jons supplied by this reaction crosses the oxide
barrier thanks to the electric field, and then dissolve in the electrolyte, but the other
part will react with oxygen-containing ions (O* and OH") and will form alumina. The
origin of these oxygen-containing ions is still discussed, at least their proportion, for they
could come from at least two distinct reactions:

H,O — H" + OH and
H,0 — 2H" + 0% [10]

In both cases the anions would mainly come from water dissociation at the electrolyte/oxide
interface. The anodization process can be written as follows:

241 +3H,0) — ALO, ) +3H,  [11]

() M
though this equation is a simplified view of what really happens during the whole process.
If the electrolyte used in this reaction is neutral or basic (i.e pH > 5 [10], [11]), the
alumina layer is called barrier-type alumina, which is a classical thin layer (up to several
microns) on the non-oxidized aluminium. On the contrary, if an acidic solution (typically
sulfuric, oxalic or phosphoric acid) is used as an electrolyte, the as-formed alumina is
also partially dissolved, due to a proton-assisted mechanism [12|. Under very specific
conditions, this can lead to the formation of porous-type alumina: this is the object of
the next paragraph.
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1.2.2 The pore formation mechanism

In this section we only focus on aluminium anodization performed inside an acidic elec-
trolyte. As mentioned before, we attend two electric field-assisted reactions:

e the alumina formation (see above) at the metal /oxide interface,

e the alumina dissolution at the electrolyte/oxide interface: alumina is dissolved by
the acidic electrolyte, assisted by the electric field that extracts A>T jons from
the alumina, which supplies oxygen-containing anions on top of the other source
mentioned above.

Of course if one of the two reactions above prevails, the pore formation cannot take
place. In one case we would have the formation of barrier-type alumina, which has
already been dealt with, and in the other case no alumina would be formed at all, thus
giving way to a pure aluminium surface. The porous alumina can only form if these two
reactions balance. Both reactions are electric field-enhanced, and therefore the voltage
applied during the anodization process will play a crucial role in this equilibrium.

Before describing the mechanisms occurring during the formation of anodic alumina,
a few words have to be told about the mechanical stress linked to the oxidation of an
aluminium layer. Usually, the insertion of atoms, impurities or dopants in a material
leads to a volume expansion of the latter. In the case of aluminium, the insertion of
oxygen atoms is generally followed by a volume expansion of a factor between 1 and 2,
depending on the conditions [13]. This volume expansion results in a mechanical stress
inside the alumina, which is believed to be the cause of the irregularities on the surface of
the oxide. Thus, even after a barrier-type oxidation, due to stress relaxation in alumina,
the surface reveals a roughness.

To understand better what happens during the pore formation process, one has to
decompose the mechanism. It is also very helpful to follow the evolution of the current
as anodization goes along (see Figure 1.1).

At the very beginning, a flat aluminium layer deposited on a substrate is immersed
in an acidic electrolyte. Natively a thin (2-3 nm) oxide layer is already present. Once a
voltage is applied between this sample and the cathode, the anodization of aluminium
immediately begins, both at the metal/oxide and at the oxide/electrolyte interfaces [12].
This is due to the electric field, which accelerates the oxidative species (O? and OH")
through the barrier layer, and AI>* ions that are extracted from the barrier oxide. The
oxide layer thus gets thicker, which results in a dramatic current decrease (stage I in Fig-
ure 1.1). As we have seen above, the aluminium oxide formation is always accompanied
by a volume expansion, which involves a lot of stress and irregularities in the material.
This results in the creation of a roughness at the oxide/electrolyte interface, quite bigger
than the roughness of the initial aluminium layer and sufficient to reveal differences of
alumina thickness. As a result, the resistance of the alumina is not homogeneous any-
more, and the field lines will naturally point at the thinner areas, where ions exchanges
will therefore be easier. In these places, the high electric field (~ 107 V.ecm™ [14]) weak-
ens Al-O bonds and extracts AI3T ions from alumina more easily than in thick oxide
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Figure 1.1: Current-time transient during an anodization of a 2" Al sample.

areas, which leads to a faster dissolution of alumina. Thus individual paths will form
[15], which will make the current increase (stage III in Figure 1.1), after having reached
a minimum (stage II) corresponding to the maximum thickness of the oxide layer. These
paths announce the places of the future pores, that will grow during the steady-state
(stage IV), when the equilibrium between the dissolution of alumina and its formation is
reached. Note that the thin oxide areas are the only places where both alumina dissolu-
tion and formation balance, which leads to the digging of pores through the sample. The
coexistence of these two phenomena can be decomposed as follows: the field-enhanced
dissolution of alumina makes the anodization current become high enough to create a
new oxide layer. Little by little, the thickening of the oxide slows down the ion transfer,
which allows the alumina dissolution to become the predominant reaction again. As long
as the conditions are maintained, this cycle will continue until the aluminium layer is
completely consumed. Of course, it is possible to stop the process in order to keep an
aluminium layer underneath the porous alumina, whose height depends on the anodiza-
tion duration. On stage IV, one can notice that the current slightly decreases. The
anodization current being mainly related to ionic movement through the barrier oxide
[15], diffusion limits in this area are reflected on the current evolution during the steady
state. Depending on the cases, the steady-state current can be more or less constant,
and can even slightly increase.

1.2.3 Pore ordering and structure tailoring

For many applications, other porous templates than porous alumina exist and are com-
mercially available, such as polymer-based porous templates (usually fabricated by the
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track-etched process). Besides their obvious advantages that are ease of use, constancy,
and reliability, we nevertheless put the emphasis on the complete customized fabrication
(thickness, pore diameter...) of our membranes, which is not possible with commercial
products. Moreover, the lower thickness of these porous membranes are usually larger
than the thickness we will actually use in this work, which make the PAA a candidate of
choice.

In the following, we will see how we can play with the different experiment parameters
to fabricate PAA templates with a specific design. Indeed, the geometrical features of the
pores will be highly affected by parameters such as temperature, voltage, concentration
and type of electrolyte, and even the stirring of the electrolyte during the process. The
main features that describe a PAA template are the diameter of the pores, their height,
the interpore distance, the thickness of the barrier layer, but also the ordering of the
pores.

Approaching the perfect hexagonally-packed arrangement

Once the growth has started, the pores appear to grow perpendicular to the surface
(we will use the general term "vertical" in the following), though nothing could have
led to believe they would grow this way at the beginning of the anodization. Indeed,
the initial growth direction of the pores mainly depends on the local orientation of the
oxide/electrolyte interface, induced by the mechanical stress inside the alumina layer (see
above). To explain the vertical and equidistant arrangement of the pores, it is suggested
that the repulsive forces existing between neighouring pores, caused by mechanical stress,
apply uniformly in pore bottom, creating an isotropic lateral stress that spreads pores
homogeneously. Thus the alumina walls are pushed upwards, since the vertical direction
is the only way for the material to expand [16]. It can clearly be seen on a cross-section
of a PAA that the pore orientation is initially random and that they self-arrange as they
penetrate the sample. For energy minimization reasons, a hexagonal structure forms
on well-arranged samples, which can be found in many occasions in the nature, like in
honeycombs, hexagonal basaltic columns, dried clay. .. (see Figure 1.2).

Figure 1.2: Examples of natural hexagonal arrangement in (a) honeycomb, (b) basaltic columns
and (c) dried clay. (d) illustrates the formula below.

However, the conditions to obtain well-ordered, hexagonally-packed pores cannot be
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arbitrarily chosen. Nielsch et al. [17] noticed that the porosity of a hexagonally-packed

structure, defined as
27 r\ 2
P=—x|—
\/g <dint>

(where r is the pore radius and d;,,; the interpore distance, see Figure 1.2(d)), always takes
values around 0.1 in the case of a well-defined self-ordered porous alumina. Connecting
the applied potential U to the porosity thanks to ds,; = kU:

2 r
U=, |—-—
\/ V3P k

they showed that for a given pore diameter and respecting what they called the 10 %
porosity rule, a unique, ideal value of U can be calculated and should be applied to get a
perfect hexagonally-packed structure in the suitable acid electrolyte. They also measured
the expansion volume (given by £ = V{}—X’l’”, with 1 < £ < 2), and brought out three cases.
If £ = 1.2, a good ordering is possible, but if £ < 1.2, then the pore array remains
disordered and if 1.3 < £ < 2 the higher ¢ the smaller the size of ordered domains. The
electrolyte has to be carefully chosen, as well as its concentration since the lower the pH
(directly related to the concentration), the easier the field-enhanced dissolution. Thus, an
adapted voltage range has been determined for several acid electrolytes [13], |18], such as
sulfuric acid, oxalic acid, and phosphoric acid, which are the most common ones. These
results are valid for the type of anodization called "mild anodization" (MA), in which
current density is seldom higher than 10 mA.cm~2. However, new self-ordering regimes
have been discovered and allowed to extend the ranges that provide well-ordered pores.
Basically, these regimes use higher current densities than for mild anodization (>100
mA.cm~2) and correspond to the hard anodization (HA) process [19]. Like for MA,
the interpore distance and the pore diameter are linearly proportional to the anodization
voltage, but they found a porosity three times lower (3.3 %) than for MA. The advantage
of using HA is a shorter fabrication time, since the pore growth rate is highly increased
compared to MA. However, the high current density can damage the sample by causing
a burning of the alumina film, which requires an appropriate cooling system. Kashi et al.
[20] also developed what they called the "accelerated mild anodization", which provides
a higher growth rate than MA, with similar r and djns.

Of course temperature influences the ordering of the pores and the growth rate of the
alumina [21]: the lower the temperature, the lower the growth rate. A different range
of temperature giving the best ordering exists for each type of electrolyte. For example,
the anodization in phosphoric acid is usually performed at 0-2°C, in order to prevent the
sample from burning because of too high voltage (usually around 195 V).

The pore diameter and the interpore distance

It is well-known for decades that the pore diameter d = 2r and the interpore distance
dint are directly related to the applied voltage U as follows: d = k1.U, djpt = k2.U, where
0.4 < k; <0.9nm.V~! and ko ~ 2.5-2.8 nm. V1, if the electrolyte is used in line with the
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chosen voltage (see previous paragraph) [2], [13]. These values are approximative since
they can vary with temperature and electrolyte concentration. An increasing temperature
leads to an increasing pore diameter (it is typically varied between 0 and 30°C), whereas
the interpore distance is not affected. An increasing electrolyte concentration also leads
to a larger pore diameter, but slightly decreases the interpore distance. Choosing the
appropriate electrolyte (see above), one can thus fabricate well-ordered PAA templates
with a given interpore distance and pore diameter, adapting the anodization voltage. For
example Zhang et al. got some pores 19 nm in diameter using 18 V in 10 wt% sulfuric
acid [22], Ono and Masuko obtained some pores 34 nm in diameter with 40 V in 0.3 M
oxalic acid [23], while Martin et al. fabricated large pores (up to 400 nm in diameter)
with 195 V in 1 wt% phosphoric acid [24]. With the aim of reducing as much as possible
the nano-devices that could provide the use of PAA, one can hope for a structure with
ultra-thin pores. Beyond the classical electrolytes mentioned above, an optimized mix of
several acids can allow the use of very low voltages, which could lead to very small pores
(a few nanometers). Indeed, we have seen that the pore diameter is directly linked to
the applied voltage, but not any electrolyte is appropriate for any voltage. By combining
strong acids mix (H2SO4, HCI) and low voltage, Marquardt |25] managed to find an
equilibrium between alumina dissolution and formation in these conditions, and realized
PAA templates with pore diameter as small as 4 nm.

Non-straight pores

When 1D nanostructures with a special design are required, an interesting anodization
technique provides pores with a modulated diameter, which can lead to nanowires with
a varying diameter if a subsequent growth is performed. This technique simply consists
in changing the applied voltage while the anodization is performed, which will change
the pore diameter. This change has to be carried out carefully, since the equilibrium
between the formation and the dissolution of alumina has to be preserved. Sulka et al.
used a "pulse anodization" [26], which consists in applying a short "high" voltage (35 V)
pulse to create hard anodization conditions between longer times at a lower voltage (25
V), which corresponds to mild anodization conditions. Comparable results were given
in [27], where HA and MA processes have been alternated. Bodepudi et al. propose
two methods to modulate the diameter of the pores [28]. A change in current density at
a constant voltage can also modify the pore diameter, but they also use a simple pore
widening process between two anodization steps in order to get a layer with large pores
above a layer with narrow pores. These methods can be useful for various applications,
such as magnetism of nanostructures [29] or to study in what extent the electrical and
optical properties of diameter-modulated can differ from straight nanowires.

In the same vein of controlling the shape of the pores to grow nanostructures with
special features, one can realize branched pores, from "Y-junctions" to complete tree-like
porous alumina. The corresponding nanostructures grown inside are expected to exhibit
novel properties, and could be used as building blocks as basic connectors in nanoelec-
tronic devices. Y-junctions have been realized by abruptly increasing the anodization
voltage, leading to a top-layer with vertical pores that split, forming two thinner pores
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in an underlayer [30]. As a following, carbon nanotubes [31], metallic nanowires or even
heterojunctions between NWs and N'Ts have been synthesized [32]. More complex struc-
tures, namely tree-like pores, have been fabricated in several ways. Cheng et al. used an
exponential decrease technique, where the non-steady-state anodization has the effect of
splitting the pores randomly [33], whereas symmetrical, tiered structure has been realized
by a multiple step anodization, where both voltage and electrolyte were changed [34].
More anarchic, divided pores have been obtained by using Al substrates with special ge-
ometric features [35]. Nanopores were found to merge and to get curved on some specific
areas of the sample, because of the non-homogeneous stress and electric field along the
alumina.

The pore height

The height (or thickness) of the porous structure can be very easily tuned since it only
depends on the duration of the anodization (for given conditions). Nevertheless the
formation rate, which links the anodization duration to the height of the PAA, depends
on numerous parameters such as the temperature (increases with T), the electrolyte and
its concentration (increases with C), the applied voltage (increases with U), and what
is called the dipping time (whose influence upon the formation rate depends on the
temperature of the electrolyte) in [25]. Some research teams fabricated PAA templates
with very high aspect ratios (> 500), with a thickness of several tens of microns [20], [36],
anodizing their samples for several hours. For example, Lee et al. obtained well-ordered
pores 100 nm in diameter, with a height of 110 pm after a two-hour anodization [19]
(note that in this example a relatively short anodization was enough because they use
the hard anodization process).

In the next section, we will detail the experimental set-up that we used to fabricate
our own PAA templates, and our investigations about the different parameters of the
anodization process. The fabrication and optimization of such templates have already
been partially studied by our team, this has therefore to be understood as a continuation
of the progress accomplished before.

1.3 Results and discussion

1.3.1 The experimental set-up

All the experiments have been realized using silicon wafers (Si wafers) as supports. Some
teams use high-purity aluminium sheets to study porous alumina formation [15], but
in our case and with a view to fabricating electronic devices, Si wafers are perfectly
appropriate. Two different sample holders have been designed, depending on the size
of the sample to anodize, that is an entire 2" wafer or a 1x1 ¢cm? sample. The main
challenge has been to contact electrically the sample on the back side, while immersed
inside the electrolyte.

The set-up dedicated to 2" wafers is composed of a glass electrolyte container (’a’ in
Figure 1.3(a)), with a wide circular aperture on the bottom. Once the sample is mounted
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as shown in Figure 1.3(a), the container is put on the sample so that, once filled, the
electrolyte covers it. The leakages are prevented thanks to an o-ring (’b’ in Figure 1.3(a))
which is the size of the aperture (= 11 cm?) and a pressure applied on the electrolyte
container by four screws (’c’ in Figure 1.3(a)) and two steel plates (’d’ in Figure 1.3(a)).
Since these plates are conductive, the bottom one is used as a back contact to the sample
for the anodization.

In case of smaller sample (1x1 cm?), the other sample holder has to be used. Here
the entire set-up is immersed inside the electrolyte, so a Teflon-based material has been
chosen to fabricate every piece in contact with it, since it contains acid. First, the
sample is mounted on a copper support with silver paste (’a’ in Figure 1.3(b)). This
copper support is pressed inside the Teflon holder (b’ in Figure 1.3(b)) against a little
o-ring thanks to a steel screw ('c’ in Figure 1.3(b)), and then locked inside the holder
with a Teflon plate and three Teflon screws. Thus, once in the electrolyte, everything
is insulated inside the sample holder except a small surface of the sample of about 0.29
cm? (see the little hole in 'b’ in Figure 1.3(b)), which is covered by the electrolyte inside
a beaker. The electrical contact is ensured by a steel rod (’d’ in Figure 1.3(b)) that
contacts the copper plate through the sample holder.

The final assembly, in the case of 2" wafers, is shown in Figure 1.3(c¢). The assembly
for 1 cm? samples is very similar, and doesn’t need to be described in detail. Once the
sample is immersed in the electrolyte, in both cases a graphite counter-electrode (’a’
in Figure 1.3(c)) is used as a cathode to perform the anodization, the anode being the
sample itself. A glass stirrer ('¢’ in Figure 1.3(c)) is also used in both cases to prevent
local heating in the electrolyte, and ensure its homogeneity.

The anodizations were performed in the potentiostatic mode, thanks to a stabilized
power supply, and the current was measured thanks to a Metrix multimeter, connected
to a computer through its RS 232 output in order to visualize the current-time curve,
generated by a home-made Labview program. As it has already been mentioned above,
it is usually useful to perform the anodization at low temperature to get a better pore
ordering. In that purpose a special glass coil (b’ in Figure 1.3(c)) was fabricated to cool
down the electrolyte in the 2" type set-up, and a double-walled container was used to
receive the electrolyte beaker for the 1 cm? sample set-up. Both devices were connected
in serial to a thermoregulator using silicone oil as a thermofluid, which allows to carry
out anodizations at temperatures as low as 1°C.
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Figure 1.3: (a) Anodization setup for 2" wafers, (b) anodization setup for small samples (1 cm?)
and (c) anodization setup for 2" wafers, with graphite cathode (a), glass coil cooler
(b), and glass stirrer (c).

1.3.2 The PAA template fabrication process

The following deals with the fabrication and the control of PAA films with desired fea-
tures. We will talk about the two-step anodization process conditions, the growth rate
of the pores, which is necessary to control the PAA thickness, then we will see how we
can overcome the the problems related to the barrier layer, and finally the method we
have used to fabricate through-hole PAA films on the Si substrates.

The two-step anodization

All the anodization steps have been carried out the same way. First of all an Al layer is
deposited by evaporation on 2" (100) Si wafers, in an e-beam evaporator. The Si wafers
are beforehand sonicated successively in acetone and propanol, then rinsed in DI water
and dried under Ng, in order to make the interface between Al and Si as clean and as
flat as possible. Indeed, a non flat interface would lead to a non-homogeneous Al layer,
which then would give an alumina porous layer with a non homogeneous thickness. In
some cases, in order to get a perfectly-cleaned surface, an RCA-like treatment is even
performed, especially when we plan to carry out the entire process until an electronic
device. Depending on the desired height of the future alumina, a more or less thick layer
is deposited. The pressure inside the evaporation chamber is decreased down to a few
10~7 Torr, and the current passing through the crucible is around 0.50 A, which deposits
Al with a rate of =~ 0.5 nm.s~!. Note that such a low pressure and a highly-pure Al target
are essential, since a low purity of the deposited Al would lead to a very bad formation
of porous alumina. As an illustration, we couldn’t manage to fabricate a proper PAA
from a target containing as little as 0.5 % of incorporated copper (this composition may
be useful for other applications). We suggest that the few Cu atoms prevent the Al from
being oxidized properly by modifying the exchange events that occur in pure Al.

In most cases the two-step method (see 1.1, p.7)) has been performed in order to get
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a good ordering on the top of the PAA. Basically it consists in anodizing a sacrificial Al
layer (first step), removing it, and then anodizing the remaining Al again (second step).
Indeed, we realized that the pores were rather straight and well ordered as soon as the
first anodization, but that the top of the PAA was inevitably disordered, because of the
preliminary period when the pores get organized at the beginning of the anodization
process (see below). Then the rest of the membrane is straighter, which corresponds to
the steady state, when pores grow parallel towards the bottom of the sample. For this
reason we performed a first anodization, which led to a temporary porous membrane,
which has the effect to create some ordered, scalloped pore prints on the surface of the
underlying Al layer. When this temporary membrane is chemically removed (we used
a typical mixture of 0.2 M CrOs and 0.6 M H3POy4 for 40 min at 60°C), the Al layer
surface is "pre-patterned"”, that is to say that the individual paths mentioned in 1.2.2
will preferentially form in these ordered nano-prints, which will lead to the formation
of well-ordered vertical pores as soon as the second anodization begins. The pores are
therefore completely straight all along the membrane (Figure 1.4(a)), which is of high
interest for further dry etching (see chapter 4). Depending on the pore diameter required
(1.2.3), we applied either 20 V in a 0.3 M H2SO4 solution, or 40 V in a 0.3 M oxalic acid
solution, which are the common anodization conditions. We seldom used higher voltages,
since current instability and overheating problems easily take place in this case. Besides
our goal is not to fabricate large pores. In Figure 1.4(a), the pore diameter is between 28
and 40 nm and the interpore distance (top view not shown here) about 102 nm, which
corresponds to k; = 0.7-1.0 nm.V~! and ko ~ 2.55 nm.V~!, which is good accordance
with the ki and ko values given in p.1.2.3.

For the sake of reproducibility, these two steps have to be performed the same way
from one sample to another, especially concerning the time the sample is immersed inside
the electrolyte before the anodization. Marquardt showed that this "dipping time" is a
crucial parameter regarding the growth rate [25], this is why a constant time (between
15 and 20 min, corresponding to the time needed for the temperature to decrease again
after the immersion of the sample) was respected between the immersion of the sample
and its anodization. The two-step method is simple, cheap and therefore widely used
by research teams who work on PAA; nevertheless an alternative method, called the
molding process, can also provide highly-ordered porous templates. Basically it consists
in creating the same kind of prints as the ones created by the first anodization, but
using a solid mold whose convex prints are pressed against the Al sample [5]. Then the
anodization is performed classically from the patterned sample.

Figure 1.4(b) shows the beginning of the I(t) curves of the first anodization (FA) and
the second anodization (SA), respectively. Two main differences between the two curves
can be noticed. First, the minimum current (stage IT in Figure 1.1) is always reached
sooner for the SA than for the FA. Secondly, this minimum is markedly higher than the
FA one, as well as the steady state current. The first difference can be explained by the
nano-prints made during the FA, which make the individual formation (see 1.2.2, p.9)
quite easier. The initiation of the pore growth is therefore brought forward, since the
pores are almost "ready to grow". If the SA curve is usually above the FA one, this is due
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Figure 1.4: (a) SEM cross-section picture of a PAA template after the second anodization and
(b) corresponding FA and SA current-time curves.

to practical reasons. As mentioned in section 1.2.2, a lot of AI3T ions are extracted from
both Al and Al;O3 and dissolved inside the electrolyte. If the same electrolyte is then
used to perform the SA, its chemical composition is different compared to the one used
for the FA. Since the current measured is mostly ionic, AI** ions from FA contribute to
increase the current during the SA.

Adjusting the pore diameter

As already explained in p.12, the higher the anodization voltage, the wider the pores.
As an illustration we performed three anodizations at different voltages, i.e. at 20 V, 40
V and 140 V, respectively. Of course the electrolyte has been adjusted in each case in
order to get a good pore ordering, as mentioned in p.12. We chose sulfuric acid, oxalic
acid, and phosphoric acid, respectively, each with a 0.3 M concentration. The results are
visible in Figure 1.5.
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Figure 1.5: SEM cross-sections of PAA anodized at (a) 20 V in sulfuric acid, (b) 40 V in oxalic
acid and (c) 140 V in phosphoric acid. The bottom pictures are magnifications from
the top ones at the same scale, in order to compare the size of the pores.

The pore diameter varies between ~ 10-15 nm for the anodization at 20 V, up to
almost 200 nm for the anodization at 140 V. One can notice that the anodization duration
differed between each of the pictures shown here (respectively 10 min, 30 min and 1h15)
but that this only impacts the pore height and not the pore diameter at all. An interesting
thing to notice as well is the increasing thickness of the pore walls with the increasing
voltage. This is all the more visible in the bottom pictures, where the scale hadn’t been
adjusted to fit the page: the pores formed at 140 V are amazingly larger than those
formed at 20 V.

Adjusting the PAA thickness

Depending on the subsequent experiments one wants to perform, it is capital to control
the height of the vertical pores of the PAA template. If long nanostructure growth is
required, of course a thick PAA will be fabricated to receive the whole length in the pores,
and to keep nanostructures from protruding out of the membrane. On the contrary, it
would be a waste of time to fabricate a too thick membrane if small structures or even
particles are deposited. Furthermore, a too thick membrane can lead to a bad pore
filling, and make a pattern transfer more difficult [37]. It is therefore of high interest
to calibrate the growth rate of PAA, and this for every anodization conditions. As a
basic example, we carried out a small serie of experiments to show in what extent the
thickness of a PAA can vary. We anodized Al layers in two steps at 20 V in 0.3 M sulfuric
acid, with different second anodization durations. As we could expect, the longer the
anodization the thicker the PAA layer (i.e the highest the pores), as shown by the graph
in Figure 1.6. This led to PAA 150 nm to 1.2 pm in thickness for 2 min and 28 min
anodization, respectively. One can notice the two different slopes of the fitting linear
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curves, corresponding to growth rates of ~ 104 nm.min~! and 29 nm.min~'. We didn’t
expect such a high slowing down during the anodization process, but we attribute it to
the increasing pore depth, which makes the ion transport harder as the pores become
higher. Three cross-sections are presented as an illustration in Figure 1.7. Such a study
is important to calibrate the PAA growth rate, since the majority of the subsequent
experiments will be carried out under these conditions.
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Figure 1.6: Thickness of PAA as a function of the second anodization time. The sample was
anodized under 20 V in 0.3 M sulfuric acid.

Figure 1.7: Cross-section of PAA templates after a second anodization of (a) 2 min, (b) 11 min
and (c) 28 min. The three samples are magnified 50 000 times, the inset in (a) is a
100,000x magnification.

Some applications may need a given thickness of non-oxidized aluminium (including
no Al at all) under the PAA. To do so, the two-step anodization appears more complex
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than it seems, since both first and second anodization duration have to be calibrated.
Indeed, the first anodization determines how much Al will remain after the temporary
PAA removal (1.3.2), which will impact the thickness of the remaining Al under the
final PAA, after the second anodization. For example, if no Al is needed under the final
PAA, one should know exactly how much Al is needed to lead to the correct thickness
of porous alumina, taking the volume expansion into account (1.2.2). Therefore one
should beforehand anticipate how much non-oxidized Al will be available after the first
anodization.

At the end of the second anodization, if Al is not completely consumed, then the
oxide layer which ions used to travel through during the anodization is still visible (Figure
1.4(a)). This oxide layer is commonly called the barrier layer. It could be useful if an
effective insulator between the interior of the pores and the substrate is needed, but its
presence is not desired if one wants to use the PAA as an etching mask or if an electrical
contact is needed between nano-objects grown inside the pores and the underlying layer.
The next paragraph deals with different methods to get rid of this barrier layer.

The barrier layer etching

The back access to the nanostructures grown inside PAA templates is hindered by the
barrier layer, therefore a through-hole structure is required for a lot a applications. Sev-
eral techniques have been developed, like ion milling [38], plasma etching [39], and wet
etching [5]. The latter has been widely used, included in our studies, and consists in
using an acidic solution (typically phosphoric acid) to chemically etch the oxide barrier
layer at the bottom of the pores. This method is very simple, but has some drawbacks
related to its isotropy. Indeed, when the sample is immersed, the barrier layer is etched
by the H3POy, but the pore walls as well, they are therefore progressively thinned. Han
et al. [40| reported that though pore walls and barrier layer are both basically made of
alumina, their composition might slightly change, since barrier layer sees many damaging
events during the anodization, like atoms incorporations, dissolving, ions travelling. . .,
which weakens its structure and leads to a less dense material. Therefore their density
and reactivity towards phosphoric acid might be different, and the etching rate of pore
walls should be lower than the one of the barrier layer. A simple study of the barrier
layer thickness of a sample immersed in phosphoric acid for different times allows to
determine the etching rate of the barrier layer. For this study we anodized a sample for
3 min (for the second anodization) in 0.3 M oxalic acid at 40 V and 5°C, which gave a
250 nm thick PAA with pores 20 nm in diameter. The barrier has an average thickness
of 60 nm before any etching. We immersed this PAA in a 0.3 M H3POy4 solution at 30°C
for several durations, and reported the barrier layer thickness, measured on the SEM
pictures, as a function of the immersion time on Figure 1.8. Some SEM micrographs are
also visible in Figure 1.9.
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Figure 1.8: Barrier layer thickness (black circles) and pore diameter (red crosses) as a function
of the immersion time in H3PO4. Anodization took place in oxalic acid at 40 V.
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Figure 1.9: PAA after second anodization (3 min), (a) before the pore widening process, (b)
and (c) after a 20 min and 30 min pore widening process, respectively. (d) is the
corresponding top-view of (c).
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Even for long etchings (here the maximum we performed was 30 min), a thin barrier
layer (about 10 nm) is still present. The problem is that even if the barrier layer is
sufficiently thinned, the pore walls have become very thin (see Figure 1.11(c)), and
therefore the pore diameter has increased (see Figure 1.8). Such a long etching carries
the risk to highly weaken the porous structure, or even to destroy it. Nevertheless, the
top-view presented in 1.11(d) shows that the pores have not merged yet, and that the
porous structure is still usable in that extreme case. For this reason, it is also important
to know the evolution of the pore diameter as a function of the immersion time.
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Figure 1.10: Pore diameter as a function of the pore widening duration, for samples anodized in
oxalic acid (black squares) and in sulfuric acid (red circles).

We therefore studied more deeply the pore walls etching, by immersing some samples
in the same H3POy4 solution for different durations. This operation can be used to adjust
the pore diameter to a desired value, and is therefore often called "pore widening".
We can see on both curves in Figure 1.10, corresponding to samples anodized in oxalic
acid and in sulfuric acid, respectively, that the pore diameter increases linearly with
the duration of immersion, at least at the beginning of the etching. We have found
comparable etching rates for both kinds of samples: the pore walls were found to be etched
at ~ 1.80 nm.min~! for the sample anodized in oxalic acid, and at ~ 1.74 nm.min~! for
the sample anodized in sulfuric acid. The curve of the sample anodized in oxalic acid
shows that the etching rate markedly decreases after 30 minutes of etching, down to
~ 0.42 nm/min for longer etchings. Instead of continuing with the same etching rate
until the complete dissolution of the PAA, it seems like the pore walls become harder
to etch as they get thinner, delaying their complete dissolution. Indeed, according to
the average interpore distance estimated to 95 nm, the maximum pore diameter (i.e
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corresponding to a theoretical pore wall thickness of 0 nm) should be reached after a 41
min etching (by extrapolating the first part of the curve), and yet we still can see pore
walls after a 50 min etching (though ultra-thin). This phenomenon has already been
reported and can be explained by the existence of two regions of a different structure in
the pore walls. Indeed, as noticed by Thompson and Wood [41], the difference in mobility
of the oxalate ions (CgOi_) and the oxygen ions in alumina leads to the inner wall being
more contaminated by oxalate ions than the outer wall, thus creating different densities
in the pore walls (Figure 1.12). This results in the inner layer being more easily etched
than the outer layer, which is composed of non-contaminated alumina (almost pure),
and thus to a variation of the etching rate, occurring when the inner layer is completely
removed (see also [40]). However, this has not been observed for PAA films fabricated in
sulfuric acid, probably due to the very thin pore walls in which the two layers mentioned
in Figure 1.12 may not be so distinct.
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Figure 1.11: Evolution of the pore diameter after immersion in 0.3M H3POy4 for (a) 5 min, (b)
11 min, (c¢) 18 min, (d) 23 min 30 sec, (e) 27 min 30 sec, (f) 31 min, (g) 40 min 30
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Figure 1.12: Schematic drawing of the bi-layer structure of the pore walls. The inner wall is
oxalate ions-contaminated, and the outer wall is purer alumina.

The pore widening is a fast, simple method to decrease the thickness of the barrier
layer, but is not appropriate if one doesn’t want the template pores to get wider. Another
way to etch this barrier layer would be to use a reactive plasma, which can provide a high
etching anisotropy thanks to the bombarding effect. Nevertheless alumina is known to
be one the hardest material to etch, and a thickness as low as several tens of nanometers
would take several minutes to etch, which would damage the sample more than it would
etch the barrier. Therefore a combination of those two methods could be useful if a
sufficiently thin barrier layer would remain, and if the pore walls are already too thin to
continue the pore widening. A short, highly anisotropic etching would then be enough
to etch the thin barrier layer without bombarding the rest of the sample too much. This
method will be discussed in chapter 4; however, the pore widening process still lacks
homogeneity, since the thickness of the barrier layer can slightly vary from one pore to
another.

A classier, easier method to thin down the barrier layer consists in progressively
decrease the anodization voltage at the end of the anodization. Indeed, as well as for
the pore diameter, the barrier layer thickness dy; happens to depend on the anodization
voltage U: dy = k.U, where k is a constant depending on the anodization conditions.
Each time a new voltage is applied, a new equilibrium between alumina dissolution
and formation self-adjusts, leading to a branched structure after several decrease steps
[33]. Based on this method, a precise control has been developed by Marquardt et al.,
consisting in a continuous exponential voltage decrease, and leading to a slightly-branched
structure, with efficiently thinned barrier layer at the bottom of the pores [42]. A simple
subsequent pore widening can then be used to completely remove the remaining barrier
layer.

For the simplicity that it provides, the wet etching of the barrier layer has been chosen
for the following, and especially for the study of the Al etching discussed in chapter 4.
However, a last method is described in the next paragraph, and explains how to fabricate
vertical pores on Si without barrier layer.
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Open pores on silicon

When no Al is needed beneath the PAA, one can perform its complete anodization,
which leads to a barrier-free PAA standing on a Si substrate. The advantage is that
one no longer has to remove the alumina barrier layer and that the back access to the
nanostructures inside the pores is therefore made easier. The process is as follows: when
the Al layer is completely oxidized, the remaining barrier layer is dissolved with the
help of the electric field in the same way as during the rest of the anodization, until
it completely disappears and leaves through-hole pores. One can easily control this
complete anodization by mastering the current-time curve (see Figure 1.13(a)).
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Figure 1.13: (a) I(t) curve showing the current drop at the end of the anodization and (b)
corresponding SEM cross-section.

At the end of the steady-state, an abrupt decrease occurs at the very moment when
the last part of Al is consumed, that is when the bottom of the barrier layer reaches
the Si surface. From this moment on, since there is no Al left on the sample, the
current can only pass through silicon, which is more resistive, hence the current decrease.
However, this decrease is not instantaneous, and can sometimes take several tens of
seconds before it stabilizes. This is to be correlated to the inhomogeneity of the layer
thickness: all the pores don’t reach the Al/Si interface at the same time, therefore the Al
disappearance is rather progressive, and the increase of the resistance too. Meanwhile,
only the field-enhanced dissolution of alumina occurs, leading to immediate oxidation
of the underlying material, that is silicon, as soon as the barrier layer is etched away.
We will see later (chapter 3) that if the underlayer is hardly or non-oxidable, like gold,
the current dramatically increases after the steady state, for the same reasons. In case
of PAA realized on Si, one must be careful not to create another barrier oxide, namely
silicon oxide, after the current decrease. The anodization has to be stopped at a precise
moment, that is exactly after the barrier layer removal and before the silicon oxidation.
This is a bit tricky, and it has been shown [25] that stopping the anodization as soon
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as the current reaches a certain percentage of the steady state current (=~ 30 %) was
enough to get open pores. This value has to be calibrated for every condition, and is
visible on the current-time curve, when the decrease becomes slower (from 1300 s in
Figure 1.13(a)). If one waits a longer time, the underlayer may well be oxidized and if
the anodization is stopped earlier, some pores must remain close. In the example that
follows, we stopped the anodization when I — 40 % I,,, where I, is the current at the
plateau of the I(t) curve. It appears in Figure 1.13(b) that the main part of the pores are
opened, but a few pores (white arrows) still exhibit a small barrier layer, which reveal
the inhomogeneity of the thickness of the barrier layer during the anodization.

Table 1.1 sums up the different anodization and etching conditions we performed in
this chapter.

Electrolyte Sulfuric acid | Oxalic acid | Phosphoric acid
Voltage (V) 20 40 140
Pore diameter (nm) 9.2-14.8 28-40 120-182
Growth rate (nm.min~1) 29-104 ~ 50-55 33-50

Table 1.1: Summary table of the anodization and etching conditions.

1.4 Conclusion

The principles and the motivations of the realization of a Porous Anodic Alumina (PAA)
layer have been presented, with some details concerning the chemistry and the physics
occurring during its formation. Basing on the state of the art and on our own investi-
gations, we explained how to play on the different experiment conditions to customize
the features of the PAA. We especially focus on how to get large arrays of well-ordered
vertical pores. The influence of the applied voltage, the composition of the electrolyte,
the duration of the anodization, the temperature, and other parameters has been dis-
cussed. The interest of performing the anodization of aluminium in two steps has been
shown and the problem of the alumina barrier layer has been dealt with, while giving
several ways to remove it. Particularly, we focused on the fabrication of through-hole
pores standing on silicon substrate, which fabrication requires a calibration to prevent
the oxidation of the substrate.

These results constitute an important basis for further investigations, like the guided
growth of nanostructures inside vertical pores. For this purpose, several studies have
been carried out from the results of this chapter. One is the use of a PAA template as
a hard mask to realize anisotropic etchings and will be presented later on. The other
one is the deposition of metallic catalysts at the bottom of the pores of a PAA template,
which implies the fabrication of vertical pores on a silicon substrate, already seen in this
chapter. This is the topic of the second chapter. The geometrical features of the PAA
being directly linked to the shape and the density of the latter, their control is therefore
of high interest.
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Chapter 2

Electrodeposition in PAA

This chapter presents the different advantages and goals of electrodeposition with a global
overview of what has been done in this domain hitherto. It also presents our attempts to
deposit metallic catalyst in the bottom of PAA templates using this technique, next step
towards the fabrication of nanostructure-based field effect transistor. The ideal result
would be to get a PAA with pores homogeneously filled, that is with no empty pore and
no big catalyst size dispersion. Furthermore, these catalyst nanoparticles would be as
small as possible, in order to ensure a quick and efficient growth (see chapter 3).

2.1 Introduction and brief state of the art

The control of the fabrication of PAA templates with desired geometry is a first essential
step on the path of ordered, closely-packed 1D nanostructures synthesis. More gener-
ally, template-based nanostructures synthesis have been widely studied for the two past
decades, and various synthesis methods have been developed with the aim of using these
nanostructures in nanodevices. We can discern the electrodeposition and the electroless
method. The latter gathers several different techniques, such as enforced infiltration of
nanoparticles [1], high-pressure liquid or gas injection [2], [3], spontaneous reduction of
dissolved salts [4], pore walls functionalization [5], [6], [7], chemical polymerization [8],
sol-gel deposition [9] or chemical vapor deposition [10]. All these techniques are well
reviewed by Hulteen and Martin [11]. In most of these cases the growth starts from the
pore walls, and goes inwardly, which lead to nanotubules formation for short growths,
and to nanofibers for longer growths.

Known for more than two centuries, the electrodeposition process was firstly used for
electroplating, that is the coating of a conductive material with metal, from a solution
containing the corresponding ionic form of the metal to be deposited. This simple process
has been widely applied more recently to deposit various metals inside porous structures,
thus leading to metallic nanowire arrays that are of high interest for various applications
(especially in magnetic data storage devices [12], [13], [14]), to the deposit of catalytic
particles for subsequent NW or NT organized growth [15], [16] [17], [18], but also to more
specific applications (e.g. readout mechanisms [19]). Among the different methods used

33
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to electrodeposit mater inside porous templates, research teams use either DC, AC or
pulsed electrodeposition.

DC electrodeposition allows good control over crystallinity [20], [21], as well as good
control over the composition along the NW [22], [14], but suffers from an inhomogeneous
pore filling because of possible fluctuations in the alumina barrier layer thickness [23],
leading to a different resistance in each pore. However, one can circumvent this problem
either by using commercial through-hole polymeric porous membranes [20], [24|, or by
removing the barrier layer of the PAA membrane, but both options involves an additional
metal deposition (sputtering or evaporation) step to finally perform the electrodeposition.
Besides, in the case of PAA, a transfer of the alumina membrane -which therefore has
to be relatively thick- is required [25], which is complex and not desirable for high scale
fabrication.

AC electrodeposition has the advantage to get rid with the problem created by the
alumina barrier layer, that acts as the dielectric of a capacitor. Caboni was the first one
to develop this method to fill nanopores [26]. During the cathodic half-cycles (negative
voltage), metal ions are reduced at the bottom of the pores, and the rectifying behaviour
of the alumina ("valve metal oxide") prevents the reoxidation during the anodic half-
cycles |27]. Moreover, these anodic half-cycles allow the capacitor to discharge, and thus
the electrolyte to keep a metal ion concentration high enough to keep on providing the
cathode for reduction. These advantages can give a good pore filling, which is more
difficult to get under DC conditions 28], [29], [30]. However, this technique suffers from
a bad control over the structure of the deposited material [31],

According to Nielsch et al., pulsed electrodeposition (PED) can also provide a good
and homogeneous pore filling [23]. Instead of AC deposition, they used a short con-
stant current cathodic pulse to reduce the metallic ions, immediately followed by an even
shorter anodic pulse in order to discharge the capacitor (barrier layer). They also added
a "delay time", quite longer, so as the electrolyte recovers its concentration homogene-
ity near the electrolyte/deposited metal interface. This method has been successfully
followed by many groups ever since [32], [33], [34].

All methods taken together, a very wide variety of metals has been successfully de-
posited at the bottom of vertical pores. Let’s mention gold [5], [35], [25], copper [36],
[37], [21], nickel [38], [23], [28], [39], cobalt [40], [38], [32], [41], iron [27], but also sil-
ver [42], ruthenium [24], palladium [33], [4]. .. Even semiconducting materials have been
deposited: CdS [43], CdSe and CdTe [44], BixTes [45], CuS [46]. Cao and Liu grouped to-
gether these results in their review |47|, mentioning also conductive polymers and oxides
deposition, of a lesser interest for our work.

In our case, the electrodeposition has been used as a convenient mean to deposit cat-
alytic particles at the bottom of the pores, with a view to growing nanostructures inside
the PAA. To emphasize the versatility of the PAA as a template, several kinds of metallic
catalysts have been successfully deposited in this way, leading to silicon nanowires as well
as carbon nanotubes confined growth.
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2.2 The principles of electrodeposition

Basically, an electrodeposition is always based on the same set-up. Two electrodes are
required, the sample to be coated being chosen as the cathode, where the reduction of
cations will take place. The cations can be supplied in two different ways: either the
anode is made of the solid form of the material one want to deposit on the cathode, or
the cations are already dissolved in a conductive electrolyte. In the first case the anode is
therefore oxidized to dissolve metallic cations inside the electrolyte, in the other case the
cations usually come from the dissolution of salts, and the anode is a neutral electrode
(platinum, graphite...) that doesn’t react with the electrolyte. Both electrodes are
dipped inside the electrolyte, and connected to a power supply. When an appropriate
voltage is applied between the two electrodes, metallic ions surrounding the cathode are
reduced onto the surface of the cathode with the following reaction: szq) +ze” —> My,
creating a thin deposit of the element M on it. The longer the process, the thicker the
deposited layer; this process is commonly called "electroplating” and is widely used in the
industry. The electric field helps the cations to reach the surface of the cathode and to
ensure a sufficient cationic concentration around the sample (cathode) for the reaction to
go on. Not any applied potential can lead the reduction reaction. Indeed, both oxidation
of the metal and reduction of the cations occur, and the applied voltage determines
which one prevails. They actually exactly compensate for a particular potential, called
the Nernst potential, defined as

RT a
ENernst = —lin <W>
zF am

where

- R is the universal gas constant,

- T is the absolute temperature,

- 7 is the number of electrons involved in the reaction,

- F is the Faraday constant,

- ap+ and apy are the chemical activities of the cation and the non-oxidized metal,
respectively.

Thus, to ensure a deposition, the applied potential has to be superior to the Nernst
potential. We talk about an overpotential. In order to realize a proper electrodepo-
sition, the three-electrode system is widely used. It involves the same two electrodes
mentioned above, namely an anode and a cathode, and an additional electrode, called
the reference electrode (RE). In the following we will talk about working electrode (WE)
for the cathode, and counter electrode (CE) for the anode. The reference electrode acts
as an electrochemical half-cell itself, since it contains both oxidant and reductant of a
redox couple. Its role is to provide a well-known and constant potential, from which the
working electrode potential will be based. Indeed, the potential of the counter electrode
is constantly adjusting to balance the excess or the lack of charge induced by the working
electrode, and therefore cannot be used as a reference. The reference electrode is able to
measure the potential of the working electrode, but also to control and adjust it. Besides,
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Figure 2.1: Drawing of the three-electrode system used for electrodeposition. WE, CE and RE
stand for working, counter and reference electrode, respectively.

these measurements don’t interfere with the global process, since the reference electrode
doesn’t pass any current. On the contrary, the counter electrode passes all the current,
and thus provides electrons to the circuit for the reduction at the working electrode.

2.3 Experiments, results and discussion

2.3.1 The experimental setup

For the reasons brought up in the previous paragraph, we used a three-electrode system
in order to control efficiently the deposition of nanoparticles at the bottom of the PAA
(Figure 2.1). Contrary to the anodization case, here the sample plays the role of the
cathode, where reduction takes place. It is called the working electrode in this particular
set-up and is mounted on the same sample holder as for the anodization step. The anode,
or counter electrode, is the same graphite electrode as the one used in the anodization
set-up (’a’ in Figure 1.3(c)) and the reference electrode is an Ag/AgCl electrode, whose
potential is 0.21 V compared to the standard hydrogen electrode (SHE). Contrary to
classical electroplating set-ups, the anode doesn’t need to be the same material as the
material to be deposited, since the desired cations have already been inserted during the
making of the electrolyte. This set-up was supplied by a potentiostat from Bio-Logic,
controlled via the software EC-Lab from the same company, which allows to design easily
any wave to be applied on the working electrode. Thus we have been able to test several
deposition modes mentioned in the introduction of this chapter. The potentiostatic mode
(i.e. the measurement of current as a function of a desired voltage) is more relevant
than the galvanostatic mode, since the former allows to apply the overpotential that
can lead the diffusion-limited current, which is easy to control. On the contrary, the
galvanostatic mode will impose a current that, if higher than the diffusion-limited current,
will not necessarily supply the overpotential needed for the reduction of the species. As
a reference structure for studying the electrodeposition process inside PAA, we used
the same process for fabricating the PAA templates as described in chapter 1. Most
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often the anodization has been performed completely, that is until the Al layer is totally
consumed and transformed into porous alumina, in order to free ourselves from the
problem caused by the barrier layer. As the electrolytes behave differently depending
on their composition, several species have been studied, namely copper (Cu), nickel (Ni)
and gold (Au). This has also been done with the view to being able to grow different
nanostructures in the PAA, since the latter cannot grow with any catalyst (see chapter
3).

2.3.2 The pulsed electrodeposition (PED) parameters study

In order to grow SiNWs, several catalysts are available. Among them, Cu and Au appear
to be promising candidates since they catalyse SINW growth (see chapter 3), but also
because their deposition inside PAA is a widely spread process (2.1). As for CNT growth,
Ni was chosen to catalyse their growth, and the work achieved by our team about Ni
electrodeposition [48] was chosen as a basis to study Cu and Au deposition.

Electrolytes composition and chemical reactions

The electrolyte used for the Cu electrodeposition was made from solid CuSO,4,5H20
dissolved in deionised water. 250 g.L~! are necessary to get a Cu?' concentration of
1 mol.L=! (1 M). The pH of the solution was set to low values (=~ 3.4) by adding 50
g.L7! of boric acid (H3BO3) in the solution, in order to ensure a good conductivity of
the electrolyte.

Ni electrolyte has been prepared from a classical recipe called "Watts bath", contain-
ing NiSO4,6H20 (300 g.L=!), NiCly,6H20 (50 g.L.!) and H3BO3 (50 g.L~!) dissolved
in deionized water. The as-prepared solution has a Ni?* concentration of 1.35 mol.L~1.

As for the solution used for Au electrodeposition, we dissolved 0.93 g.L~! of HAuCly,3H0
and 30 g.L.7! of H3BO3 in deionized water. HAuCly dissociates into H and AuCly,
which is the oxidant of the redox couple AuCl, /Au. The concentration of AuCl ions
in the solution is therefore ~ 2.36.1073 mol.L~1.

In the following table are gathered the three metals that we chose to study, with their
corresponding redox couples, redox processes, and standard potentials.

Metal | Redox couple | Standard reduction potential (E°) Reaction
Cu Cu?*/Cu +0.34 Cu?t + 2~ —> Cu
Ni Ni?*/Ni -0.25 Ni?t + 2e~ —> Ni
Au AuCly /Au + 1.0 AuCly + 3e™ —> Au + 4 CI™

Table 2.1: Standard reduction potential are given with respect to the SHE.

The applied signal

Figure 2.2 shows a drawing of a single sweep that is applied a certain number of times
during an electrodeposition experiment. It consists in a short (a few milliseconds) neg-
ative voltage, applied between the WE and the RE, immediately followed by a longer
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period (most often 90 ms) at the open circuit potential (OCP). The OCP is the potential
that exists naturally between the WE and the RE without applying any potential in the
cell, and thus corresponds to the "zero" with respect to the chemical potentials existing
in the electrolyte. In other words, the OCP is the potential applied at the WE for which
no current passes in through the CE.

oCpP

Figure 2.2: Drawing of a pulse used for pulsed electrodeposition experiments. OCP — Open
Circuit Potential.

For some reasons, the maximum current may slightly change during the electrode-
position process, or between one experiment to another. It is therefore more relevant
to compare the effective global charge involved in the redox reaction, i.e the reductive
charge and the oxidative charge. These values are directly given by the software that
drives the electrodeposition, simply using this relation:

ty
Q—/ti I(#) dt

Figure 2.3(a) shows a magnified part of a typical I(t) curve, obtained from a Ni elec-
trodeposition experiment. We notice that the current passing between the WE and the
CE behaves like in a capacitor that charges and discharges alternatively. Figure 2.3(b)
shows both the applied voltage and the current response for one particular pulse. Graph-
ically we estimate this capacitor as being charged or discharged ~ 1 ms after the applied
potential change.
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Figure 2.3: (a) Example of an I(t) curve (only four pulses out of 500 are represented) from a Ni
electrodeposition experiment. (b) is a magnified view of one pulse from (a), with the
superimposed voltage signal (doted red line).

Study of some electrodeposition parameters

The following study has been made only with Cu and Ni deposition, the Au deposition
being performed later on during the thesis. A lot of parameters have been varied to
understand which ones of them could lead to a proper deposition of Cu at the bottom of
the pores.

First of all, the influence of the number of sweeps is very intuitive to understand. A
sweep has to be understood as explained in Figure 2.2, that is the voltage pulse followed
by the resting time. Of course the more sweeps applied the more material is deposited.
Here we just give an example to illustrate the difference between a PAA after 50 sweeps
and a PAA after 200 sweeps of pulsed electrodeposition of Cu. As can be seen on Figure
2.4, Cu particles are much longer after 200 sweeps, due to the higher number of cathodic
pulses, that leads to a higher total charge reduced at the bottom of the pores. The
software automatically gives the value of this charge at the end of the deposition: the
50-sweep deposition corresponds to a 47.6 mC charge, and the 200-sweep deposition to
a 167 mC charge. We notice the equivalence between the number of sweeps and the
cathodic charge (exchanged charge during the cathodic pulses), since four times as many
sweeps leads to approximately a four times bigger charge. This long deposition can be
useful for fabricating long metallic nanowires, as illustrated in Figure 2.5(a), where a
large amount of Ni nanowires is visible, liberated from their PAA template after a 3000-
sweep deposition. The corresponding cathodic charge was 1.48 C, and the maximum
length has been evaluated to ~ 750 nm, inside a PAA 950 nm thick. But a too long
process can lead to an over-deposition. Indeed, when a Ni nanowire reaches the top of
the template, the deposition is not confined in the pore anymore. Therefore, as this kind
of growth is electro-chemical, the deposition occurs where the resistivity is the lowest, i.e
on all the surface of the protruding nanowires, which leads to the formation of a metallic
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layer over the porous template, as illustrated in Figure 2.5(b). This picture corresponds
to a 6000-sweep Ni electrodeposition, with a cathodic charge of 2.36 C.

L U

3.0kV 3.2mm x20.0k SE(U)

Figure 2.4: SEM cross-sections of PAA templates after Cu electrodeposition at -8.5 V. (a) 50
sweeps and (b) 200 sweeps.

3.0kV x20.0k 5/18/2012

(b)

Figure 2.5: (a) SEM top-view of liberated Ni nanowires, after the PAA has been etched away
with chromic acid. (b) SEM cross-section of a PAA after a 6000-sweep Ni deposition
(the massive overdeposited Ni is clearly visible onto the template).

As already mentioned in p.35, the voltage applied between the working electrode and
the reference electrode has to be carefully chosen in such a way that it is high enough after
the various voltage drops caused by a barrier layer, by the resistance of the electrolyte,
by the electrode itself, but also by the Si substrate. To determine which voltage to
use for a given set-up (i.e a given PAA, on a given substrate, dipped inside a given
electrolyte), one can perform a voltamperometry experiment, which consists in measuring
the current response between the WE and the CE when submitted to a sweeping voltage
(applied between the WE and the RE). If the applied voltage is too low to overcome
the whole serial resistance detailed above, a very low current passes because the final
voltage available to reduce the cations is not high enough. When the voltage reaches the
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Figure 2.6: Current between WE and CE as a function of a sweeping voltage (U,.) applied
between WE and RE, for a Ni electrodeposition experiment. The silicon substrate
resistivity are (a) p < 0.005 Q.cm. (b) p = 1-10 Q.cm.

overpotential value, the current starts to increase because cations begin to be reduced,
and the higher the voltage the higher the current. As an illustration, we used the Linear
Sweep Voltage (LSV) tool of EC-Lab in order to determine the voltage threshold from
which the current starts to increase. In a typical porous template anodized in sulfuric
acid, we deposited Ni with a voltage decreasing from 0 V to -10 V with a rate which
has been set to 100 mV/s. The corresponding I(V) curve is visible in Figure 2.6(a), and
the threshold voltage has thus been estimated to -1.8 V in this specific configuration.
However, a too high voltage could provoke hydrogen evolution in the electrolyte, which
could inhibit the electrodeposition [23]. We noticed some instabilities from ~ -6.0 V,
and an abrupt current increase occurred from -8 V, without being able to explain it. We
therefore performed the same LSV experiment, but stopping the sweeping before these
instabilities, i.e from 0 V to -6 V. However we didn’t detect any difference in terms of
filling, both PAA exhibiting a high overfilling of Ni with a thick Ni layer on the top of
the surface of the PAA. Note that the resistivity of the silicon substrate used in this
experiment was very low: p < 0.005 ©Q.cm. In the case of a higher resistivity (p — 1-10
().cm), the only current we were able to detect in the [-10 V ; 0 V| range was in the order
of a nA (Figure 2.6(b)), electrodeposition was therefore impossible in this condition.

We also studied the influence of the cathodic pulse duration, i.e the time during which
the cations can be reduced. For these experiments, Ni was chosen as the metal to deposit
at the bottom of the pores. The duration of the cathodic part of the pulse was varied from
1 ms to 20 ms, and the resting time was kept constant in every case (90 ms). As can be
seen on the top left picture of Figure 2.7, one millisecond was not sufficient to deposit any
particle inside the pores. It is most probably due to a too short total reduction time (500
x 1 ms = 500 ms of active pulse), as proved by Figure 2.7 (top-right), which shows the



42 CHAPTER 2. ELECTRODEPOSITION IN PAA

same PAA after 2500 one-millisecond pulses. In this sample the total reduction time is
5 times longer (2500 milliseconds), and one can finally see some particles at the bottom
of the pores. For 5 ms pulses, one can see some small particles at the bottom of the
pores (up to 120 nm), but a large number of pores are still empty. Doubling the cathodic
time led to larger Ni particles (up to 330 nm), but also to a large size dispersion. It is
supposed that a longer cathodic time can allow other nucleation sites to appear, while
"older" particles keep on growing, thus leading to a wide size dispersion. We performed
the same experiment with a longer cathodic time (20 ms), but surprisingly we couldn’t
find a big increase of the particle size. The taller particles were even the same size as for
10 ms pulses, except there were more long particles, and less small ones.

LEL LTRSS #Y oﬁjl'ﬁ' o H9\11.1>lu

3.0kV x50.0k SE(U) 5/7/2012 ! 3,0kV x80.0k SE(U) 5/9/2012

3.0kV x50.0k SE(U) 5/7/12012

Figure 2.7: SEM cross-sections of PAA after Ni electrodeposition. Top: 1 ms pulses, 500 sweeps
and 2500 sweeps, respectively. Bottom: 5 ms, 10 ms and 20 ms pulses, respectively
(500 sweeps).

This may be understood considering the notion of the total reducing time. If we have
a look on the I(t) curve of the experiment performed with 5 ms pulses, we can see that
the maximum current is almost constant from the first pulse to the last one (around -40
mA, see Figure 2.8). The same statement can be made for the 10 ms pulses, but we
notice that for 100 ms pulses, the maximum current significantly decreases from -36 mA
in the very first pulse, down to -12.5 mA in the last pulse. The reduction seems therefore
to be less efficient for longer cathodic pulses, regardless of the number of pulses.
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Figure 2.8: I(t) curves showing the first and the last pulses of (left) 5 ms pulses experiment and
(right) 100 ms experiment.

This is confirmed by the 2500 one-millisecond pulses experiment mentioned earlier,
which shows a maximum current almost constant (/~ -40 mA) despite the high number of
pulses because the corresponding total time is low (2500 x 1 ms — 2500 ms). Nevertheless,
according to this theory, we should have observed a decreasing maximum current from
a certain time in the 20 ms experiment, for example. But it was barely the case. An
assumption can be that a too long pulse leads to a faster decrease of the maximum current
because the resting time is not long enough to discharge the capacity mentioned in p.38.
Indeed, in the 100 ms pulses experiment, the maximum current starts to decrease as soon
as the second pulse, which is contradictory with the constant maximum current observed
in the 5 ms pulses experiment. The same experiment has been done with 300 ms resting
time between each pulse, leading to the exact same result as with 90 ms resting time.
Further investigations are therefore required to understand the phenomenon that makes
the reducing current decrease for long pulse duration, for example studying the pulse
time / resting time ratio, or inserting an anodic pulse between the cathodic pulse and
the resting time. However that may be, it is more reliable to use short pulse times, like 5
or 10 ms if one wants to foresee the evolution of the reducing current. As a complement
we plotted the equivalent charge obtained from the I(t) curve for the different pulse times
mentioned above (Figure 2.9). It shows that the relation between the charge and the
duration of the cathodic pulse is not linear, thus confirming that it’s getting harder to
reduce cations if voltage pulses are too long.
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Figure 2.9: Equivalent charge (obtained integrating I(t) curves) as a function of pulse duration.

Finally, we found that the maximum current (reached during the voltage pulses) was
always comprised between -25 and -40 mA, which is consistent with the value predicted
by the LSV experiment for a -5.5 V potential (Figure 2.6(a)). Note that even for the 100
ms pulse experiment, the very first pulses were also around -35 mA. No special study
has been done about Au electrodeposition, but an illustration is shown in Figure 2.10,
which has been realized under the same conditions as for optimized Ni deposition, that
is -5.5 V, 5 ms pulses, except only 50 sweeps were applied. We note the same problem of
inhomogeneity in size, and a filling a bit less than 50 %. In summary, the fact that several
metals have been successfully deposited opens the way towards the growth of several kinds
of nanostructures, and can provide different options for the same nanostructure.
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Figure 2.10: SEM cross-section of a PAA after Au electrodeposition. Fifty 5 ms pulses were
applied, at -5.5 V.

The cross-sections of filled PAA are a fast and convenient way to get a global idea of
the filling efficiency, but it is more relevant to compare top views of samples which PAA
templates have been removed from. With this point of view, the height of the particles
are no longer comparable, but the estimation of their distribution over the sample and
the density is far better. The next section deals with the way we observed the density of
catalyst nanoparticles from the top.
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2.3.3 Liberating the nanoparticles with PAA etching

The PAA can be removed in several ways, always using wet etching in order to get an
isotropic reaction. The solution made of chromic trioxide and phosphoric acid (CrOsz +
H3POy4) used between the first and the second anodization (p.16) is often used for this
purpose, but H3POy alone or NaOH is also used. However, these solutions may have a
bad impact on the nanoparticles once the PAA is completely etched. We have noticed
that even for long etching times in CrO3/H3POy4 solution, i.e prolonged far after the PAA
dissolution, the Au particles looked intact, with no evidence of a chemical attack, but
that Cu and Ni seem affected by such an etching. We assume that the presence of the ion
CrOg, which is know to be a powerful oxidant, can be responsible of the degradation of
the Cu and Ni particles, and therefore to dissolve the NWs inside the solution if they are
exposed for a long time in the etching solution. We therefore tried NaOH as an etchant,
which is actually commonly used for this purpose [36], [29], |21]. A 1 M NaOH solution
was found to efficiently etch PAA with an etching rate quite higher than the CrO3/H3POy
solution, which is beneficial for the metallic particles in the pores. However, the etching
time has to be controlled, since a chemical reaction also occurs between the particles
and NaOH. An illustration is given with Cu nanowires in Figure 2.11. We see that the
PAA is completely removed after an etching as short as 1 minute (Figure 2.11(a)), but
that a longer etching leads to the degradation of the NWs, that then form piles of small
particles (Figure 2.11(c)). It is supposed that the reaction taking place is:

Cu?t +20H™ — Cu(OH),

Figure 2.11: Evolution of the aspect of Cu NWs after PAA removal with 1 M NaOH. Samples
have been immersed for (a) 1 min, (b) 5 min and (c) 20 min.

Interestingly, the Au particles haven’t been subjected to any damage, as illustrated in
Figure 2.12, where a sample which has been immersed into a 2 M NaOH solution for 18
min is shown. We see that the Au particles are still intact, smooth and straight, thanks
to the noble nature of gold.
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Figure 2.12: SEM picture of liberated Au particles after PAA removal with 2 M NaOH for 18
min.

2.3.4 Water plasma treatment for a better filling with catalysts

We thought that a bad wetting of the electrolyte in some pores of the PAA could be
the cause of the inhomogeneous filling observed in some sample. The reason why some
pores would be less adamant to receive the liquid than others is not really understood,
but a global treatment has been planned anyway in order to improve the hydrophilicity
of the walls of the pores. Several ways have been investigated in the literature in that
purpose, like UV exposure [49], [50], [51], hydrophilic molecules grafting [52|, plasma
treatments [53], [54], [55]...Some publications have shown that the hydrophilicity of
numerous different surfaces could be increased, by exposing them to a water plasma for a
few minutes [53]. According to the latter article, the water contact angles have noticeably
decreased after this treatment, leading to a better arrangement of polystyrene beads on
these surfaces. The authors used Fourier transfer infrared (FTIR) spectroscopy to show
that this better hydrophilicity was due to the high number of hydroxyl groups on the
surface, produced with the water plasma treatment. We therefore attempted to expose
our samples to such a plasma, hoping the creation of hydroxyl groups on the pore walls
that could improve the wetting of the electrolyte during the electrodeposition process.
We thus expect to get a more homogeneous filling of the pores with the catalysts.

The plasma reactor and the experimental conditions

To do so, we used a plasma chamber, usually dedicated to graphene or CNT growth,
with a triode configuration. The plasma is generated between two electrodes (the anode
and the grid on Figure 2.13) that allow to create a high density plasma, whose species
can then be extracted towards the sample mounted onto a third electrode, negatively
charged, called the cathode on Figure 2.13. This configuration has the advantage to
generate the glow discharge and to create the plasma separately, which avoids unstable
phenomena to occur on the sample, but also to control precisely the flow and the energy
of the active species on the sample, by biasing it with an independent voltage. We
proceeded as follows: the PAA sample was mounted directly on the cathode with the
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help of two ceramic rods, and locked inside the plasma chamber. Water vapour (10 sccm)
was injected via the gas inlet until the pressure reaches 1.5 mbar in the chamber. At this
moment, the plasma was generated by applying a discharge of 700 V between the anode
and the grid, remaining the cathode unplugged. Such a high voltage was necessary to
ignite the plasma, but the voltage was quickly decreased down to 500 V, in order to limit
sparkles and flashes events. The generation of the plasma always leads to a pressure
increase, and the voltage was adjusted to stabilize it at 2.0 mbar. Once the plasma is
stable (no sparkle or pressure variation), the cathode is plugged in order to extract a
downstream plasma towards the sample, and the diffusion current, that is the current
created by the extracted species, is set as a variable parameter whose influence on the
sample was studied, as well as the exposure time.

sample downstream plasma

<——— gasinlet
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Figure 2.13: Drawing of the plasma chamber with the triode configuration.

Results

The pore filling

The samples used to explore the influence of water plasma on the filling of catalyst
were PAA templates with open pores, fabricated as described in 1.3.2. It is capital to
check whether all the pores are correctly opened, so as the presence of a barrier layer
doesn’t interfere with the potential influence of the plasma treatment. As a first attempt,
we performed a 15 min water plasma exposure to a part of a 1.2 pm-thick PAA template.
A copper electrodeposition was performed successively on the non-treated part and on
the treated part of this sample, with 50 pulses of 5 ms at -8.5 V. Each pulse was sepa-
rated by a 90 ms resting time. By observing the cross-sections of these samples with the
SEM, we discovered in the treated sample some large zones (several microns in length)
with a high density of Cu particles at the bottom of the pores that we couldn’t find in
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the non-treated sample. As shown of Figure 2.14, these zones exhibit longer particles,
and gather more neighbouring particles than in the non-treated sample. Some particles
reach more than 700 nm in length, and a filled-pore area could even spread over 15 pm
(Figure 2.14(c)), which couldn’t be found at all in the non-treated sample. The plasma
treatment seems therefore to impact the electrodeposition process, leading to greater
filled zones, and to taller particles. However, though the filling seems easier, it appears
quite inhomogeneous and still reveals high disparities, in terms of particles height and of
density over the sample.

3.0kV 3.9mm x10.

3.0kV 3.5mm x4.00k SE(U,LA3)

(c)

Figure 2.14: Cross-sections of (a) non-treated and (b) and (c) water plasma-treated (for 15 min)
PAA after Cu electrodeposition. (c) shows a large zone of 17 pm with a quasi 100%
pore filling.

In order to detect a potential influence of the exposure time, a similar experiment has
been carried out with a total exposure time of 40 min, on a sample prepared in the same
conditions. More pulses (100) have been applied in order to deposit more Cu, especially
in the non-treated sample where the lack of particles was problematic to conclude firmly
about the influence of the plasma. The shape of the pulse (5 ms followed by a 90 ms
resting time) and the voltage (-8.5 V) were kept the same as before. Here again a clear
increase of the number of pores filled with Cu is noted for the treated sample, as well as
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a better height homogeneity (Figure 2.15). The Cu particles often almost reach the top
of the membrane (Figure 2.15(c)), which is not the case in the non-treated sample. It
has been noticed that large zones with neighbouring filled pores were more frequent than
on the sample exposed to the water plasma for 15 min, which may indicate a greater
impact of the plasma for a longer exposure.

10.0um

3.0kV 3.5mm x20.0k SE(U,LA5) 6/13/2011 2.00um

(c)

Figure 2.15: Cross-sections of (a) non-treated and (b) and (c) water plasma-treated (for 40 min)
PAA after Cu electrodeposition.

We used a NaOH solution to chemically etch the PAA membranes of the latter sam-
ples, in order to reveal all the Cu particles deposited on the Si substrate. The corre-
sponding top views with different scales are visible in Figure 2.16 and Figure 2.17. This
comparison allows to notice a clear higher density of Cu nanoparticles on the sample that
has been treated with the water plasma, which is attributed to a better hydrophilicity of
the pore walls.

In order to validate this assumption in a general way, we wanted to realize similar
experiments with other materials. We wanted to know whether Ni or Au electrodeposition
could be also affected by a preliminary plasma treatment of the PAA host.

We have seen earlier that Ni was generally easier to deposit than Cu or Au in our
membranes and already shows high density of pore filling. The density of Ni particles
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Figure 2.16: Top views of non-treated samples after Cu electrodeposition and PAA removal with
NaOH. The magnification increases from 2000x to 30000x from (a) to (d).

was thus not expected to be much improved and we verified that no noticeable difference
was visible between a top view SEM picture of a plasma-treated sample with the PAA
removed and of a non-treated one. Nevertheless, some tilted views revealed an interesting
improvement in terms of height homogeneity. In this experiment we used the optimized
parameters of Ni electrodeposition described in 2.3.2, with 500 pulses of 5 ms at -5.5 V.
In the case of a non-treated sample, a lot of Ni particles are visible on the PAA-removed
sample, but their size differ slightly, some of them looking like small balls and other like
small wires (see Figure 2.18(a)). On the contrary, if the PAA is exposed to a 40 min
water plasma before the Ni electrodeposition, the size of the Ni particles is dramatically
increased (for a same voltage and number of pulses) up to 200 nm in length, but overall
their size is quite less dispersed (see Figure 2.18(b) and 2.18(c)). Therefore, in the case
of Ni, no effect could be shown in terms of density improvement, but the water plasma
treatment seems to have an effect upon the electrodeposition process since it influences
a lot the size and the size distribution of the deposited particles.

As for Au deposition, surprising results have been found. Indeed, without being able
to explain why, we found that the pore filling was worse after the plasma treatment than
in non-treated PAAs (Figure 2.19).
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Figure 2.17: Top views of water plasma-treated (40 min) samples after Cu electrodeposition and
PAA removal with NaOH. The magnification increases from 2000x to 30000x from
(a) to (d), for an easy comparison with Figure 2.16.
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Figure 2.18: Tilted views of (a) non-treated and (b), (c¢) water plasma-treated samples after Ni
electrodeposition. PAA has been removed with NaOH in (a) and (c).
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Figure 2.19: (a) non-treated and (b) plasma-treated sample after Au electrodeposition.

Contact angle measurements

In order to support the assumption that the PAA becomes more hydrophilic thanks
to the HoO plasma, a basic study about contact angles has been carried out. Shortly
after the plasma treatment (i.e no more than one day) that lasted 40 min, the contact
angle between the PAA surface and a droplet of water has been measured and compared
to a droplet deposited on a non-treated PAA. It turned out that the droplet spread much
more on the treated PAA surface, exhibiting a contact angle as low as about 20° (Figure
2.20(a)), while the same droplet is repelled from the non-treated PAA, which has a hy-
drophobic surface (contact angle about 110°, see Figure 2.20(b)). The same experiment
has been performed on many samples that had been treated long before the angle mea-
surement (several weeks), and no difference has been noticed with a non-treated sample.
All the droplets exhibited a high contact angle (about 110°), as if no treatment has been
done on the samples.

These results show that the plasma does modify the hydrophilicity properties of the
PAA, and that liquid solution is more likely to penetrate inside the pores after a water
plasma treatment. However, the effect provided by the plasma treatment has a limited
life span, that could be estimated by doing some systematic measurements after the
plasma exposure. The effect lasts at least several hours up to one day, since the exposure
of the sample shown in Figure 2.20(a) has been done the day before the contact angle
measurement.
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(a) (b)

Figure 2.20: Pictures of a droplet of water on the surface of (a) a plasma-treated PAA (40 min)
and (b) a non-treated PAA.

Generally speaking, the idea of treating the PAA template with a water plasma looks
promising, but would deserve to be investigated more thoroughly since no strong general
trend has been drawn, despite the interesting results presented here. Indeed, some evi-
dence of the influence of the plasma on the pore filling with catalyst particles have been
highlighted, but some problems such as lack of reproducibility and apparently contradic-
tory results (Au deposition) still remain. Nevertheless this method could definitely be
an interesting and elegant method to improve the homogeneity of the catalyst particles,
by modifying the hydrophilicity of the PAA.

2.4 Conclusion

This chapter sums up several methods reported in the literature to deposit nanoparticles
inside porous templates. One of them, the pulsed electrodeposition, has been studied
here. We varied the main parameters of the pulses (length, number, magnitude...) and
studied their influence on the aspect of the electrodeposited particles and the filling ef-
ficiency. We made this study using Cu, Ni and Au solutions, and each metal has been
successfully deposited at the bottom of the pores of a PAA template. We managed to
control their size by adjusting the applied voltage, the pulse duration, as well as the num-
ber of pulses of a deposition process. Optimized conditions for each metal have been set,
which is promising regarding a subsequent growth of nanostructures inside PAA, since
both SINW (from Cu or Au) and CNT (from Ni) growths are thus potentially feasible
from these metals. The conditions that led to the best results in terms of control and ho-
mogeneity of metal catalyst deposition will be used as a basis to grow 1D nanostructures
in PAA and more complex porous structures.

Nevertheless, even if pore filling efficiency has been considerably improved, our inves-
tigations didn’t allow to reach an ideal 100 % filling, except with Ni. The development of
an original method, based on a plasma treatment of the PAA template, has been started
and revealed promising results concerning the pore filling and should be investigated
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more thoroughly.

The results obtained from chapter 1 and chapter 2 pave the way towards a capital
part of this thesis: the confined growth of one-dimensional nanostructures, which will be
the subject of the next chapter.
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