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“If you cannot do great things, do small things in a great way”
- Napoleon Hill
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Introduction

Nanotechnology is believed to become responsible for profound changes
in society and economy in the 21st century, launching the next industrial
revolution with an impact comparable to the technological revolutions
brought forward by information technology and biotechnology. However, in
order to better understand the physics of nanosystems, and to be able to
make use of all possibilities embraced by nanotechnology, it is of great importance to develop nanomachining tools, which are still in their infancy.
The method described in this thesis – nanopatterning using swift heavy ions
– could be one of these tools and find its application niche. I believe this
work to be a modest step in the journey from what is fiction today towards
what will become tomorrow’s reality.
This thesis describes studies on nanopatterning by swift heavy ion irradiation. The goal of the studies was to harness the interaction of swift heavy
ions with matter, and to understand its capability in patterning for nanotechnology applications. In the course of the thesis, the micro and nanostructuring of different materials is described. The patterning was done with the help
of ion track technology, by means of lithography methods using selfassembled masks, as well as template-assisted deposition of nanosized wires
and pillars.

Nanotechnology
The process of making small things out of big ones has been the route of
mankind since the very beginning. In ancient times making small tools out of
fallen rocks or tree trunks, or melting big chunk of ore to make vessels and
jewellery were the first acts of shrinking down, all with the intention of making life more comfortable and tools more efficient. The process of miniaturization was relatively slow until the 1970s when silicon technology entered
the world of micrometer sized features. Nowadays, as it has been realized
that there is really “plenty of room at the bottom” [1, 2], scientists try to
bridge micrometer over to nanometer sized systems.
Nanotechnology is not just a step further in the course of shrinking down.
As the size of features decreases to several atomic diameters, their properties
can differ distinctly from their macroscopic features. For example, when the
dimension of a material goes down to several atoms, its surface area be9

comes relatively large in comparison to its bulk. This can make a material
chemically reactive although being inert in the macroscopic scale. The strength of the material, as well as its electrical properties, can also be affected. In
addition, at this scale classical physics do not play a dominant role, and it is
quantum effects that prevail, leading to new exciting electric, magnetic and
optical behaviour.
Although the promised nanobots (nanorobots) driven by molecular engines that enter the human body to fight intruders or to fix damaged parts
still seem far from reality, it is a fact that nanotechnology has already emerged in our everyday life in the form of self-cleaning surface coatings,
UV light absorbing nanoparticles in sun creams, nanotubes in composite
materials, cutting tools made of nanocrystalline materials, etc.
The prefix ‘nano’ comes from the Greek word for dwarf. One nanometer
is one billionth of a meter i.e. 10-9 m. This value becomes less abstract if one
realizes that a human hair is approximately 80,000 nm wide, a red blood cell
is approximately 7,000 nm wide, and one nanometer corresponds to around
10 hydrogen atoms put in a row.
The first time the vision of miniaturization down to the atomic scale was
officially remarked was by R. Feynman in the lecture titled “There’s plenty
of room at the bottom” in 1959 [1, 2]. However, the term ‘nanotechnology’
was defined and first used by Norio Taniguchi in 1977 in his paper “On the
basic concept of Nano-Technology” as “processing, separation, consolidation and deformation of materials by one atom or one molecule” [3]. This
concept was developed in more depth by E. Drexler in the 1980s and was
described in his daring book “Engines of Creation: The Coming Era of
Nanotechnology and Nanosystems: Molecular Machinery, Manufacturing
and Computation” [4]. Nowadays, the prefix nano is used in a much wider
sense, making a commercial career. It can be described as the design, fabrication, understanding, manipulation and application of structures, devices
and systems at the nanometer scale. The range below 100 nm is of main
interest as that is where quantum effects start to play a significant role [5].
Chemists have been using nanoscale components for a long time – for example in synthesizing polymers – so that in this sense nanotechnology is not
new. However, the sophisticated methods and advanced tools for manipulating matter at the nanoscale have just recently evolved. Soon after the invention of the scanning tunnelling microscope (STM) in 1982 and the atomic
force microscope (AFM) in 1985, the era of tailoring matter at the nanoscale
began.
In nanotechnology the approaches regarding the synthesis and fabrication
processes are divided into two main groups: top-down and bottom-up. Topdown manufacturing is simply removing pieces of material by etching, milling or machining to achieve the desired nanostructures. Lithography is a
good example of a top-down machining method. The bottom-up approach is
10

when the structures are assembled atom by atom, or molecule by molecule,
by chemical synthesis, self-assembly, and positional assembly [5].
The method of nanopatterning by swift heavy ion irradiation creates a
synergy of the two approaches: first a nanosize pattern is self-assembled
(bottom-up), and then it is transferred into a substrate by ion track lithography (top-down). Figure 1 shows such self-assembled masks and their corresponding transferred patterns.

Figure 1. The synergetic approach in nanopatterning by swift ion irradiation. Masks
produced by self-assembly (top pictures) and the resulting hexagonal patterns (bottom pictures) after the top-down lithography transfer; a) self-assembled silica microspheres and resulting hills in rutile TiO2; b) self-assembled alumina mask and its
replicated pattern also in TiO2.

Lithography
Ion track lithography constitutes an extensive part of the studies described
in this thesis. In microelectronics and microstructure technology, lithography
is a technique of transferring a pattern to a substrate by means of irradiation
with electromagnetic waves of different wavelengths, as well as by electron
or ion beams. The most common is lithography with ultra violet (UV) radiation. Lithography emerged from the microelectronic integrated circuitry (IC)
technology, and is now also intensively used in manufacturing of micro electromechanical system (MEMS). It became the representative technique for
the top-down manufacturing approach in nanotechnology. The principle is
similar for all lithography techniques and its steps will be described in the
example of UV lithography.
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The pattern to be transferred to the substrate is printed first on a mask. In
the case of UV lithography, the mask is a quartz glass plate with a chromium
pattern. During exposure the UV radiation passes through the areas on the
mask that are not covered by chromium, and is otherwise stopped by the
chromium layer. In this way the pattern is cast onto a photosensitive polymer
(photoresist) that is spread over the substrate surface. At the areas where the
irradiation reaches the resist, the polymer undergoes changes. Depending on
its chemistry, the photoresist becomes more soluble or more chemical resistive (often called positive or negative resists, respectively). Subsequently the
resist is developed, i.e. the exposed (or unexposed in case of negative resist)
parts are selectively removed by a solution, revealing the underlying substrate. Thereafter, the masked substrate is exposed to a solution that etches
away the areas that are not covered by resist. Finally, the resist is removed
(figure 2).
In general, due to diffraction, the minimum feasible feature is limited by
the wavelength of the light source, i.e. the smaller the wavelength the greater
resolution that can be obtained. This fact leads to a natural tendency to use
electromagnetic radiation sources with wavelengths shorter than UV (350 –
500 nm) and moving towards deep ultra violet (DUV 150 – 300 nm), which
nowadays is the dominating technique, extreme ultra-violet (EUV
10 – 14 nm), and X-ray (10 – 0.01 nm) irradiation. Additional parameters
influencing resolution are refraction, absorption, and wave interference.
Techniques such as phase-shifting lithography and immersion lithography
optimize these parameters, and recently the smallest sub-30 nm structures
made by DUV lithography have been demonstrated [6]. Diffraction effects
are negligible in X-ray lithography. However, the minimum feature size here
is limited to 150 nm but with aspect ratios (the ratio of depth or the height to
width of the structure) more than 100 [7]. The main drawback of this technique is the difficulty in manufacturing X-ray absorbing masks with small
patterns that remain stable when heated due to the X-ray absorption.
A pattern can be transferred from the mask onto the resist by projecting
the image onto the surface (as described above), as well as it can be directly
written onto the substrate, omitting exposure through a mask. In the latter
case, the ‘software’ pattern is translated to a beam pathway, enabling the
pattern to be transferred onto the substrate serially – point by point. This
method offers greater precision, but however, has the main drawback of a
low throughput in comparison to projection lithography.
The direct-write technique is often used in connection with lithography
where charged particles are used instead of electromagnetic radiation, i.e.
electron beam (e-beam) and ion beam (i-beam) lithography. E-beam lithography is a representative technique where the pattern is drawn on an electron
sensitive resist (e.g. poly(methyl methacrylate) – PMMA). Features of 10 nm
can be accomplished by this means [8], being mainly limited by the electron
scattering in the matter, e.g. the resist. Another direct writing technique is
12

focused ion beam (FIB), where most frequently gallium ions are used. It
exhibits an impressive resolution of 15 nm features written on PMMA
resist [9], but is a much slower technique and cannot compete with the more
developed e-beam lithography.

Figure 2. The basic steps of UV-lithography: a) a substrate with photoresist and a
mask over it, b) UV light exposure of the resist and the pattern transfer, c) the resist
is developed, d) the substrate is etched, and e) the sample after the resist is removed.

Among projection i-beam lithography methods, one should mention masked
proton lithography and ion projection lithography using He+ ions. In the first
case 100 keV protons with a fluence of 51011 – 31013 ions/cm2 are projected
through a stencil mask, exposing the resist. With this technique, features of
50 nm can be achieved with reasonable speed. In the second technique, a
He+ beam is focused onto the substrate after passing through a mask. As with
proton lithography, 50 nm size features have been achieved [10].
All the above charged particle lithography techniques use energies in the
order of keV. In this energy region, particle scattering in solid matter is vast.
This leads to pattern broadening, and is the main factor limiting the resolution. The scattering effect can be lowered by increasing the ion energy from
the keV towards the MeV range (as it is proposed in this thesis), where inelastic interactions between swift heavy ions and the matter are dominant.
Although such an ion track lithography should not give a higher resolution
13

than the more mature techniques, it may facilitate higher aspect ratio structures in the irradiated material, create patterns in otherwise irradiation insensitive materials, as well as enable direct lithographic patterning of material
properties without etching. In addition swift heavy ions may also be use for
direct writing (as in FIB) with an ion microprobe [11].

Self-assembly
Most often masks for lithography applications are fabricated with the use
of e-beam writing. Despite the high resolution of the resulting structures, the
serial nature of this technique constitutes a main drawback since it results in
a low throughput. Although this is not a serious obstacle for research purposes, it is less acceptable for large-scale industrial applications. Therefore, a
lot of effort is put into the search for new fabrication techniques of masks
containing nanosized features. Often a periodic pattern is desired, e.g. in
systems mimicking a solid lattice (photonic crystals) or in systems whose
elements can easily be addressed by coordinates (bits in memory chip or
pixels in displays). For such applications, self-assembled systems that can
serve either as an absorbing mask or as a template are attractive solutions.
The self-assembly process can be driven by thermodynamic energy
minimization [12], or by molecular and supramolecular binding forces (molecular self-assembly) [13]. Two self-assembly methods were used in work
of this thesis. One belongs to the first category, where spheres from a colloid
suspension assemble on a substrate into a hexagonal close packed (HCP)
structure (inset in figure 1a). In this way a large area can be covered and
patterned in a fast and cost efficient way [14].
The second method is electrochemical self-assembly of a porous alumina
membrane by anodic oxidation [15]. The resulting structure is a membrane
with
hexagonally
ordered
pores
(insert
in
figure
1b).
By changing the electrolyte and etching parameters, the size, length and the
density of the pores can be adjusted.

One Dimensional Materials
As mentioned before, the most exciting aspect of nanotechnology is that
alongside dimension shrinkage, quantum effects become more and more
prominent. One group of structures that is especially attractive for nanotechnological applications is nanowires, also called quantum wires. As the size
of the wires becomes smaller and smaller, reaching nanometer sizes, unusual
behaviour takes place such as conductivity quantization [16, 17], enhanced
thermoelectric performance [18, 19], and novel magnetic properties [19].
The potential application areas spreads from microelectronics (p-n junction
14

diodes and logic gates [20], field effect transistors [21]), via thermoelectrical
applications [22], and light emitters [23], magnetic applications [24, 25].
There are many methods of nanowire fabrication among which the most
common are physical vapour deposition (PVD), chemical vapour deposition
(CVD), vapour-liquid-solid (VLS) deposition, and template assisted synthesis. Porous materials are often use as a templates for growing wires. Polymer
porous foils obtained by ion track etching are among the most popular templates. More about ion tracks in polymers and porous membranes can be
found in the Section “Template Assisted Deposition” and in Paper VI.

Swift Heavy Ions in Matter
The nanopatterning techniques studied in this thesis are based on the interaction of swift heavy ions with matter. The character of the interaction
depends on the ion’s mass, atomic number and its kinetic energy as well as
on the material properties of the target. During the interaction, energy is
transferred from the projectile ion to the target atoms by two main mechanisms. For low energy ions – of the order of 1 keV per nucleon – the dominating energy loss process is due to elastic collisions with target atoms. This
interaction is based on the direct transfer of momentum and energy from the
projectile ion to the target atoms, resulting in large energy losses by the projectile, which in turn leads to an irregular path of the ion in the material. The
target atoms may gain enough kinetic energy to knock-on further atomic and
electronic collisions, causing additional defects. In the case of swift heavy
ions– of the order of 1 MeV per nucleon – inelastic collisions with electrons
will prevail. This leads to electron excitation to higher energy levels, and/or
electron ejection from the atom leading to atom ionization. The energy loss
of the ion is characterized by the so-called stopping power S(E) = dE/dx.
The stopping power is divided into nuclear stopping power Sn(E) (elastic
interactions with atoms) and electronic stopping power Se(E) (inelastic interactions), i.e. S(E) = Sn(E) + Se(E). The shape of the stopping function is illustrated in figure 3.
Due to the inelastic interaction with matter, swift heavy ions leave a trail
of changed material along its path through the medium – a latent ion track.
There are two main models describing the possible mechanisms responsible
for ion track creation: the Coulomb explosion models based on an electrostatic ions displacement from the ion path [26] and the inelastic thermal
spike models where latent tracks are regarded as originating from heat transfer and rapid quenching [27, 28].
The Coulomb explosion happens due to a highly ionized volume along
the projectile path. The passing ion transfers its energy to electrons by inelastic collisions, causing their ejection from the atoms. This lasts only 10-17 s
after the ion has passed, and occurs in a small cylindrical region – the track
15

core – with its axis along the projectile path. The ejected electrons, often
called delta rays, can generate further excitation and ionisation leading to
tertiary electrons. During the delta ray explosion, the core ions gain kinetic
energy due to a repulsive Coulomb force which will force them to expand
away from the core – Coulomb explosion - introducing defects and vacancies in the material. However, this depends on how fast the delta electrons
return to the core. Delta electrons, which do not have enough energy – which
is lost due to inelastic collisions – to resist the attractive force of the positive
inner core will move back towards the core unless they get trapped in the
bulk. The delta electrons themselves can cause further ionization defects.
The region outside the track core, where the defects are caused by delta rays
only, is called the halo. While the track core is only a few nm in a diameter,
the halo can reach a diameter of 100 to 1,000 nm. The track halo is of great
importance for polymers, alkali halides, and biological objects, where electrons can cause significant damages like scission or cross linking of polymer
chains [29].

Figure 3. Schematic plot of the stopping power versus the specific energy of the ion.

In the inelastic thermal spike models two coupled subsystems are assumed – the electron gas subsystem and the lattice subsystem. The energy
from a projectile ion is deposited first in the electron subsystem and subsequently relaxed to the lattice subsystem through electron-phonon coupling,
leading to a large local temperature increase – a thermal spike. This results
in cylindrical isotherms with their axes in the projectile trajectory. Within
the cylindrical region where the temperature is above the transition temperature (evaporation, melting or pyrolysis temperature for polymers) the material will transform. As the process is very rapid, the column of transformed
material will be quenched, resulting in the ’freezing’ of defects.
On a time scale, the Coulomb explosion occurs first, and lasts for 10-15 to
-13
10 s. The thermal spike takes place after the ionic spike in the time period
of 10-14 to 10-12 s. The Coulomb explosion always occurs to a certain degree
when an ion track is created. However, depending on the material and the
16

projectile ions, the thermal spike may anneal a part or all of the displacement
originating from the electrostatic explosion. Figure 4 shows the model of ion
track creation. Both the Coulomb explosion and the thermal spike models
are included.

Figure 4. Model of the latent ion track formation. An ion passing through the solid
target ejects electrons (green particles) and ionizes the core (small cylinder). The
delta rays cause further excitations and ejections leading to further damage area
called the halo (outer cylinder). The electrons moving in the material cause heating
and a thermal spike that may also transform the core.
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A Short History of Ion Track Technology
The first ion induced tracks were observed more than 100 years ago by
T.R. Wilson [30]. Wilson used a special ‘cloud chamber’ – a vessel containing supersaturated water vapour. While passing the chamber, an ion disturbed the unstable conditions, and turned vapour into water droplets along
its path. However, it was not before 1958 that the first ion tracks were observed in solid matter. This was first demonstrated by Young in lithium fluoride after chemical etching [31], followed by Silk and Barnes who observed
tracks trails of damage from fission of 235U in mica [32]. In the latter work
the observations of the tracks were done by transmission electron microscopy. Since then ion tracks have been recorded in many different materials
beginning from oxides [33], ionic crystals [34], polymers [29, 35-38], and
spinels [39] through semiconductors [40] to metals [41-43].
The most useful feature of an ion track is its ability to be selectively
etched, which allows enlarging the track diameter and makes it possible to
study tracks in ordinary optical microscopes. This feature was realized very
early [31, 44-46] boosting ion track research, and soon it was exploited commercially. It was demonstrated that extremely high aspect ratio pores could
be obtained by developing the latent tracks, reaching values of 10,000 for
polymers [36] and even 100,000 for mica [47], making ion track interesting
for technological applications. Ion track technology was born. Etching ion
tracks in polymer membranes, and developing well-defined pores and porosities, enabled high quality filters is still the main commercial applications of
ion track technology. The first patent was made in 1967 by P.B. Price [48].
Today, filters for particle separation, controlled drug release, water and beverage purification, water repellent air filters, dialysis, cell culturing, and cell
counting, are just some examples of commercial products [49, 50].
The first wires produced in a porous ion track membranes were made by
Possin in 1970, who studied the fluctuation in superconducting transitions in
tin wires [51]. Commercially, it was in the early 1990-ties when porous ion
track filters started to spread widely to serve as templates for nanowires electrodeposition. This enabled researchers without expensive lithographic
equipment and clean room technology to study the physics and chemistry of
nanowires. In such templates, electrodeposition of single material such as
metals, alloys, semiconductors and polymers [52-56], but also multilayer
structures of two metals were done [57-59]. Such wires may have potential
applications as emitters for displays [60, 61], tuneable filters and circulators
[62-64], via connections for flexible circuits boards [65, 66], surfaces for
rapid cooling by evaporation or for droplet generation from vapour [67],
magnetic field sensors [53, 65], and IR/temperature detectors [68].
For filter membranes, as well as for nanowire templates applications,
a low irradiation fluence is important to avoid overlapping of etched tracks.
However, etched tracks that have merged together can be used for lithogra18

phy applications. In 1979 it was first suggested to use heavy ions with an
energy in the order of MeV for microsize object replication [69, 70]. In this
work it was shown that ions traversing an masking object will have a lower
energy when entering the substrate, resulting in different lengths of the ion
tracks. Upon etching the relief of the masking object is revealed. By using a
shadow mask, regions were destined to be either irradiated or not. This idea
was further developed for micromachining in quartz [71] and for filtering in
microfluidic applications[72, 73].
Nowadays there are plenty of ion track based components in microtechnology. Apart from those already mentioned, many more components have
been suggested to use the pores for different applications, e.g., virus and
macromolecule Coulter counters [74, 75], blood cell deformability sensors
for medical diagnosis [76, 77], biosensors [78], and cell patch clamp devises
for membrane response studies [79]. Despite this long list of suggested applications and demonstrated devices, none have yet been successfully commercialized.
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Nanopatterning by Swift Heavy Ions

Tools and Materials
Ion Accelerators
For the ion irradiation two types of accelerators were used: a low energy
tandem (at Uppsala Tandem Laboratory) and a medium energy cyclotron (at
The Svedberg Laboratory). In a tandem accelerator two acceleration tubes
are used (figure 5). In the first tube, negatively charged ions are accelerated
by the attractive force from the positively charged terminal towards the centre of the accelerator. In the centre they pass through an electron stripper that
consists of a long tube of rarefied argon gas which removes electrons from
the ions making them positively charged. The ions are then repelled in the
second accelerating tube. In order to select the ions with the desired energy,
a magnetic analyzer is used. Just before entering the target chamber the ion
beam is focused in a quadrupole magnet and than passed through a collimator that defines the final beam size (in our case | 1 mm in diameter). The
accelerator was used for irradiation of SiO2 and TiO2 for basic ion track
studies as well as for pattern transfer from alumina membrane and silica
colloids.
The second accelerator that was used was a medium energy cyclotron.
This type of accelerator consists of two hollow ‘D’ shaped electrodes, between which a high frequency acceleration voltage is applied. A vacuum
chamber is placed between the poles of a magnet which delivers a uniform
magnetic field that is perpendicular to the plane of the accelerating electrodes. The ion source is placed in the middle of the two D-shaped electrodes
so that ions leaving the source are accelerated in the gap and enter the internal part of the electrodes. Their trajectory is bent due to the applied magnetic
field, leading to a circular ion trajectory (figure 6). As ions pass through the
gap, the polarization of the electric field is reversed, and ions enter the other
electrode with an increased trajectory diameter. Every time the ions cross the
gap they gain energy. In this way 129Xe27+ ions with an energy of 1,070 MeV
(8.3 MeV/u) were obtained. This type of accelerator was used for the irradiation of polyimide resist for template application.
20

Figure 5. A sketch of a tandem accelerator. Negative particles enter the first acceleration tube from the left. In the middle part electrons are stripped and positively
charged particles are obtained. These are accelerated in the second tube. The desired
energy is selected by an analysing magnet and before the ions enter the target
chamber, they go through a collimator. Courtesy of J. Åström

Figure 6. A sketch of a cyclotron accelerator. The ion source is placed in-between
two D-shaped electrodes. The ions are accelerated as they pass the gap between the
electrodes. The trajectory of the ions is bent by the magnetic field.

Materials and Machining Tools
The materials that were mainly used in this thesis were amorphous SiO2,
single crystalline TiO2 and polyimide. The first material has many technological applications, e.g. in microelectronics. The possibility of etching of
21

ion tracks in SiO2 has been demonstrated in numerous publications, e.g. [80,
81]. Because of the potential technological applications, it is important to
study latent ion track creation with low energy swift ion. The interesting
feature of this material is the fact that it does not changes its phase when
irradiated, but rather transforms from one state of amorphisation to another.
The second material used for pattern transfer was single crystalline rutile
titanium dioxide (TiO2). Titanium dioxide has the highest dielectric constant
among the oxides, which makes it an attractive material for electronic and
optical applications, e.g. as a substitute for SiO2 in the next generation microelectronics [82], and in optical waveguides [83-85]. It also has interesting
catalytic effects for some chemical reactions, e.g. photocleavage of water
[86]. After being irradiated with enough high energy ions this material becomes amorphous and exhibits a high contrast between the irradiated and
non-irradiated parts. Furthermore, non-irradiated TiO2 is not etched by hydrofluoric (HF) solutions, in contrast to the irradiated and amorphized parts
that have offer poor resistance against the etchant [87].
As it was mentioned in the Introduction, porous polymer membranes are
very attractive as templates for nanowire deposition. Among the most attractive template materials is polyimide because of its high chemical and thermal
resistance. In our work polyimide resist was used as a template for nanowire
deposition. This material is widely used as an adhesive layer, stress buffer
coatings, dielectric interlayer, and substrate material in microelectronics. The
polyimide resist can be spin coated onto a silicon wafer, and is compatible
with many silicon IC processes [88, 89].
In the studies described in this thesis some cleanroom based and microstructuring tools were used. The physical vapour deposition was used for
chromium and gold film deposition. Amorphous SiO2 was thermally grown
on a (100) n-type silicon wafer. The polyimide resist was spin coated on the
silicon wafers and cured in an oven with a nitrogen atmosphere. The major
part of etching of polyimide, SiO2 and TiO2, as well as nickel nanowires
deposition into polyimide templates, was performed in a fume hood.

Swift Sub-1 MeV/u Heavy Ions
Swift heavy ions of several MeV/u have been extensively studied and used
for diverse applications for years. Great amounts of experimental data have
been gathered, and lots of theoretical debates have been committed to this
topic. However, so far not much attention has been put on low energetic
swift heavy ions with energies below 1 MeV/u, although such ions can still
deposit high enough energy to create short-length, continuous ion tracks
[90]. Moreover, even non-continuous ion tracks caused by such ions could
22

find their applications. As presented in this thesis, overlapping, noncontinuous tracks can be used for pattern transfer.
Depending on the deposited energy from the projectile ion to the target
(dE/dx)e, damages with different track morphology and varying track etching
yield (the ratio between the number of observed pores N and the applied
fluence ), [=N/) ) can be observed. The dependence can be explained with
help of the extended defect chain model [91-94]. According to that model,
one can distinguish four stages of damages morphology along the ion track
(figure 7). Near the threshold for electronic excitations caused damage, the
tracks resemble a string of separated spherical defects. With increased
(dE/dx)e spherical defects percolate and form interrupted cylindrical shaped
defects. For these two stages the etching of tracks is not possible and the
yield is zero. At even higher electronic stopping power the cylindrical damages start to merge leading to heterogeneous tracks, and finally continuous
tracks are created. Etching is possible for both stages, however as long as the
damages along the tracks are not continuous, the fluctuation of defects density leads to heterogeneous etching, and etching yield is below 1. An etching
yield of 1 corresponds to the etching of continuous tracks.

Figure 7. Four stages in ion track morphology corresponding to different stopping
powers.

To be able to use swift sub-1 MeV/u heavy ions, it is important to know
what morphology corresponds to a given ion and a given material. In Paper I
a thin film of amorphous SiO2 was irradiated with different heavy ions having energies below 1 MeV/u. To study the morphology of the induced ion
tracks, etching in hydrofluoric (HF) acid was performed. In figure 8, the
yield ([) of ion track etching is shown as a function of electronic energy loss.
The yield is equal to 1 at an electronic stopping power (dE/dx)e above
4 keV/nm. By extrapolation of the low energy ions data to a yield of 0, the
threshold for etching is estimated to 1.6 ± 0.4 keV/nm. Above this value the
etching yield increases with the electronic energy losses. However, as long
as the yield is below 1 the size of the pore diameters are dispersed. How the
deposited energy reflects in the pore shape and yield can be seen in figure 9,
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which shows a sample irradiated by iodine ions with different energies that
correspond to different energy losses. The figure illustrates three of the morphology stages described above: a) above the threshold (dE/dx)e[=1 b) above
the threshold (dE/dx)e[=0, and finally c) near the threshold (dE/dx)e[=0 [95],
(Paper I).

Figure 8. Track etch yield [ versus the electronic stopping power (dE/dx)e for different ions. Above a certain energy loss (! 4 keV/nm) value the yield is 1, corresponding to continuous latent tracks. Below this value the created tracks are discontinuous [95].

The pore diameter increases with the electronic stopping power Se (electronic energy loss) until it reaches its saturation value. This value is achieved
before the given ion reaches its maximum Se value (see figure 3). Furthermore, the width of the pores diameter distribution decreases with an increasing stopping power (figure 10). In addition, the ion track may reduce its diameter above a certain stopping power (figure 10). This behaviour is called
the velocity effect. The density of deposited energy depends on the ion velocity, so that at low velocities, the spatial distribution of deposited energy
for an ion is higher than at higher velocities. At some point the latent track
diameter will remain constant with increasing dE/dx until it starts to decrease
with increasing ion velocities
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a) All pores have the
same diameter and the
density of pores correspond to the fluence. This
indicates that continuous
latent ion tracks were
obtained.

b) Pores with different
diameters. The density of
pores does not correspond
to the fluence. This is the
case when non-continuous
latent tracks are formed.

c) Small depressions are
etched rather than pores
and their density is much
lower than the fluence. In
this case the latent tracks
are expected to be a string
of spherical damages.

Figure 9. Three stages of ion track morphologies as revealed by etching. The samples were irradiated with a) 48 MeV I9+ ions what corresponds to (dE/dx)e = 8.2
keV/nm, b) 15 MeV I4+ what gives (dE/dx)e = 3.6 keV/nm and c) 5 MeV I2+ ions
with (dE/dx)e = 1.7 keV/nm. All the samples were etched in 4.8% HF for 7 min at
room temperature. (Paper I)
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Figure 10. The plot of the mean pore diameter d! and the standard deviation V for
measured pore size distribution as a function of the electronic energy loss [95].
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Nanopatterning
Self-assembled Masks
For micro and nanopattern transfer, two types of masks were used: porous
alumina membranes and colloidal silica microspheres (Papers II-V, VII).
The porous alumina mask was obtained by a two step anodization procedure described by Masuda [15]. First, the anodization process was performed
under stirring in 0.3 M oxalic acid at 1°C and a constant voltage of 40 V for
24 h. Thereafter, alumina was etched in a solution containing 1.8% CrO3 and
5% H3PO4 for 12 hours. The second anodization was the same as first step
but lasted only for 1 hour. The resulting structure is as shown in figure 11.
Finally, the aluminium substrate was removed by etching in a saturated
HgCl2 solution. To open up the bottom of the alumina pores and to adjust the
pores diameters, the alumina was again exposed to H3PO4 again. This process results in porous alumina with pores of 70 nm in diameter and around
100 nm interpore distances (mainly used in the studies). The resulting membrane is shown in figure 11b and figure 11c. The membranes were then

Figure 11. Porous alumina mask, a) an idealized drawing of membrane showing uniform hexagonal cells, b) top view and c) cross-section of a real porous
alumina membrane.
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placed manually on a substrate.
To be able to use the alumina membrane as a mask an alignment of the
mask in respect to the incoming beam had to be performed (Paper II). To do
this a Rutherford backscattering spectrometry method was employed
(figure 12).

Figure 12. Porous alumina mask alignment set-up. The beam passes through the
mask and after being backscattered its energy is detected. By tilting the sample the
angle at which the beam crosses the mask can be optimized.

In the vacuum chamber a sample was mounted on a wheel controlled by a
goniometer. In this way the sample could be rotated around two, perpendicular to the ion beam direction, independently. In order to do the sample alignment a thin (few nm) gold layer is sputtered on the sample and the energy
spectra of back scattered MeV He+ ions from the gold film was registered by
the detector. The backscattered ions from the gold layer resulted in broad
peak on the energy spectra. For misaligned sample (the incoming beam is
not parallel to the pores axis and has to pass through the alumina walls to
reach the gold layer) the peak was shifted towards lower energy. By scanning the angle between the beam and the sample with the help of the goniometer the right peak position was found. Figure 13 shows a typical energy
spectrum for both an aligned and a misaligned beam and the angle scan
mapping the intensity for the different tilt angles.
For the second type of masks a colloidal suspension of silica microspheres was used (figure 14). This suspension was dispensed on the sample
surface by a micropipette. During evaporation the microspheres start to aggregate in a hexagonal close packed (HCP) structure. In this manner, a
monolayer of ordered silica spheres can be deposited on the surface. How28

ever, this layer is not free from defects like dislocations, vacancies, and
quadrangular packaging. By this self-assembly method, a ‘negative’ pattern
in respect to porous alumina is possible to obtain, i.e. hills instead of holes.
By the combination of several layers of silica spheres, it is also possible to
achieve pattern similar to the alumina mask. The main advantage of this kind
of mask is that it does not require a time consuming aligning procedure
(Paper V).

Figure 13. The energy spectra for back scattered He+ ions, a) energy spectrum for
the aligned beam (black plot) and the misaligned (red plot). The encircled peak
indicates the aligned He ions scattered from the gold. The peak is shifted towards
lower energies if the ions cross the alumina walls in its trajectory, b) the position
scan of goniometer in two dimensions. The tilt corresponding to the highest intensity
(z-axis) indicates the correct alignment of the mask.

Figure 14. A mask made of a single layer of self-assembled silica microspheres. The
diameter of the spheres is 1.5 Pm. (Paper V)
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Ion Track Lithography
In ion track lithography there are critical parameters that have to be considered to successfully transfer a pattern. One of these parameters is the ion
energy, which decides the ion energy loss in the solid matter. The allowed
energy window is limited by two factors. On one side, the energy of the impinging ions that go through the openings in the mask has to be high enough
to induce damages in the material so it can be etched, i.e. the energy loss has
to be above the threshold for etchable latent ion tracks. This gives the minimum allowed energy. On the other side ions that pass through the mask material should be stopped or slowed down sufficiently, not to create etchable
damages. This gives the maximum allowed ion energy. To stay within this
energy window is crucial for correct pattern transfer.
The next important parameter is the ion irradiation fluence. It must be
high enough to ensure overlapping ion tracks, so that a continuous volume
can be etched. A high enough fluence also ensures more exact pattern transfer and smoother etched areas. When dealing with non-continuous tracks or
tracks that have extremely small diameters, there is a fluence threshold
above which the transformed volume is possible to etch.
In the context of ion track etching, there are two main etch rates. One is
the etch rate of the etching of the ion track (vt) and the other – normally
slower – is the etching rate of the non irradiated, bulk material (vb). The ratio
between those two, i.e. vt/vb, is called etch selectivity. In the case of single
ion tracks the selectivity determines the shape of the etched track. When vt is
close to vb the shape of etched track will be conical. When the ratio is high
(! 100), the pores become more cylindrical in shape. For lithography it is
important to have high selectivity. This will ensure straighter walls in the
etched structures, higher aspect ratios, as well as lower under-etching (etching of the not irradiated material under the mask).
For porous alumina pattern transfer to SiO2 chlorine ions were chosen.
For these ions, to create etchable damage in the substrate, the minimum energy is approximately 2 MeV (Paper II). On the other side, the maximum
energy limited by the mask thickness is 4 MeV (this value was calculated
with the help of the SRIM’03 program for a porous alumina density of
3.2 g/cm2, with the assumption that porous alumina has its density about
20% lower than normal alumina which is of 4 g/cm2 [96]). Hence, 4 MeV
Cl2+ ions were used. After irradiation, the samples were wet etched in a 5%
HF solution, figure 15.
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Figure 15. SiO2 after having been irradiated through a porous alumina mask and
etched in a 5% HF solution. The pores are 85 nm in diameter, and the inter-pore
distance is around 100 nm. The depth of the resulting structure is 10 nm. (Paper II)

An array of pores was obtained with 85 nm in diameter, and with an interpore distance around 100 nm. The resulting structure was only 10 nm deep,
although the range of 4 MeV Cl ions in SiO2 is a few microns. This is due to
the low etching selectivity of 5% HF aqueous solution between the track and
the bulk. The diameter of the etched pores increases, finally resulting in
merged pores. To etch deeper structures – and get a higher aspect ratio – a
more selective etching technique had to be applied.
In order to obtain structures of higher aspect ratios the idea of HF vapour
etching of SiO2 [81] was employed. In this etching method, the irradiated
sample was placed over a beaker with HF solution and heated up the whole
set up with an IR lamp. After etching, a measured depth of the pores of 355
nm was reached (figure 16). However, this kind of etching is very sensitive
to its environment, and the etched surfaces are rough. Non-uniform etching
may also result from non-continuous latent ion tracks, where the damages
are more like a sting of spherical defects.

Figure 16. Pattern of porous alumina mask transferred to SiO2. After irradiation the
sample was etch with HF solution vapours, top view (a) and cross section (b) revealing 185 nm deep pores (tilted view). (Paper III)
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The pattern of porous alumina mask was also transferred to TiO2. In contrast to pattern transfer to SiO2 Br7+ ions were used with fluences from
7.91013 to 1.21014/cm2. The depth of the pores was 600 nm and 1,100 nm
for 13 and 25 MeV Br ions, respectively (figure 17).

Figure 17. The cross-section of patterned TiO2, a) 600 nm deep pores after irradiation with 13 MeV Br ions and b) 1,100 nm deep after 25 MeV Br ions irradiation.
(Paper IV)

For some applications, a ‘negative’ mask in respect to the porous alumina
mask is required, i.e. not pores but the space around the pores is changed by
the heavy ions and etched. For these purposes the self-aligned silica microspheres may be used. This kind of mask was used to transfer a pattern to
TiO2. For irradiation, ions with energies of 13 and 25 MeV were used. Figure 18 shows the resulting patterned surface with hemispheres of dimensions
corresponding to the dimensions of the microspheres (1.5 µm in diameter).
This sample was irradiated with 25 MeV Br and a fluence of 11014/cm2 and
etched in a HF solution.

Figure 18. The resulting structures on TiO2 surface after irradiation through a monolayer of silica spheres with 25 MeV Br at a fluence of 11014/cm2 and etched in HF
solution; a) top view and b) tilted view. (Paper V)
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The fluence threshold mentioned earlier can clearly be exemplified in the
case of TiO2 irradiated by Br ions. Figure 19 shows the transferred pattern
from self-aligned silica microspheres on a substrate for 13 MeV Br ions. In
figure 19a the TiO2 was irradiated with a fluence of 41013/cm2 and etched.
Although, after etching visible surface damage is created, it was not possible
to etch it into three dimensional patterns. At a fluence of 11014/cm2 the pattern of microspheres was successfully transferred to the TiO2 (figure 19b).

Figure 19. The fluence dependency of pattern transferred to TiO2. a) The sample
was irradiated through a monolayer mask of silica spheres with 13 MeV Br ions at a
fluence of a) 41013/cm2 and b) 11014/cm2.

What makes silica microspheres even more interesting as a mask is the fact
that multilayer masks can be created, and therefore different patterns can be
obtained. Figure 20a shows the gradual transition from a single layer (left)
through the double layer of quadrangular ordered spheres (middle), and finally, the double layer of hexagonally ordered spheres (right). Although it is
straightforward to predict the etched pattern after irradiation through a single
layer, in order to better understand etched structures for equivalent multilayer structures, simple simulations combining SRIM-2003 and Matlab
software were made (for details about simulations look to Paper V).
Figure 20 shows the results of simulations (middle part) with the corresponding combination of sphere layers (lowest part).
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Figure 20. Etched structures resulting from spheres ordered into different configuration. The sample was irradiated with 25 MeV Br ions at a fluence of 11014 ions/cm2
and subsequently etched in HF, a) its transition from a single layer towards two
possible double layer combinations, b) simulated single, hexagonally ordered layer,
c) simulation of double, quadrangularly layer and d) simulation results for two, hexagonally ordered layers. Note that the scales in the simulations are in µm. The pictures below the simulation show the respective spheres arrangement. (Paper V)

Finally, a pattern similar to the pattern of a porous alumina membrane can
also be achieved. By combination of three layers, which all are hexagonally
ordered, hexagonally ordered pores can be obtained. Figure 21 shows the
resulting structures and the simulation corresponding three hexagonally ordered layers.
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Figure 21. a) An etched pattern resulting from irradiation with 25 MeV Br ions
through three hexagonally ordered layers of microspheres, b) simulation of the pattern. (Paper V)

Template Assisted Deposition
As it was mentioned in the introduction, one of the main application areas
for swift heavy ions is the template fabrication for nanowires deposition.
As a template for nanometer sized wires, a 1.5 µm thick polyimide resist
film was used (Paper VI). The resist was spun onto a silicon wafer covered
with SiO2. To be able to do the electrodeposition, a conductive, gold seed
layer on an adhesion layer of chromium was deposited below the polyimide
film. The sample stack with etched pores is presented in figure 22a, and the
etched pores in figure 22b. For the irradiation, Xe27+ ions with an energy of
8.33 MeV/u (1.07 GeV) were used. A standard etching procedure was performed on the sample [37]. After etching, the pores opening diameters varied
but were in the range from 12 to 19 nm. Although etching conditions were
the same as for Kapton HN polyimide foils used in other studies of the pores,
etch rates and etch dependence on time was different. This may be due to the
full imidization of the polyimide resist, which did not occur with the Kapton
HN foils studied in [29].
Nickel nanowires were deposited by electroplating into the pores in the
polyimide template. The deposition was done in potentiostatic mode and
resulted in nanometer sized wires. Figure 23 shows Ni nanowires after the
template was removed by dry ashing in oxygen plasma. The “cap” at the top
of the wires is the consequence of Ni growing radially on the surface of the
template after the pores have been filled. The smallest measured wires were
31 nm at the top and 17 nm at the bottom
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Figure 22. The polyimide resist used as a template, a) the stack of layers with a thin
film of polyimide on the top, Au layer as a seed layer for further electrodeposition,
and a Cr film to enhance the adhesion between to SiO2, b) the surface of the resist
with etched pores. (Paper VI)

Figure 23. Electroplated Ni wires into porous polyimide template. The smallest
measured wires are 31 nm in diameter at the top (just below the “caps”) and 17 nm
at the bottom. (Paper VI)

Swift heavy ions irradiation can also assist the deposition process in a
template. Hydrocarbon vapours can be always found to some degree in an
irradiation chamber, e.g. from the vacuum pump system. These molecules
have a tendency to rest and cover the chamber surface. The sample surface is
not an exception. If the ion beam is applied on the covered surface it may
crack hydrocarbons molecules, leaving a film of non-volatile carbons on the
sample surface. This carbon deposition, which is an obstacle for ion beam
material analysis [97], may be turned into an advantage as soon as one can
control it to some degree.
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When a porous alumina membrane is placed on the sample surface as in
the ion track lithography, a carbon film will cover the surface during irradiation and will fill the pores as in template assisted deposition. After irradiating with high fluence of 11015 – 11016/cm2, carbon covers the whole irradiation area. After etching the template, the pointy pillars were revealed with a
diameter of approximately 200 nm and a high and 40 nm in diameter, each
centred in a pore (figure 24).

Figure 24. An array of carbon nanopillars. (Paper VII)

Transmission electron microscopy (TEM) exposed the inhomogenity of
the pillars and energy dispersive spectroscopy (EDS) confirmed carbon as
the main building component (figure 25), (Paper VII).
The fluence used in the swift heavy ions assisted carbon disposition is orders of magnitude higher then needed for ion track lithography.

Figure 25. a) Transmission electron micrograph of carbon nanopillars and b) an
energy dispersion spectra measured on a pillar. Au comes from the sample surface,
and Cu comes from the grid to which the sample was attached. (Paper VII)
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Conclusion and Outlook

It was demonstrated that sub-1 MeV/u swift heavy ions and selfassembled masks may be used for nanopatterning. Thus, low energy ion
accelerators can be used. It was proved that continuous latent ion tracks are
not necessary – as long as the latent ion track size and fluence are above the
etch threshold. Depending on the self-assembly mask both pores and hills
are achievable. This, together with the long range of ions in a material enables high aspect ratio pattern transfer to amorphous SiO2 and crystalline
TiO2. Finally, it also has been shown that swift heavy ions can be used for
fabrication of templates for electrodeposition of nanosized wires, as well as
they may assist local deposition of carbon pillar arrays in porous alumina
templates.
From these findings it is concluded that for swift sub-1 MeV/u heavy ion
irradiation through masks there is a great potential stored as a tool for micro- and nanopatterning. The main advantages in using swift heavy ions for
nanopatterning are the highest contrast and minute widening. Even if this
‘ion track lithography’ may not give a higher resolution than the other lithography techniques, it still can pattern otherwise irradiation insensitive
materials.
The work described in this thesis suggests a new application area for lowenergy swift heavy ion irradiation – patterning at nanoscale. However, this is
just the beginning. There are still lot of unanswered questions and unexplored possibilities.
There are four main directions in which the further study should be done.
The first should be aimed towards a better understanding of low energy swift
heavy ions interaction and the morphology of the created tracks in different
materials. For example to gain better knowledge about low energy ions
caused ion track in TiO2, a study similar to the study on SiO2 described in
this thesis should be done. This would help to understand the etching of this
material and its dependence on the irradiation fluence. The second direction
concerns the masking techniques. The ordered microsphere masks allow
precise studies of the deposited energy distribution, as the ions pass through
the sphere its energy diminish in an analogue way (continuously), in contrast
to masks like porous alumina where only ‘binary’ states are possible, i.e.
irradiated or not irradiated. It should also be possible to use other materials
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to reach self-assembled nanospheres masks. The density of the material
should be higher that the density of the silica. This would allow using
smaller spheres, and still get the same height contrast. The third route is to
apply the ion track lithography to new materials and to lithographically pattern materials properties by ion irradiation without further processing like
etching. This could find possible applications in patterned magnetic media or
optical properties. The study of the deposition process of carbon pillars
should be continued. By controlling the amounts of hydrocarbon in the
chamber it should be possible to gain better control of the deposition.
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Sammanfattning på svenska

Avhandlingen beskriver ett sätt att använda snabba tunga joner som bestrålas genom mönstrade membran för att tillverka nanometerstora strukturer. Nanometer är en längdenhet som är en miljarddel av en meter. Detta
värde blir mindre abstrakt om man tänker sig att ett hårstrå är ungefär
80 000 nm brett, en röd blodkropp är 7 000 nm stor och 1 nm motsvarar
ungefär 10 väteatomer placerade i en rad. I nanoteknologi tillverkas och
tillämpas material i nanoskala. Nanoteknologin gör inte bara saker mindre så
att de tar mindre plats och blir billigare att tillverka. Den utnyttjar också att
material i nanoskala beter sig på ett annorlunda sätt. Kvanteffekter börjar
dominera och de kan leda till nya elektriska, magnetiska och optiska egenskaper som inte är möjliga att iaktta i större skala.
För att kunna ta fram allt som nanoteknologin erbjuder är det viktigt att
utveckla verktyg för bearbetning i nanoskala. Litografi är ett viktigt redskap
för detta. Det är en process att ta fram strukturer genom mönsteröverföring
från en mönsterförlaga (så kallad ’mask’) till en yta där mönstret ska skapas
(substrat). Den vanligaste litografitekniken är där mönster överförs med
hjälp av ultraviolett ljus. Där består masken av en glasplatta med mönster
som ritats med krom. Krommönstret gör att ljuset stoppas där det finns krom
men släpps igenom där krom saknas. Under masken befinner sig ett substrat
av tunn film bestående av en ljuskänslig plast. Under bestrålningen förändras
plasten. Förändringen sker där strålen släpps igenom masken. Sådan förändrad plast kan man lösa upp i ett lösningsmedel så att bara ickebestrålad plast
är kvar. Nästa steg är att genom en kemisk reaktion, så kallad etsning, lösa
upp substratet där den mönstrade inte plasten ligger. Därefter motsvarar den
etsade delen av substratet mönstret från masken och litografiprocessen är
avslutad. För den litografiprocess som använts i avhandlingsarbetet har en
stråle av laddade partiklar, så kallade joner, utnyttjats istället för ultraviolett
ljus. Jonspårslitografin förväntas inte kunna tillverka mindre strukturer än
vad som är möjligt med ljuslitografi. Användningen av snabba tunga joner
har däremot fördelen att mönstret överförs direkt till provets yta och att det
är möjligt att mönstra material som är inte ljuskänsliga. Man kan till och
med förändra materialets egenskaper genom bestrålning med snabba tunga
joner för att till exempel mönstra magnetiska eller optiska egenskaper.
När snabba, tunga joner passerar genom fast materia växelverkar de med
materialets atomer. Växelverkan kan bli så pass stark att atomer flyttar på
sig. Resultatet blir en nanometerstor cylinderformad förändring av materialet
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längs jonens spår, ett så kallat latent jonspår. Om joner skapar ett jonspår
eller inte beror på hur mycket av jonens energi som överförs till materialets
atomer. Energiöverföring beror bland annat på jonens energi. Varje material
har sitt givna energitröskelvärde för denna materialomvandling (atomförflyttning). Om den överförda energin överstiger detta värde skapas jonspår.
Om den överförda energin inte är tillräckligt stor kommer inte jonspåret att
bestå. Diametern av det förändrade materialet är i storleksordningen av några
nanometer. Om ett förändrat material med jonspår stoppas i en syra kan en
kemisk reaktion ske som innebär att jonspåret löses upp (estning). Etsning
sker längs jonspåret men oftast etsas även ickebestrålat material omkring
porerna – fast mycket långsammare. Resultatet blir ett poröst material. Om
materialet är bestrålat med en tillräckligt hög täthet av joner eller etsas under
en tillräckligt lång tid kan porerna växa samman och avlägsna en större volym av materialet.
Liksom vid litografi med ultraviolett bestrålning används en mask i jonspårslitografi, men denna mask stoppar eller släpper igenom joner. Att använda joner för att överföra ett mönster är ingen ny teknik. Det finns några
tekniker som använder lågenergi-joner som till exempel protonlitografi. En
nackdel med att använda lågenergi-joner är att de sprider sig väldigt mycket
åt sidan när de passerar materialet. Det gör inte snabba tunga joner. De kan
gå djupt in i materialet utan att spridas åt sidan. Detta möjliggör tillverkning
av väldigt djupa nanometerbreda strukturer.
För att kunna använda litografi i nanoskala måste man kunna tillverka nanomönster på masken. Den vanligaste tekniken att göra sådana masker är att
rita med en elektronstråle. Den huvudsakliga nackdelen med eletronstråletekniken är att det är en långsam process. I det beskrivna arbetet användes i
stället så kallade självmonterade strukturer som mask. Dessa strukturer har
förmåga att sätta samman större mönster av mindre delar genom kemiska
eller fysiska krafter. Till exempel kan molekyler samlas ihop och forma större strukturer. Andra exempel är att små kiseldioxid-bollar som befinner sig i
en vätska kan byggas i ett ordnat monolager och att aluminium blir ett poröst
material med hexagonalt ordnade cylindriska porer genom en oxideringsprocess (så kallat porös aluminiumoxid). Dessa två sistnämnda metoderna har
använts i arbetet som beskrivs i avhandlingen.
Efter jonbestrålning genom en porös aluminiumoxidmask (70 nm stora
porer med 100 nm avstånd mellan mitten på närliggande porer) och efterföljande kemisk etsning uppnåddes porer i kiseldioxid (SiO2) och titandioxid
(TiO2). Genom att använda olika SiO2-etsningsmetoder skapades porer med
olika djup. För våtetsad SiO2 i fluorvätesyralösning uppnåddes bara 10 nm
djupa porer. Det var för att porerna snabbt höll på att gå samman. För etsning i fluorvätesyraånga uppnåddes porer av 355 nm djup och med 77 nm
diameter. I båda fallen var avståndet mellan mitten av porerna ungefär
100 nm. För TiO2 som bestrålades med joner med två olika mängder energi,
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blev porernas 600 nm (för joner med lägre energi) och 1 100 nm (för joner
med högre energi). I båda fallen blev porernas diameter cirka 70 nm.
Den andra typen av självmonterande mask var SiO2-mikrobollar som
samlades i ordnade monolager. Resultatet efter bestrålning genom ett monolager och etsning blev ett mönster av halvsfärer. Monolagren går att kombinera till multilager, vilket kan ge porer istället för halvsfärer. Figur 1 visar
två olika typer av masker och de strukturer som blev resultatet av dessa
masker.

Figur 1. Självmonterande masker (övre bilder) och motsvarande strukturer på titandioxidyta: a) masker av mikrobollar av kiseldioxid och b) av ett poröst aluminiumoxidmembran

Porösa material tillverkade av jonspår kan också användas för att tillverka mallar för att deponera trådar i nanostorlek. I den här studien användes
ett 1,5 µm tunt lager av en plast som heter ’polyimid’. Bestrålningen med
tunga joner och efterföljande etsning ledde till ett poröst membran. Polyimiden lades på en kiselskiva med guld- och kromlager emellan. Den ledande
guldfilmen användes för att kunna deponera nickeltrådar i dessa nanoporer
på ett elektrokemiskt sätt.
Bestrålningen av materialen sker i en vakuumkammare. Under bestrålningen kan ett tunt lager av kol bildas över provets yta. När man lägger en
mask som består av ett poröst material (som aluminiumoxidmasken), kommer kolfilmen att ligga över hela masken. Men efter att masken tagits bort
stannar bara det kol kvar som växte fast på provet i maskens porer. På det
här sättet tillverkade vi kolnanopelare på en SiO2-ytan. Nanopelarna var
200 nm höga och 40 nm i diameter. Figur 2 visar nickelnanotrådar och det
ordnade mönstret av kolnanopelare.
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Figur 2. a) Nickelnanotrådar deponerade i ett poröst plastmembran och b) kolpelare
deponerade i ett poröst aluminiumoxidmembran.

De beskrivna resultaten visar att snabba och tunga joner med fördel kan
användas för att mönstra annars okänsliga material i nanoskala. Snabba
tunga joner kan alltså användas både till litografi och för beläggning av material.
För att bättre förstå och använda jonspårlitografi måste djupare studier göras av växelverkan mellan joner och materialet (t.ex. för TiO2) I fortsättningen bör även nya masker (t.ex. självmonterande bollar med mindre diameter)
och nya material (t.ex. mönstrade magnetiska material) undersökas. Vidare
deponering av kolnanopelare kräver också ytterligare undersökningar. Genom att få en bättre tillsyn över koldeponeringen på provets yta kan man
kanske kontrollera pelarnas tilväxt bättre.
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