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Abstract
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The microsystem processing of today is based on an assortment of diverse and
contrasting fabrication techniques, sprung from the microelectronic industry.
Microsystem technology has primarily been developed to meet the demands for
scaled down low-cost sensor and actuator systems. These devices are based on a
number of contrasting principles, e.g. capacitance of mechanical membranes,
microfluidic or piezoelectric actuation, electrostatic or heat deflection, etc. Clearly
the disparate designs of these devices require microfabrication processes that are
flexible and unrestricted, allowing deep and vertical structures to be obtained.
The scope of this thesis is microstructuring and microsystem fabrication of
primarily polymer materials by means of ion track lithography. Ion track lithography
in combination with microstructuring unwraps unique and untouched grounds. The
available building blocks in these microsystems include high aspect ratio (depth-towidth ratio) capillaries and metal wires of nanometric width, deep vertical cavities
as well as conventional double-sided thin film lithographic patterns. The blocks have
been combined to materialise a few technology demonstrators integrated in flexible
polyimide foils and laminates, commercially attractive materials with excellent
mechanical, temperature, and high frequency electronic properties. A magnetic field
sensing structure based on the magnetoresistance as well as inductor coils for
microwave circuitry have been fabricated and characterised. The various fabrication
processes have been evaluated with respect to resolution, aspect ratio, and
verticality.
We can present a deep vertical micro− and nanofabrication technique, overriding
the natural anisotropy or isotropy of many of the diverse materials employed in the
microsystem field. We have obtained pores, capillaries with aspect ratios of up to
400, clusters of electrodeposited magnetic and non-magnetic nanowires with similar
aspect ratio, solid complex structures with close to vertical walls as well as throughhole microvias in flexible printed circuitboards.
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Förord (preface in Swedish)

Jag börjar med bilderna. Bilderna kommer först, sen kommer frågorna. Att ta
mikroskopbilder är det bästa jag vet. Jag har fyllt hårddiskar med elektron−
och ljusmikroskopbilder av de strukturer jag framställt. Jag framställer
nämligen strukturer, ofta för små för att synas i ett vanligt ljusmikroskop.
Man får använda elektronregn istället. När man använder elektronregn gäller
inte längre fotografins grundsten, den att "ljuset" är viktigt. Istället är det
kontrasten mellan elektronerna som är viktig, märkligt.
Egentligen kan elektronregnet mer liknas vid häxregn. Häxregn är mer
intensivt och koncentrerat än vanligt regn, målsökande strålar från himlen
som söker just dig. Exakt så är elektronregnet i dessa mikroskop. Att
försjunka framför elektronmikroskopets vakuumkammare till pumparnas
sövande brum, som tillfälligt övergår i ett mer rosslande läte när man just
bytt prov, är en njutning. Varje elektronmikroskop (vi har sex stycken) har
sina egna egenheter, med vissa mer eller mindre förutbestämda intervaller
knäpper de till eller tystnar. Ibland med resultatet att bilden hoppar till.
Ska man ha färg är dock elektronmikroskopen inte mycket att ha. Jag har
lyckats nästla mig in så jag är ansvarig för ett ljusmikroskop av världsklass.
Ibland vill man sätta lite färg på tillvaron. Mina favoriter är den koboltblå
färgen, men även den skimrande gröna, eller den djupt sepiatonade.
Kopparkulören tycker jag bättre om än guldfärgen. Jag kan vara partisk,
mina prover får ofta dessa kulörer men vackra är de allt. Det finns två bra
inställningar på ljusmikroskopet som faktiskt skapar virtuella, konstgjorda
färger: Normarskikontrast och mörkfälts inställning. I Normarski ser man
provets topografi genom att som en karta av färgövergångar. I mörkerfält
kan man se defekter och repor på proverna som stjärnor, kometer och
meteorer mot en nattsvart vinterhimmel (Fig. 55).
Att framställa eleganta strukturer är det näst bästa jag vet. När man
jobbar i mikroskala är det möjligt att framställa oproportionerliga former,
skulpturer som i vår egen skala skulle brytas sönder av gravitationen. Här
finns möjligheter att skapa sagolandskap eller science fiction... Tänk dig en
tunn stående metalltråd lika lång som du själv balanserades ett huvud stort
som en jordglob av massiv metall. Såna är jag bra på att göra. Förvridna
former i likhet med Alberto Giacometti skulpturer fast små, osynliga för
ögat, hör till vardagen. Eller varför inte 'plockepin spel' förminskade 2000

ggr och i metall istället för trä. De är jag också väldigt bra på att tillverka.
Elektronsjöar och avgrundshål hundratals gånger djupare än dem är breda är
också vanliga i mina samlingar. Faktum är att avhandlingen är nedlusad med
bilder på submikroskopiska skulpturer, jag rekommenderar speciellt kapitel
3.5 där jag deponerat de mest slående bilderna.
Vad är det egentligen du gör?… är en fråga som upprepats av folk i min
närhet med en envetenhet och en frekvens som få andra saker. Ett tänkbart
svar vore kanske att tala om att jag doktorerar i materialvetenskap med
inriktning på mikrostrukturering med hjälp av jonspår. Jaha. Vem kan
egentligen koppla till detta fält? Man kan inte hålla för sannolikt att svaret
skulle ge en uppenbarelse av typen: Ahhaa…så pass. Svårigheten ligger i att
med ett begränsat antal meningar ge ett kristallklart svar. Jag har inte
kommit på något vettigt svar under de mer än fyra åren jag doktorerat så det
är lika bra att sluta försöka.
Rent formellt kan jag dock definiera mitt område: jag jobbar inom det
som populärt har kommit att kallas "ett tvärvetenskapligt område".
Definierat av skärningen mellan kemi, fysik, materialvetenskap, partikelfysik, elektronik och mekanik.
Hmm. Kanske säger bilderna i min avhandling dig egentligen mer. Jag
vet inte. Kanske är det så att ingen någonsin kan reda ut vad jag har gjort.
Det är kanske dumt att begränsa sitt arbete i en enda kort svarsformulering.
Nä, nu slutar jag försöka. Det är slut nu.
Uppsala, 8 januari 2003.

"Tala till mej, kex
vad vill ni?"
- ur "Assar" av Ulf Lundkvist.

High aspect ratio microsystem fabrication by ion track lithography

1 Introduction

It is fascinating that in order to fabricate the tiniest of things one sometimes
needs the most powerful and heavy equipment. I have used particle
accelerators, machines that readily fill buildings and frequently swell past
these boundaries down below the ground and into the basement of the next
building. Sometimes even under a city or so. I have used these huge
machines with a power consumption that could supply a medium sized
Swedish city to produce sub-microscopic, nanometer wide ion tracks, less
than 100 atoms wide. The power efficiency of such an accelerator for
producing ion tracks is of the order of 1:100 000 000, i.e. only 0.1 W out of
the 10 MW total accelerator power consumption is deposited inside our
samples, Fig. 1. For producing single ion tracks it is even worse, say
approximately 1 billion times worse. I have used these ion tracks and related
ion-induced damages for microstructuring of polymer materials. To be more
exact, I have machined deep, vertical structures of small lateral dimensions.

Fig. 1. Our experimental hall, the "γ-cave", at the Theodor Svedberg Laboratory
(supporting a medium energy cyclotron accelerator) where we perform the
irradiations. Two beam lines are shown in the picture.
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The microsystem processing of today is based on an assortment of diverse
and contrasting fabrication techniques sprung out from the microelectronic
industry. The common denominator for microsystems, I believe, is not that
they are small (they can be surprisingly large when finally integrated in a
package) but rather that they are produced by a characteristic set of
fabrication tools.
In the beginning, the processes adopted from integrated circuit fabrication
were employed on thin films and thin layers. These structures had lateral
dimensions of one to two order of magnitudes greater than their thickness
(during the 60s and 70s). At this time, structuring of for instance metallic
interconnection layers required no inherently vertical process. Isotropically
etched structures (removing material at the same rate both vertically as
laterally) were quite adequate.
Silicon is still the predominant material used for microsystem
applications, but the days of domination and brilliance are numbered. Today
almost every conceivable material is being explored. New process
technologies, applicable especially to attractive low-cost polymer and
ceramic material groups, are required. The process described in this thesis
can be used to produce vertical and high aspect ratio solid and hollow
structures in dielectric materials. It is particularly well suited for polymer
foils, Fig. 2.

Fig. 2. Focus on 25 µm long sub-micron nickel wires replicated from ion track
etched pores in a polyimide polymer foil.

High aspect ratio (i.e. large depth/width ratio) microfabrication techniques are today of absolute importance to the microelectronics and
microsystems industry. The appropriate choice of structuring process may
depend on whether the material has a natural anisotropy (e.g. crystal) or
10

High aspect ratio microsystem fabrication by ion track lithography

whether it is isotropic (e.g. amorphous or disordered solids). The former
exhibits different properties in different directions e.g. mechanical or
chemical, while the latter has the same values of these properties. The degree
of etch anisotropy for a crystal can be of different power and is linked to
what etch technique is used.
Vertical etch techniques, overriding the natural anisotropy or isotropy of
the material, are predicaments for virtually all microelectronic and microsystem structures. Especially important for the many deep structures used in
e.g. accelerometers, pressure sensors, wave guides, which normally call for
microscopic lateral dimensions and sharp wall definitions. In the
microelectronic industry the vertical dimensions are today of the same
proportions (or even larger) as these of the lateral (which for silicon
integrated circuits are in the range of 0.1 to 0.5 µm).
The terminology in the field of microstructuring is sometimes confusing
since the term anisotropic etching is used as description for preferential,
primarily vertical, etching of also isotropic materials. Moreover, isotropic
etching defines an etch process that takes no consideration of the natural
anisotropy of the material. Ion irradiation offers the power to impose a
synthetic anisotropy to a material which in its natural form is either
amorphous or crystalline, i.e. having isotropic or anisotropic etch properties.
Ion lithography techniques (i.e. patterning or engraving techniques) in
general are making use of accelerated ions to damage the material and
impose a vertical anisotropy to the material, making it susceptible to
chemical etching in directions defined by the directions of irradiation. The
material exposed to the ions is transformed and damaged. Defects,
vacancies, excitations and chemical modifications are induced in the
trajectory of the ions, and hence the material is shifted to a state of higher
energy.
We have used techniques that are suitable for large area structuring and
high throughput. These include micromachining by heavy ion track etching
and deep ion projection lithography (DIPL, also referred to as masked ion
lithography, ion beam shadow printing or "poor mans LIGA") using light
ions.
The damage induced by light ions is not continuous along the paths of the
ions, and the individual ion transfer less energy to the sample. A larger ion
density (dose) in combination with sensitive polymer substrate is required to
achieve a fully transformed volume that is possible to etch. For heavy ion
irradiation on the other hand, every individual ion transfer more energy to
the sample and a lower density is allowed.
The ions are following very straight trajectories with essentially no
lateral broadening during the first and principal part of their total range. For
11
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this reason it is possible to achieve truly vertical structures simply by using a
mask when etching or during irradiation in front of the sample. The lateral
spread is small and can normally be disregarded if the ion is allowed to
completely penetrate the material. In Fig. 3 the three generically different ion
lithography processes used are illustrated. A number of ion beam structuring
processes have been designed and evaluated by others, e.g. focused scanned
ion beams (similar to e-beam lithography), nano-beam irradiation techniques
using an aperture in front of the beam and a moving x-y sample table.
(i)

( ii)

( iii)

Fig. 3. Three different ion lithography processes: (i). ion projection lithography
using light ions and high fluence, (ii). ion track projection lithography with heavy
ions and medium fluence, (iii). ion track imposed vertical etch anisotropy for
enhanced chemical etching using an etch-mask. The lower of the pictures indicates
what kind of structures can be produced.

The ion track irradiation process expresses similarities with ion
projection lithography or LIGA-like techniques, where a pattern is vertically
projected from a mask into a sensitive polymer. In LIGA, Synchrotron X-ray
or ultraviolet light is used to expose the mask often made of a thin gold film
on a transparent carrier material, e.g. a thin film of silicon nitride. The
method of producing the mask for LIGA is inherently time-consuming and
expensive. X-ray exposure allows very deep structures, up to 5-10 mm (UVLIGA only 1-2 mm), but a synchrotron accelerator is required.
Focused ion beam (FIB) is another well-known technique that resembles
ion track etching: the heavy ion beam with a low energy (below 100 keV)
causes direct etching (etching in a reactive gas can also be executed) of the
sample (comparable with sputtering).
Individual ion tracks offer unique possibilities for realisation of
nanometer-sized, very high aspect ratio structures at low cost and high
throughput. Swift, heavy ions induce along their trajectory (path) a
nanometer wide channel of distorted, transformed material, where each
12
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individual ion track may exhibit properties markedly different from the
surrounding bulk material.
The length of the track can reach up to several hundred micrometers,
consequently the damage correspond to an extremely high aspect ratio. The
tracks in their unrefined form are essentially conducting paths, i.e. ion
channels. In magnetic materials they can actually be used to pin magnetic
domains and in superconductors to pin vortexes.
Ion tracks can be dissolved, i.e. etched, generating extremely high aspect
ratio pores, which have been used for liquid or gas filters. Aspect ratios of
single etched pores in polymer materials of more than 1000 have been
obtained. Moreover, the porous membranes can be used as templates for
growing (electrodeposition is often used) nanostructures, i.e. nanowires.
Nanosized structures are currently being explored in the basic research
fields of magnetics, superconduction, superfluidity and molecular and
cellular biology. The tiny dimensions of the nanostructures allow pioneering
interactions with certain properties and phenomenas found in these areas.
Ion tracks in several polymer materials, Fig. 4, have earned great
appreciation because they exhibit uniform etch properties, circular cross
sections, and for the small dimensions and high aspect ratios attainable.
Polymers are often etched in an alkaline and/or oxidising wet chemical
agent. The severely damaged material in the ion tracks is attacked
preferentially. The tracks are quickly transformed into fine hollow,
cylindrical pores, which after prolonged etching widens laterally. In some
materials, e.g. in polyimide, it is even possible to control the geometry of the
pores by changing etch conditions.
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Fig. 4. Monomer structures of different aromatic polymers which have proved to
perform excellent with ion track processing and etching.

Ion irradiation permits regulation of the track density between one track
per sample up to 1014 cm-2 where, in principle, the full material is
transformed. Most often the medium densities in the 106 – 1011 cm-2 region
are used.
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There are some other competing techniques for producing porous
membranes and templates. Electrolytic anodic polarisation is a common
method, limited to few materials, where aluminium and silicon are the most
common. The anodisation technique allows only production of high density
and high porosity membranes. Moreover, it is hard to control the pore
diameters independently from porosity. It is also difficult or even impossible
to define lithographically the exact location of pores. However, considering
nanowire growth in these templates, it is possible to define a pattern.
The access to both microsystem facilities and a low and medium energy
ion accelerator give us, as one of few research groups in the world, an
unparalleled opportunity to combine the realm of high aspect ratio
nanotechnology with conventional microtechnology. A new world opens up!
Our perspective and point of attack is influenced by this opportunity. I have
worked from a bottom-up, academic perspective and asked myself: what are
the advantages with this combination of fabrication techniques? What unique
and exciting components require and therefore motivate this set of tools?
There actually exist a number of such potential and novel applications.
The microprocessing of thin films enables us to define the location and
geometry of various structures based on ion track lithography: vertical or
tilted through-holes, nano or microchannels, microfilters as well as arrays or
clusters of nanowires. Above structures can also be linked together into
chains to allow e.g. longer channels or higher electrical resistance.
Novel structures that could not be reached previously can be obtained.
Future areas where they could find use include e.g. biofludic and
chromatography devices, magnetic field sensors based on magnetoresistance
of nanowires, electromagnetic wave bandpass filters, polarizers and photonic
bandgaps for microwave and optical wavelengths. Other examples are
production of arrays of precise field emission tips, 3D-nanowire grids for
neural network studies, microvias for flexible printed circuitboard
technology.

Fig. 5. Illustration of the possibilities with directional irradiation at multiple angles.
The possibility of having different ion track density in distinct directions enables
regulation of e.g. resistance within the same sample.

Tilted irradiation enables us to produce connections or pathways in
multiple specific directions, in e.g. polymer layers, Fig. 5. It is possible to
14
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specify the porosity or the metal cross section of these directions
individually. Clusters of pores or wires can be connected to each other with
lithographically defined surface channels or transmission lines or by direct
coupling at specific intersecting nodes. Thin film lithography must be used
to define these connections. In this way complex circuits based on nanopores
and nanowires can be produced.
In contrast to ion lithography there exists a number of established
microfabrication processes, used today to produce deep microstructures with
fairly high aspect ratio. The essential "deep vertical microstructuring
toolbox" for a normal microsystem process lab of today should include the
following list.
9 Deep reactive ion etching of silicon and plastics. Attainable resolution
~1 µm with aspect ratios of up to 30.
9 Laser ablation or laser drilling gives as resolution of about 10 µm and
aspect ratios of 5-10.
9 UV-LIGA with photoresist (e.g. SU-8) gives a resolution of 2-5 µm and
an aspect ratio up to 20.
9 Mechanical machining such as drilling produces bold structures where
the highest attainable resolution is of the order of 50 µm, aspect ratios
should be around 25-100 depending on the material processed.
9 Outside the mainstream processes we find synchrotron X-ray processes
(X-ray LIGA) for producing thick polymethyl methacrylat moulds. The
resolution is 0.5-5 µm and aspect ratios reach 100.
For producing high vertical solid structures local CVD epitaxy and local
electrodeposition on patterned seed layers are used. In addition, these above
processed trenches can be filled using electrodeposition.
The material of primary interest in this work, i.e. the material we have
structured, is various types of polyimide based plastics and laminate
materials. These can be structured with heavy ions and the use ion track
etching. We have used polyimide plastics because they have several
lucrative properties compared with many other plastics. The material has a
high temperature resistance (can be used up to 300°C), it is mechanically
rigid, it is resistant to most chemicals except strong alkaline solutions, and it
has good high frequency dielectric properties. Polyimide comes in different
forms, e.g.
i. Foils with thickness in the range 25, 50, 75 to 125 µm. Kapton™ HN
foils by Du Pont were used.
ii. Liquid curable resist. Pyralin™ LX (PI2610-series) supplied by HD
MicroSystems. Applied on silicon wafers, thickness 1-2 µm.
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iii. Flexible printed circuit board (flexible PCBs) laminates, i.e. a stacked
structure of multiple copper (interconnection) layers with intermediate
layers of a polyimide. We have used Espandex™ from Nippon Steel
with two 12 µm thick metallic layers and an intermediate, 50 µm thick,
polyimide layer.
The polyimide comes with slightly different chemical composition where
the one called PMDA-ODA is the most common, shown in Fig. 4.
Flexible PCB technology is used in diverse consumer electronics such as
harddisks, cameras, and printers because of the extensive wiring
(interconnection) capabilities, lightness and flexibility. The material is
elastic and ductile in some sense and can be bent, twisted and curved to
some degree, useful in an increasingly growing number of light applications
where space or geometry is limited. The flexible PCB wiring typically
operates as communication lines in-between ICs or between ICs and passive
components or terminals.
It is somewhat frustrating that all the ion lithographic techniques offering
extremely high aspect ratio structures are even after some 30 years of
research and development still darling buds of May, awaiting a technological
breakthrough. Rather than commit to a brand new technology, optimisation
of traditional processes have satisfied the microelectronic and microsystem
industry’s needs. In the past, say 25 years ago, ion track technologies offered
two orders of magnitude smaller structures and higher aspect ratio compared
with state of the art thin-film-lithography. At that time ion beam processing
was far ahead of time. Still, ion tracks can offer smaller structures,
considerably deeper structures and higher aspect ratio: beneficial or even
invaluable for applications ascribed the prosperous field of nanotechnology.

1.1 Ion tracks and cosmic rays
Ion tracks is not a new phenomenon, man-made accelerators are not required
for track creating and the study of tracks. Ion tracks have been formed in
various materials for as long as universe has existed. Cosmic particles and
spontaneous nuclear fission products produce permanent tracks in many
minerals on earth and extraterrestrial material.
Cosmic particles or rays consist of a myriad of energetic particles,
protons, alfa particles, and heavier (up to iron) ions as well as
electromagnetic irradiation. Some of these species produce tracks when they
hit an insulating target (not necessarily a solid material it could be a liquid or
gas).
16
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So-called cloud chambers (e.g. the Wilson cloud chamber) illustrates well
the creation of ion tracks, Fig. 6. When a cosmic or nuclear particle hits a
saturated gas-liquid mixture, for example hydrogen/neon, a visible bubble
trace is created along its trajectory. When I was just a boy I used to spend
quite some time at the technical museum in Stockholm staring down in such
a chamber. It is quite fantastic I must say.

Fig. 6. CERN image of particle trajectories in a bubble chamber (cloud chamber).

Ion tracks are used as a method of determining the age of certain minerals
containing traces of uranium impurities. Over a geological time scale
spontaneous fission products and cosmic irradiation produces numerous
tracks inside the mineral (e.g. apatite, obsidian and some volcanic glasses)
which remain for a long time as a historical record. Counting the tracks
density in combination with determination of the source and track formation
rate gives information about the age (and history) of the specimen.
This technique has been used in such diverse areas as geology
(geochronology), suboceanic geophysics, archaeology, astrogeology and
astrophysics. Meteorites stemming from the early solar system contain a
treasure of information about the history of the solar system and about the
nature of cosmic irradiation.
Latent ion tracks in solids are formed when dielectric materials are
exposed to heavy ion irradiation with kinetic energies in the order of 0.1
MeV per nucleon or more. For energies lower than these, the ions interact
directly with the nucleus of the target atoms (so-called nuclear stopping)
with the consequence that the ion bounces around in a billiard manner. High
17
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altitude balloon flights have shown that it is possible to obtain tracks in e.g.
sensitive polymer emulsions solely from the cosmic background radiation!
The theory and the time scales associated with ion track formation are
illustrated in Fig. 7. When heavy ions first enter a material the energy is
transferred to electrons only. Few direct nuclear interactions are involved. In
the core of the ion track, the excitation density can be extremely high,
however the deposited energy density decreases by r-2 into the so-called
track halo that surrounds the core.
electronic energy loss
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Fig. 7. Basic processes and time scale of track formation.Courtesy of Christina
Trautmann, GSI, Darmstadt.

At present, two models are frequently used to explain the ion track
formation, the Coulomb-explosion and the thermal-spike model.
In the Coulomb explosion model the atoms along the ion trajectory are
ionised by our heavily stripped Xe27+ ion, i.e. the electrons are knocked out,
ejected far into the track halo leaving an unstable core of positively charge
atoms. The ions produced in the trail of an impinging ion form an unstable
positively charged column, which will due to Coulomb repulsion collapse
into defects and vacancies. This model describes well the track formation in
many dielectric, insulator materials.
In the thermal spike model the formation of the tracks is modelled as a
rapid temperature increase in the trace of the ion, caused by an energy
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transfer from the ion to the electrons (creating a hot electron gas), which
subsequently is passed on the lattice atoms. A narrow cylinder along the
trace is quickly melted and then quenched producing a region of defects,
vacancies, phase transitions etc.
The minimum energy loss per unit length (linear energy transfer) of the
ion trajectory allowing formation of a continuous track varies for different
materials, for polyimide it is the order of 0.5 keV/Å, Fig. 8. This entity can
be computer simulated with programs based on Monte Carlo statistics of the
quantum mechanical ion-atom interactions. The track diameter is adjustable
by the chosen ion and its kinetic energy. We have used 8.3 MeV/u Xenon
ions that have approximately 13% of the speed of light.

energy loss (keV/Å)

1.2
Xe

1.0
0.8

track morphology

Kr

homogeneous etching

0.6
Ar

0.4

inhomogeneous etching

0.2
0.0

O
no etching
0

2

4
6
8
10
energy (MeV/u)

12

14

Fig. 8. TRIM calculation of the energy loss in Kapton™ for Xe-, Kr-, Ar-, and Oions as function of their specific energy. The data correspond to etching
experiments: full symbols ( , ): etched tracks with small pore size distribution
crossed symbols ( , ): etched tracks with wide pore size distribution open symbols
( , ): no pores. Courtesy of Christina Trautmann, GSI, Darmstadt.

In Fig. 8 the energy loss in Kapton™ (polyimide) for various ions and
energies is compared with track morphology. Xenon gives a good etchable
track up to more than 15 MeV/u. We know from experience and theory that
xenon is one of the most favourable and convenient ions to use for polyimide
irradiation. We have irradiated polyimide using 1.1 GeV 129Xe27+ (i.e. 8.3
MeV/u). The etchable range in polyimide is approximately 95 µm.
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2 Process summary − from a handbook
perspective

2.1 Designing your process - freedom and limitations
Designing a suitable process is not straightforward. There exist few or no
standard solutions, but on the contrary ample degrees of freedom and many
parameters of choice. The material and depth (or height) of the desired
structures determine what ions and energies are called for. However, not all
materials can be processed using ion enhanced chemical etching. The choice
is limited to dielectric materials. The required ion energy ultimately dictates
the choice of accelerator.

Fig. 9. To the left, an illustration of a raster scanning system. The colour shift was
induced by high density heavy ion irradiation of a polycarbonate sample (the colour
change is burnt in). The typical appearance of the beam spot that was used for
scanning the sample is shown to the right.

Two inherently different irradiation techniques have to be considered:
raster-scanned with a narrow beam or defocused beam irradiation. Rasterscanned irradiation has proven to generate statistically expected random
distributions of ion tracks and is therefore very suitable, Fig. 9. Defocused
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ion beams are believed to have intrinsically non-uniform properties due to
distortion in addition to being time consuming since only a small part of the
beam is used. Theoretically, the best ion track uniformity that can be
achieved, is the complete random track distribution.
The type of ion lithography technique used should be considered (Fig. 3).
The application and material dictates the most appropriate choice here.
i. Ion projection lithography using light ions and high dose, can only be
used for sensitive polymers and cannot be used to produce individual
pores, only fully etched volumes can be fabricated.
ii. Ion track projection lithography with heavy ions and medium dose.
The irradiation pattern defined by the lithographic stencil mask must
be decided before irradiation. Not all patterns are possible.
iii. Ion track imposed vertical etch-anisotropy for enhanced chemical
etching. A commercially attractive technique where material can be
prepared before defining the etched pattern using e.g. roll-to-roll
irradiation.
How to develop (etch) the ion tracks is another issue. The geometry of
the etched pores is affected by the selectivity of the developer, i.e. the etch
rate of the ion track in relation to the etch rate of the undamaged bulk
material. For ion tracks in polymer materials, it is common to use a strong
oxidising agent or a high pH alkaline solution, e.g. potassium permanganate
or sodium/potassium hydroxide. Sodium hypochlorite (which is used for
developing ion tracks in polyimide) has actually both these properties. In
other materials, metallic oxides or quartz for example, acids or strong
alkaline solutions could be more appropriate. The use of an etch-mask can
limit the choice of etchant.
Ion track techniques actually often enables machining of materials with a
natural anisotropy, i.e. poly-crystalline, crystalline and inhomogeneous
materials, as the imposed ion track etch-anisotropy often is extreme.
Low porosity membranes (or templates) holding individual, nonoverlapping nanopores or micropores can be produced. High porosity
overlapping pores are possible however this leads to a mechanically unstable
structure if not samples are irradiated in multiple directions.
The samples can be tilted with respect to impinging ions so that the
sample is irradiated from one or several angles (the latter method is used to
produce highly porous filters without abandoning the mechanical strength),
Fig. 5. Confined within a certain region; clusters or bundles of these pores
can be obtained. Pores can be made to merge and form fully open cavities or
structures of sizes down to the resolution of the lithographic tools. Hence, it
can be used for producing channels, holes, and microfilters of arbitrary
shape. The porosity can be approximated with, Pnom = N × Apore , where N is
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the ion track density and Apore is the pore cross-section. However, a statistical
expression taking into account also overlapping pores (better estimation for
large porosities) is the effective porosity, Peff=1-exp(-N × Apore).

Fig. 10. Ion track etched pores from heavy ion irradiation of a Kapton™ HN
polyimide foil (light optical microscope, LOM, image with interference contrast)

The porosity, Fig. 10, can be regulated in two ways. The pore diameter
can be tuned by controlling the etch duration and the etch conditions. The
ion track density can normally be calibrated to the desired dose within a
factor of two. Also the actual shape of the pores is possible to control. The
selectivity of the etchant can often be altered resulting in different pore
geometry from funnel to cylindrically shaped pores.
The randomness of the track locations is one of few parameters that
cannot be altered, the individual tracks are stochastically scattered. The
number of ion tracks within a specific area is governed by the Poisson
distribution. In fact this stochastic nature of the track location is not of
necessity a limitation: from a macroscopic point of view (when observing
more than 102 tracks) it is possible to obtain an almost uniform density.

2. 2 Irradiation – mastering ion track stochastics
A medium energy cyclotron charged with 129 Xe 27 + ions with an energy of
1070 MeV or 8.3 MeV/nucleon have been used to irradiate the radiation
resistant polyimide materials, Fig. 11. The ions and energy produced in this
accelerator can be used to generate ion tracks in most dielectric materials.
The second accelerator used is a low energy (up to 12 MV acceleration
voltage), linear Tandem accelerator of Van de Graaff type. Irradiation of the
radiation sensitive polymethyl metacrylat (PMMA) material was performed
using 8 MeV hydrogen ions. Both these two accelerators make use of a
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continuous, raster scanned beam with a spot size of 9 and 3 mm,
respectively. The typical beam current of the former accelerators is about
0.20 µA (1×1012 ions/s) and the latter has a current of 5 nA (1×109 ions/s).
Scanning the full sample one or several times in a vector or pixel based
way using an overlapping beam spot, gives a fairly uniform track density
distribution across the surface (from a macroscopic point of view).

RF

B
Fig. 11. The principle of a cyclotron for heavy ion acceleration. The ions are
introduced in the gap between two permanent magnetic poles. The two electrodes
are coupled to a radio frequency source (RF), which deliver acceleration energy to
the ions every turn.

2.2.1 Heavy ion irradiation
For the heavy ion irradiation a pixel based raster scanned system is used,
Fig. 12. An ion beam must by necessity be divergent since the ions are
repelling each other. However, this is not a drawback since we need a wide
overlapping beam spot to obtain a uniformly irradiated sample, Fig. 12.
Electrostatic deflectors
Ion beam
129
Xe27+

Sample

Fig. 12. The raster scan system of the TSL accelerator.

The beam spots were found to be in average 9.3 mm in diameter. The beam
was raster scanned over the 60×60 mm pixel grid, with a pixel size of
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1.0×1.0 mm, Fig. 9. Since the ion beam is not always stable we prefer
scanning every sample in a random fashion and several times to improve
uniformity.
The irradiation chamber with automatic sample changer (up to 5 samples
before venting the chamber) and the ability to tilt the sample for directional
irradiation, is shown in Fig. 13.

Fig. 13. The sample irradiation unit (vertical cylinder) at the end of the γ-beam line
at the TSL accelerator. The heavy ion beam comes in from the left.

A brief summary of the statistical issues related to the ion track
irradiation could be meaningful here. Statistically, the number of ion tracks,
x, found inside an irradiated area A, is Poisson distributed, X ∈ Po(λ ⋅ A) ,
i.e.
P( x) =

e λ ⋅ A (λ ⋅ A) x
x!

Here, the Poisson intensity, λ, corresponds to the ion track density
(tracks/cm2) and x to the number of ion tracks within the area of the via. The
variation is σ2 = λ × A and the expectation, µx, equals the standard deviation,
i.e. σ = (λ × A )1/2. If the number of tracks exceed about 20, the normal
approximation can be used to calculate standard deviation and related
statistical values.
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Fig. 14. Illustrating the technique of tilted irradiation. This sample has been
irradiated in three orthogonal directions. The etched ion tracks are revealed as the
small "comets" in the picture, their tails are pointing down into the sample
(darkfield light optical microscope, LOM, image).

2.2.2 Proton ion irradiation
At the Tandem accelerator we use a vector scanning system where the beam
is scanned quickly in the x and y direction at the same time but with different
speeds. The speed of the two directions is related to two prime numbers (to
extend the period before the beam scan the same trace again). A so-called
stencil mask in thick nickel (> 120 µm is required) in front of the beam
defines the irradiated volumes. The fabrication of a high resolution stencil
mask could require the use of LIGA-like processes.
Lighter ions, like our 8 MeV protons, will not give continuous tracks in
any material. To enable a high etch selectivity at reasonable doses, an
irradiation sensitive material like PMMA has to be used. For PMMA an ion
density of about 1014/cm2 is required to produce the extensive damage
needed to achieve selective chemical etching. The typical damage category
is the chain scissions, which lower the molecular weight of PMMA by
several orders of magnitude.
The range for the 8 MeV protons is 0.7 mm and for 10 MeV ions
approximately 1 mm. The ions produce chain scission and chemical
modifications (and also to some extent cross-linking) events along their
trajectories in the PMMA polymer. These damages are the explanation for
the preferential etching of the irradiated volumes.
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We have also discussed whether the dose rate can influence the speed of
the polymer cross-linking. The rate of cleaved polymer chains depends on
the probability of two neighbouring and activated end chains to coincide
within a short moment of time. Since the time between two chain scission
events becomes smaller for increased dose rate, this would facilitate crosslinking. An increased temperature could also promote cross-linking due to
enhanced chain motion followed by increased probability of two ends to
join.
The temperature increase of the PMMA during irradiation have been
simulated (with a finite elements method program, Ansys™), Fig. 15. In this
example, the corresponding total heat generation in the spot is 0.4 W, i.e. 0.1
W/mm3. The irradiation takes place in vacuum and the sample is clamped to
a sample holder in metal. Note that the backside of the sample is colder since
the heat dissipation to the backing holder is larger. The maximum
temperature found in this example is 71°C. Nevertheless, the temperature
may exceed the softening point of the PMMA plastic (i.e. 90-120°C) for
higher values of the beam current or thicker samples.

2 mm

2 mm

Fig. 15. Temperature plot of the heating of the PMMA in one of the sample
quadrants neighbouring the beam spot. The beam current in this example is 2
µA/cm2 (only 30% of the energy is expected to be absorbed within 0.5 mm thick
PMMA). The diameter of the irradiated cylindrical volume is 1 mm. Temperature
values are in Kelvin.
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2.3 Chemical etching of irradiated volumes – taking
command
The two materials, i.e. polyimide and PMMA, in combination with their
respective irradiation technique have in common that the development is
positive, i.e. it is the irradiated and damaged volume that is etched.

2.3.1 Ion track etching in polyimide materials
Sodium hypochlorite (NaOCl), commonly known as ordinary "bleach", is
the etchant to use for ion track etching of the irradiated polyimide. Boric
acid, a buffer substance, is added to lower and control the pH of the solution.
Etching is performed at elevated temperature, about 60 °C, to boost the
speed of development. The heavy damage in the track core lowers the
activation energy of the chemical reactions required to dissolve the polymer.
Hence, the aqueous chemical etch solution can propagate down the track at a
very fast rate.
We have shown that it is possible to use the surface copper layers in the
flexible PCB laminate directly as an etch-mask without failure, i.e.
delamination or deterioration of the mask, during ion track etching. The
etch-mask apertures define the locations where the polymer is exposed to the
very aggressive hypochlorite solution, Fig. 16.

Fig. 16. Lithographically defined etching of ion tracks. Image shows an aperture in
one of the copper layers of a two-metallic-layer flexible printed circuitboard
laminate.

However, also the undamaged bulk material is etched but at a much
lower rate. This is the explanation to why it is possible to obtain pores with a
larger diameter than the actual track core. Thus, as the pore diameter grows
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with time, the film thickness shrinks conversely. The pores etched on the
same membrane have a very small variation in diameter, the coefficient of
variation of the opening diameters was found to be just 9% (in Espandex™
flexible PCB) and less than 6% for pores in Kapton™ HN.
It is practice to term the etch rate along the ion trajectory for track etch
rate, vT, and the radial development of the pore for bulk etch rate, vB. The
opening angle (cone angle), α, is related to the two etch rates, tan(α/2) = vB
/vT. Hence, when etching ion tracks in a homogeneous isotropic material
from one side, the pore is in theory funnel shaped (conical), Fig. 17. For
large vT/vB ratios (>100) and long etch durations the pores becomes very
close to cylindrical.

Fig. 17. Cross section of a polyimide foil etched in the as-received batch solution of
sodium hypochlorite (with a high pH of about 13). As this foil is etched from both
sides the pores becomes shaped like double cones.

It is possible to define more complicated expressions for the pore
geometry, e.g. if the material is anisotropic, crystalline or is composed of a
surface layer differing in chemical composition and having different
properties from those of the bulk.
The pH and to some extent the hypochlorite (chlorine) content determines
the shape of the etched pores. A lower pH gives more cylindrical pores, thus,
higher aspect ratio. The pH is lowered by adding boric acid (H3BO3) and
increased by adding NaOH to the solution (sodium hypochlorite is normally
containing about 0.5 M NaOH from manufacturer). We reach a pH of close
to 10 by adding 40 g boric acid per litre of sodium hypochlorite solution. If
etching the sample first in a high pH etch and then in a low pH one can
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obtain sand-glass shaped pores, Fig. 18. A SEM image of the wires
deposited in such pores is shown in Fig. 56.

Fig. 18. Pores with cylindrical geometry etched in pH 10 (left) and sand-glass (i.e.
cylindrical interior with funnel shaped ends) geometry (etched first in pH 13 and
then in pH 10).

The pH of the as-received batch solution is about 13 and the mass%
hypochlorite between 7 and 13%. The pH should be measured at the etching
temperature (60°C), and I chose to read out the value after 1 min of soaking
the pH probe (Metrohm™ electrode 6.0228.00). The pH of the etch-solution
actually decreases slowly with time of use (roughly 0.05 pH units per hour
when starting at pH 10), possibly because of CO2 uptake.
A low pH gives a low bulk etch rate (time consuming) and, in addition, a
faster hypochlorite decomposition of the solution, Fig. 19. It is well known
that sodium hypochlorite degrades quickly in e.g. low pH (less than pH 11)
environments and in particular at elevated temperature. The decomposition
means less sodium hypochlorite, which results in non-uniform etch
conditions and rough, irregular pores. The higher the alkaline content of the
hypochlorite solution the more chlorine is required for a uniform etching.
Pore etching is not recommended for solutions containing less than 5%
hypochlorite.
The etch rate is strongly dependent on the temperature of the solution. In
order to get a consistent and constant etch rate, the etch-solution (placed in a
500 ml dark container of polyethylene) was preheated for 45 min in a water
tank having a precise temperature of 61.3°C. After samples and sample
holder were placed in the etch solution, the temperature was within 2-3°C
from the desired temperature of 60°C.
It can be understood from this discussion that the etch parameters is a
balance between etch speed, aspect ratio and the durability of the etch
solution. If an etch-mask is used another parameter surface, namely the
resistance of this mask to the etchant, which could be a function of pH or
temperature.
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Fig. 19. Hypochlorite (active chlorine) decomposition of the etch solution. Initial
hypochlorite content in this example is 8 mass%..

The bulk etch rate at pH 10 was found to be 81 nm/h for Kapton™ HN,
around 23 nm/h for polyimide resist and 46 and 128 nm/h for Espandex™
surface and interior respectively.
To obtain close to cylindrical pores with an aspect ratio of up to 400
it is recommended to use a pH of 10.0 (measured at the etch
temperature), not more than 6 hours etching at 60° C starting with a
fresh sodium hypochlorite solution having at least 8% active
chlorine.

2.3.2 Etching of proton irradiated PMMA
For the developing of the irradiated PMMA a multicomponent organic
solvent, where the solubility depends inversely on the molecular weight, was
used. This solution is designed to remove only molecular chains below a
certain threshold weight giving the possibility of selectively etching the
irradiated volumes with lower molecular weight. The threshold is
temperature dependent in such a way that increased temperature raises the
threshold molecular weight and also broadens the threshold region, making it
less sharp.
The solution we used constituted of 60 % 2-butoxiethanol, 20 %
morpholin, 15 % H2O and 5 % 2-aminoethanol. The etch rate from the front
side was found to be about 0.57 µm/min and from the back side only 0.17
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µm/min at 22°C. The variation in etch rate depends on a change in the
deposited energy in the depth profile of the PMMA.
Since many polymers of technical grade contain more or less a wide
range of molecules of different weights distributed around the specified
target molecular weight, there is a risk that non-irradiated regions will suffer
some slight degradation during development. The quality of the original
polymer is therefore of great importance to obtain good etch selectivity and
sharp structures/walls. The degradation may be minimised by choosing a
PMMA quality of highest obtainable molecular weight in combination with
a narrow weight distribution.
We have shown that strongly cross-linked PMMA, apart from the
conventional, moderately cross-linked form, can be machined by selective
chemical etching. Cross-linked PMMA is more rigid and have several
advantages compared to conventional, moderately cross-linked PMMA
because the non-irradiated parts are less affected by the etch solution:
structure walls are sharper and higher aspect ratios are possible.

2.4 Electrodeposition of wires − defeating uniformity
problems
Electrodeposition (in technical contexts referred to as electroplating) in ion
track (nanoporous) templates is not a trivial process although not so very
difficult either. It is just that it is different from electrodeposition of micro−
or macroscopic structures. Electrodeposition was performed in our
cleanroom environment, Fig. 20. The deposition set-up for both nickel and
copper is illustrated in Fig. 22. The samples were suspended vertically in the
electrolyte to allow gas bubbles to be evacuated.
The nickel electrolyte utilised was prepared with a concentration of about
0.41 M nickel sulfate (NiSO4⋅6H2O) and approximately 0.65 M boric acid
(H3BO3). The measured pH of the electrolyte was between 3.1 and 3.4. The
copper electrolyte contains 1.0 M copper sulfate (CuSO4⋅5H2O) and 0.24 M
sulphuric acid (H2SO4) which gives a pH of approximately 0.9. Both
depositions were carried out in a heated tank kept at 33°C.
An in-house built potentiostat was used with the ability to monitor very
low currents (less than 100 pA) and to cut the applied voltage in 5 ms. The
cut-off function is used to cut the current when wires reach e.g. a front side
metal electrode. It can be adjusted to a value in the range of 100 nA to 5 mA.
The deposition currents are sometimes very small (µA), it is important to be
able to monitor the process and terminate the deposition at the right time.
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Fig. 20. The author in the lab preparing for electrodeposition (left) in nickel
electrolyte bath (right).
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Fig. 21. Circuit outline of the in-house built potentiostat capable of monitoring very
low currents.

Starting with the polymer membrane, we need a conductive seed layer
attached to one of the surfaces. We have used evaporated gold, which
penetrates somewhat into the pores as well as the laminated copper layers on
flexible PCBs directly, without pre-treatment. Fig. 59 illustrates the reverse
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side of an evaporated gold seed layer (reaching down into the pores), after
being removed using an adhesive tape.
The electrolyte enters through the pore openings and propagates down the
pore, facilitated by capillary forces. Pre-treatment in ethanol improves the
wetting properties of the polyimide pores, which sometimes is a prerequisite
for allowing electrolyte into the pores.
reference
(Ag/AgCl)
working electrode
(sample)
counter
electrode (Pt)

water outlet

water inlet
33°C

Fig. 22. Illustration of the electrodeposition set-up with a Ag/AgCl reference
electrode, a vertically suspended sample and a platinum counter electrode with an
effective area of about 2-3 cm2. The stirrer magnet is revolving at a slow speed. No
filtration of the electrolyte was necessary.

The initiation and growth rate (current density) of the wire growth is
important, it could determine if the wire becomes solid or tubular, Fig. 24. It
can also influence the electrical contact resistance.
Potentiostatic mode (constant potential) was successfully used for the
electrodeposition of nickel wires. An applied working electrode (sample)
potential of –0.90 to –1.00 V with respect to the Ag/AgCl reference is
recommended. The growth rate at –1.00 V is very close to 1.0 µm/min. The
typical current as a function of time for deposition in a 75 µm thick porous
Kapton HN membrane is illustrated in Fig. 23. The two curves in the graph
correspond to samples having pores of different geometry, Fig. 18. The
cylindrical part of these pores has the same diameter.
Note that the shape of the pores is actually reflected in the deposition
current: a constant current is produced in the cylindrical sections of the pore
and a fading/growing current if the cross section change. The deposited
wires that are related with the grey deposition curve in the graph (i.e. pores
with a sand-glass profile) are shown in Fig. 56.
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Fig. 23. Typical electrodeposition current for pores of cylindrical and "sand glass
shaped" geometry (applied voltage with respect to Ag/AgCl ref. is -1.00 V). The
current increases (here after about 4000 s) when the wires reach the surface.

Copper deposition was performed in galvanostatic mode. The small
potentials (of the order of -50 mV) required for copper did not permit a
stable potentiostatic deposition with our equipment. Galvanostatic mode is
however not preferred since the growth conditions are not constant and
cannot be well regulated and monitored. The current density is depending on
the effective deposition area.

Fig. 24. Tubular large diameter nickel nanowires deposited at high current density
and with a thin gold seed layer that did not fully cover the pore opening.

Deposition of wires inside templates of tiny etched ion track pores
demonstrates intrinsically good uniformity, the fraction of pores that are
filled approach 100%.
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As wires approach the surface a new deposition regime is entered, since
the wire growth is no longer confined to the cylindrical geometry of the
pores. Wires start growing in the radial direction, forming hemispherical
"caps", Fig. 25 and Fig. 27, and eventually the entire surface will be covered.

Fig. 25. Hemispherical "caps" start grow on the front surface at the end of the
deposition (here with bad uniformity). Polyimide membrane with nickel wires.

When the porosity of the template membrane is low, the diffusion zone
(the electrochemical double layer) will have a hemispherical shape located
around the pore opening, Fig. 26 (left). For a high porosity the
electrochemical double layer will have a flat appearance, Fig. 26 (right).

Fig. 26. Electrochemical diffusion around pore openings. Left, low ion track density,
diffusion is radial around the pores except for those pores that neighbour each
other. Right, high ion track density, diffusion is linear with a thicker diffusion layer.

Inside the pores the diffusion is limited to a 1-dimensional random walk
process and the current is almost constant or increase slowly as the wire
grows. The depletion is profound and the deposition is normally diffusion
limited. If there is a fluctuation in the arrival time of the wires to the surface,
the wires that first reach the surface may grow at a greater rate on behalf of a
reduced growth rate for the neighbouring wires (still inside the pores), Fig.
27. The hemispherical diffusion zone around the caps can propagate and
extend over the nearby pores and inhibit growth in these.
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Surface diffusion should however not be forsaken. It could contribute to
faster electrochemical transportation along the surface and therefore a more
flat appearance of the diffusion zone.
A small fluctuation in growth is commonly found and could depend on an
uneven thickness of the membrane, surface roughness or because initiation
time of wire growth is not perfectly uniform.
wire just entering
the surface
wire approaching
surface
(ii)

wire with (iii)
"cap"

(i)

Fig. 27. Wires approaching the surface (left) and growing "caps" (right).

Some rare artefacts have been observed in the electrodeposited structures,
e.g. spherical formations (1-10 µm in size), originating from gas bubbles that
can be found in the polyimide plastic, Fig. 55. It is well known that gas can
be trapped in the liquid, viscous precursor during the manufacturing process.
However, in general the wires look very nice, Fig. 2 and Fig. 28.

Fig. 28. Nickel nanowires 0.70 µm in diameter electrodeposited in the polyimide
dielectric layer of a flexible PCB.
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2.5 Thin film lithography – transferring techniques from
conventional silicon processing
Polyimide ion track foils do not require treatments much different from that
of other polymeric foils. In addition, it is possible to transfer many of the
silicon processes directly without modification. The polyimide is an
excellent choice because it is resistant to most photoresists and to most of the
conventional etchants except some aggressive alkaline etchants.
We have successfully employed common silicon process steps: spin-on
liquid resist, soft bake and hard bake on hotplate (115°C) and in oven (up to
120°C), exposure, development, and removal of resist in acetone. The
mechanical properties and temperature stability of the polyimide are good,
which makes it possible to use double-sided alignment of patterns
accurately, without any abnormal thermally imposed expansion, curvature or
stresses that may lead to misalignment problems, Fig. 29.

Fig. 29. Illustrating the attainable lithographic resolution and sharpness of
structures using evaporated gold on Kapton HN (polyimide). The bar in the image is
25 µm on the lithographic mask.

As polyimide foils to some extent are transparent to the UV-light used in
the double-sided photolithography process, unwanted resist exposure
through the foil may result if process steps are not carefully considered.
It is believed that ion track etching in alkaline solutions (like our etchant)
modifies the surface of the polyimide producing a low molecular weight gellike layer, which can affect the adhesion of metal films. Plasma ashing
before thin film deposition might be beneficial since it removes this
presumed gel layer and frees the wires, Fig. 30. However, the plasma also
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widens the entrances of the pores as well as produces a similar layer of low
molecular weight, although thinner (1-20 nm) than the gel layer.

Fig. 30. Wires exposed after dry etching in a oxygen plasma (so-called ashing).

There are ways to modify the surface to obtain better adhesion but one
should keep in mind that these might affect the growth properties of the wire
electrodeposition. The gold layers we have deposited adhere fairly well to
the hydrophilic surface (after ion track etching). The thermal expansion
difference between metallic films and the polyimide should normally not
cause problems for metallic layers thinner than 300 nm and for heat
treatments below 120°C. As you can understand from this discussion there
are many parameters to be considered before processing metallic
interconnection lines. Thin gold films (100-300 nm) have proved their
usefulness.

2.6 The integrated process line – on the compatibility of
ion lithography with conventional microfabrication
The ion projection lithography is limited to PMMA and other radiation
sensitive polymers. It can be suitable and compatible with microsystem
integration, however for certain applications the drawbacks of the PMMA
material makes it inappropriate. There exist liquid PMMA resists that can be
applied onto e.g. silicon wafers, cured, structured and subsequently used as
templates for electrodeposition. However, the PMMA suffers from a low
chemical resistance to most organic chemicals and the dielectric properties
are not suitable for high frequency (GHz) applications.
Ion track machining by heavy ions on the other hand is possible with all
materials that respond to irradiation with heavy energetic ions. Most
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dielectric materials can be processed, but metals and low resistivity
semiconductors cannot be processed. We know that silicon cannot be
machined with high selectivity.
Ion beam processing of layers neighbouring a sensitive material in a
composite may not be suitable. The beam can destroy e.g. integrated circuits
(ICs) components. If the ions come to rest inside a critical layer of an IC, e.g.
a doped layer, this layer might be severely damaged by the nuclear stopping
effects (atom–atom collisions) of the fading ion. Since the ion range
typically is past the critical surface layers and far down into the substrate
material, this problem is normally relocated to a deeper and uncritical layer.
Hence, it should be possible to integrate ion track etched polymer films (e.g.
polymer resists or laminated layers) on top of ICs.
Many alkaline ion track etching solutions contain sodium, which
sometimes imposes a severe problem on the compatibility with IC
technology. For ion track etching in polyimide it may however be possible to
use solutions containing a high KOH concentration instead of using sodium
hypochlorite. The KOH solutions have not been evaluated for this purpose
but they are used for conventional isotropic etching of polyimide based
flexible PCBs.
In general, I believe it is the sodium hypochlorite (used for etching
polyimides) that is the most critical issue for compatibility with other
microsystems. Neighbouring polymer and metal layers may be damaged by
this etchant if the process steps are not carefully considered.
The prosperous ion track material discussed thoroughly in this thesis, i.e.
polyimide, in general exhibits excellent compatibility with most
microsystems. It comes in various forms, liquid curable resists, foils and
composite laminates. For these reasons and because of the already
mentioned favourable properties, i.e. dielectric, heat stability, chemical
resistance, rigidness and durability, it is today used in many microsystems

2.7 Fulfilling the requirements of a 'technology'
Although more than 30 years have past since the ion track technique was
discovered, the number of applications were it has been exploited are rather
limited. The reason for this is most probably because accelerators are still
confined to the university world and because only a limited number of
people have the experience necessary to build and operate one. Moreover the
accelerator regulations used to be rigorous and inflexible in comparison with
other machinery of competing techniques.
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Accelerators sprung out from nuclear research in the 60s and 70s and the
link to military and nuclear research were strong, perhaps too strong for
accelerators to be accepted by the wide public. Today, smaller commercial
accelerators are found on the market and I believe that the regulations are not
so much different from those of any other equipment. Smaller, more
dedicated accelerators are today used in medicine, e.g. in preparation of
isotopes for PET-camera diagnostics as well as tumour cancer therapy.
I would say that by now the general requirements of a technology are
fulfilled by the ion track technique:
i. It can achieve important state-of-the-art and even unique structures.
ii. It is well characterised. During the 60s and 70s almost any conceivable
material and ion combination was tested. In addition, a variety of etch
solutions have been developed and evaluated for these materials.
iii. It is a fast technique. It has the speed of wet chemical etching but the
benefits of dry etching techniques such as reactive ion etching (RIE),
when comes to in sharpness and aspect ratio.
iv. It is compatible. Many microstructure processes based on conventional
wet etching techniques should allow a direct implementation of an ion
track preparation step to gain resolution or aspect ratio.
It is during the last few years that the microstructure technology has
matured to a state where commercial applications begin to find their way to
the market. The future will reveal if the ion track technology can become
cost-effective and competitive compared with other structuring techniques or
if it will just be used for enabling certain structures.
In the cyclotron accelerator used, set with our research settings we can
irradiate about 40 dm2 of sample area per hour with a high density (1×109
tracks/cm2). However, there exist more powerful accelerators having a two
or three order of magnitude more intense beam currents, i.e. up to 400 m2/h
can be irradiated with the same density. The available irradiation current as
well as the ion range depends on what ion is used. Hence, the requirements
dictate what ion can be used.
Although accelerators are expensive equipment, ion irradiation with a
price tag of 400-1000 $/hour corresponding to 1-100 $/m2 for 1×109
tracks/cm2 can be cost-effective in comparison with analogous structuring.
The commercially attractive low energy Tandem accelerator can be used for
polymer films of up to about 25 µm thickness to a significantly reduced cost.
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3 Accomplished structures

Considering the high aspect ratio (up to approximately 1000) and small
dimensions of ion track structures in polymers it is not far-off to visualise or
device a number of applications. Motivated by the requirement of
microsystem technology, e.g. porous membranes for liquid based
electrophoretic displays, through-hole vias, vertical conductive membranes
(z-conduction), low dimensional magnetic structures, etc. Some of these
ideas I have also realised or at least studied briefly. One of the basic
principles employed in the design of the nanowire components is illustrated
in Fig. 31.

Fig. 31. Illustration pointing out the benefits of clusters of nanowires in series for
regulating the electrical resistance.
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Just to give a figure of merit of the electrical resistance of a nanowire.
One 100 nm wide and 75 µm long wire in nickel has a resistance of 653 Ω
and the corresponding copper wire has a resistance of 159 Ω.

3.1 Vertical geometrical volumes by ion lithography
Two kinds of materials have been processed using the two different
techniques described previously (Ch. 1 and 2.1). The first technique, referred
to as micromachining by ion track etching (MITE), have been used to
structure the polymer layer of a flexible PCB foil, Fig. 32. The second
technique is the deep ion projection lithography (DIPL) which have been
used to structure 0.50 mm thick sheets of PMMA, Fig. 33 and Fig. 34.

Fig. 32. Ion track (heavy ion irradiated) defined channel (MITE) in flexible printed
circuitboard with 50×50 µm cross section.

The different qualities of the two methods can be summarised in a few
sentences. The smoothness of the perimeter walls is very good for DIPL
structures, they can actually be used for optical structures. The lateral
resolution is similar for both techniques (approximately 1 to 5 µm) but large
stresses are induced by the DIPL irradiation, creating a collapse, a
contraction, of the irradiated volumes with up to 1 µm.
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Fig. 33. Example of a structure produced in high molecular weight PMMA using
deep ion projection lithography. The structure is not etched all the way through.

The advantage of DIPL is that up to 1 mm thick structures can be
machined, the drawback however, is the limiting choice of material: the
PMMA is not always suitable for microsystem integration.

Fig. 34. Deep ion projection lithography of 500 µm thick low molecular weight
PMMA: the structure is etched through.

We did not replicate metal structures in the PMMA. However, in theory
this should not be a problem, as a metal seed layer should not be affected by
the organic etchant. Electrodeposited metal replicas are readily accomplished
in the flexible PCB laminates, since the metallic seed layer is already
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incorporated in the laminate. Both nickel or copper structures were
deposited, an example is shown in Fig. 35.

Fig. 35. Electrodeposited test structure (nickel) in ion track etched flexible printed
circuitboard laminate, the smoothness of top surfaces and electrodeposition
uniformity is in general good

The roughness of the perimeter walls of these metal replicas, identical to
that of the trenches, have been observed on various SEM images. It turned
out to be hard to measure the roughness on these small structures with
standard stylus profilometer methods. A simulation was performed using the
MATLAB™ program, simulating the stochastic nature of the ion tracks
distribution and what happens when the tracks are developed. The model is
illustrated in Fig. 36. The material is in Espandex™ and the experimentally
measured etch rates that used in the computer algorithm is 0.26 µm/h for pH
9.9 and 0.80 µm/h for pH 11.5.

Fig. 36. Roughness calculation model, the diameter of this vertical via on the
lithographic mask is 22 µm. Every pore/wire is expected to be cylindrical and the
mask underetching is assumed to be zero.
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The following images were calculated, Fig. 37, from a random
distribution of ion tracks, knowing the etch-rates for the two different etch
solutions used.

Fig. 37. Computer simulation of the 1-dimensional perimeter roughness of the via
hole illustrated in Fig. 36. Left, 2×108 tracks/cm2 and pH 11.5. Right, 2×109
tracks/cm2 and pH 10.

The actual values of the roughness and swelling of structures were also
calculated, Fig. 38.
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Fig. 38. Nature of ion track machined structures for different pore diameters and
ion track densities: simulated perimeter wall roughness and swelling of structures
with respect to etch-mask definition. The computed area expansion is relative a 22
µm diameter circular etch-mask aperture. Swelling is small (less than 1 µm) for all
these structures.
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3.2 Nanometric sized channels
The development of ion tracks in polyimide have been studied for various
etch conditions. It is possible to produce pores of different geometry and
diameter. In polyimide materials we have produced cylindrical pores, having
diameters between 20 nm and 5 µm, with and without funnel shaped
openings (Fig. 18).

Fig. 39. Close-up of two funnel shaped pore openings seen from above.

The pores can be combined with surface microstructures, plasma etched
volumes, etc., to enable nano− and microfluidics.
We have studied membranes with funnel shaped pores, Fig. 39, as
container for electrophoretic ink (dye) containing micrometer sized pigments
in a solvent suspension for flat panel display applications.

E

E

E

Fig. 40. Movement of electrophoretic ink pigments in an electric field.

The idea is to use a low density porous membrane to stack pigments in a
invisible pile when the pixel is "off", Fig. 40 (to the right). We have shown
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that the pigments can be forced into the pores and that the neck in the centre
of the double conical shaped pores can act as an obstruction to the pigments.
Close to cylindrical sub-micron capillary channels (pores) have been
produced, Fig. 41. In addition porous "filters" based on these channels have
been fabricated at lithographically defined locations on the sample, Fig. 42.

Fig. 41. Close to cylindrical nanopores perforating a 75 µm thick polyimide foil.
The cross section is prepared by cutting and then polishing the surface.

Fig. 42. Lithographically defined 30 µm in diameter porous filter, with submicrometer pores.
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3.3 Magnetoresistive (MR) sensors
Electrodeposition in ion track templates offers the possibility to achieve
dimensions of the same orders of magnitude as the magnetic domains, i.e.
around 0.1 µm. In addition, very densely packed arrays of sensors based on
nanowires can be produced in flexible carriers. These can for example be
used for 2-dimensional spatial magnetic field sensing applications (e.g. to
measure eddy currents).
We have produced a prototype magnetic field sensor based on the
magnetoresistive (MR) effect, i.e. an electrical change in the resistance of
ferromagnetic materials forced by the presence of a magnetic field, in nickel
wires. Hence, the sensor would be used in the reverse mode, i.e. the
resistance of single wires or clusters of wires is measured and related to the
applied magnetic field. The high resistance of these thin wires is therefore a
desirable quality (around 1 kΩ is possible), since ohmic measurements are
facilitated.

H

∆Ω
Fig. 43. The principle of our AMR sensor, gold interconnections lines coupling to
clusters of nanowires. Each cluster having approximately 10 wires.

The first sensor structure produced was based on anisotropic
magnetoresistance (AMR) of multiple nickel wires, Fig. 43 and Fig. 44. The
resistance of this AMR sensor depends on the angle of the magnetic field
with respect to the extension of the wires, enabling production of angular
sensors, Fig. 45. A maximum resistance change (MR-effect) of 1% has been
obtained for pure nickel wires. Normally, permalloy, exhibiting a MR-effect
of 2%, would have been a better choice but it requires a complex electrolyte
and very precise process control.
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Fig. 44. Fabricated MR-sensor structure with two clusters with multiple sub-micron
nickel wires (approximately 10) in series coupling to double sided gold
interconnections (transmission LOM images).

The sensitivity, temperature stability and high frequency properties of
AMR sensors are in general exceptionally good compared to e.g. Hall
sensors. The resolution and detection limit is today of the order of 10 nT,
they can be used in e.g. automotive environment (where temperatures reach
up to 200°C) and at frequencies in the MHz range.

Fig. 45. Demonstration of AMR of nickel wires for different angle of the applied
magnetic field (0° correspond to a field applied along the extension of the wires).
The first time wires have been produced in a polyimide ion track template?

We also did one try to produce a 3-directional angular response AMRsensor. Double-sided patterns, shifted with respect to each other to allow
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isolation of the three independent wire directions (Fig. 5 and Fig. 46), were
structured on respective side. However, we did not pursue this task to the
end and managed therefore only to achieve a response from two of these
directions.

Fig. 46. Attempt to produce a 3-directional angular response MR-sensor, where the
individual wires can be separated by a shifted and aligned double sided
interconnection patterns. The triangle is on the front side and the other patterns on
the back side, the deposited wires can be observed as the short black lines in the
image (transmission LOM image)

Multilayered electrodeposition of alternating magnetic and non-magnetic
thin layers (~20 Å), cobalt and copper respectively, have also been carried
out. Thus producing giant magnetoresistive (GMR) structures, exhibiting a
stronger MR-effect (up to several hundred percent) but with less angular
dependence than AMR, Fig. 47.
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Fig. 47. Electrical resistance of a GMR sensor in an applied magnetic field. The
structure is build from Co/Cu multilayered nanowires.
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The reason that the sensor in Fig. 47 exhibits only 4-5% GMR is that
long parts of the wires, i.e. the ends, are not multilayered, instead they
consist of plain copper which adds a magnetic field independent series
resistance.
The vertical nature of these multilayered nanowires makes it possible to
apply and study current perpendicular-to-plane (CPP), in contrast the thin
film GMR layers where current normally is advancing in the plane, i.e.
current-in-plane (CIP).
For the assimilation of these MR-sensors with integrated circuitry, it
would be suitable to be able produce ferromagnetic nanowires in a thin film
resist applied on a silicon wafer. This have been achieved, Fig. 48.

Fig. 48. Very thin nickel nanowires (about 50 nm in diameter) with overgrown caps
replicated in a polyimide resist on a silicon wafer. The resist has been stripped.

3.4 Electronic and microwave circuitry
We have fabricated a winded in-plane toroidal inductor coil demonstrator
structure in a two metallic layer flexible printed circuitboard foil
(Espandex™) with a dielectric layer of polyimide. Polyimide based
dielectrics have excellent high frequency properties and a low dielectric
constant. The design principle of the coil is shown in Fig. 49. Coils like these
are used in transformers, microwave filters and magnetic field sensors
(fluxgate sensors).
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Fig. 49. Illustration of how a solenoid inductor coil based on nanowire clusters
could look like integrated in a flexible printed circuitboard laminate.

The structure consists of through-hole microvias produced by ion track
enhanced chemical etching and double-sided surface interconnection layers.
The vias, i.e. small vertical connections, are either based on open or dense
clusters of sub-micron or micron diameter wires, or a solid connection, Fig.
50. One notable aspect of sub-micron wires is that the skin-depth at high
frequency is much larger than the wire diameter. Hence, in theory the skin
effect should be negligible up to a high cut-off frequency (>10GHz).

Fig. 50. Three categories of through-hole via connections. From left to right: open
cluster, dense cluster and solid via.

The vias, produced in copper and nickel, couples to double side metallic
interconnection layers, Fig. 51. A winded toroidal inductor coil with 28
turns, Fig. 52, has been characterised at microwave frequencies, in particular
at 2.45 GHz (for blue tooth applications). Satisfactory properties were
achieved, values are in agreement with similar coil designs found in
literature (properties are design specific). The fabricated coil has an
inductance of about 5 nH, a Q-factor of 17 at 2.4 GHz and a DC resistance
of 1.6 Ω. The effective spatial inductance density is approximately 10
nH/mm2.
The various test structures produced can be recognised in Fig. 53.
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Fig. 51. Focus on the microvia concept: a dense cluster of sub-micron wires
coupling to the two surface interconnection layers. The polymer matrix has been
removed using an oxygen plasma. The diameters of the vias were found to be in
average 39 µm.

Fig. 52. Part of the toroidal inductor coil. The cluster based vias and the two
interconnection layers are revealed.
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Fig. 53. Examples of produced microwave circuitry in a flexible printed
circuitboard, e.g. long solenoid coils, toroidal coils, ring resonance and slot
antennas, etc. The size of this sample is 16×17 mm. Structures are embedded in the
polyimide dielectric.

As the packing density and number of I/Os between the active
components increase in flexible PCB applications, demands for higher
interconnection densities in combination with more complex designs are
growing. Our process allows fabrication of ultra high-density interconnects
based on very small vias (microvias) and line widths, Fig. 53.
We have with this novel process already obtained through-hole via
diameters of diameters down to 25 µm (in average 39 µm) with a 100 µm
pitch in a 50 µm thick flexible PCB, which is more or less state of the art
today. The ion track technique has a strong potential of further
miniaturisation of the via dimensions without impairing the electrodeposition uniformity.
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3.5 Nanosculpturing − micrographic masterpieces
Some of the most striking images that I have taken are not the most
descriptive and valuable for my process presentations. I believe, however,
that they not only have a pictorial and photographic value but also illustrate
well the possibilities of sculpturing and carving in the sub-micrometer scale.

Fig. 54. A view from under the brim of the celestial roof (scanning electron
microscope image)

Fig. 55. Pore openings in polyimide for tilted irradiation. The smaller irregular
shaped structures are gas bubbles (darkfield light optical microscope image).
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Fig. 56. From deep inside the vast forest of nickel batons (scanning electron
microscope image).

Fig. 57. Dancing couple in PMMA, or are they talking to eachother? (light optical
microscope image). I have in the lab had my share of bad luck.
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Fig. 58. Nickel monoliths standing on a gold surface. The disc is 150 µm in diameter
(scanning electron microscope image).

Fig. 59. Electron lake in a woodland of gold ponchos (scanning electron microscope
image). Replica of pores using a thin layer of evaporated gold.
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Fig. 60.Self-structured triangular patterns. The copper shapes are grown in an
etched, evenly irradiated membrane (irradiated in 3-orthogonal directions). How
come these shapes are created? I ascribe it to supernatural forces.

Fig. 61. Orthogonal reference systems just below the residue clouds, built from a
network nickel wires (scanning electron microscope image).
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Fig. 62. Electron transparent candle-like nickel sculptures on a copper ground
(scanning electron image, FEG SEM with SE2 detector).

Fig. 63. A thin, solitary wire deceives gravitation by holding a large chunk of metal
on its shoulder at the crack of dawn (scanning electron image).
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4 Concluding remarks

We have shown the fruitfulness of combining microlithography with ion
track lithography for producing various arbitrary shaped solid and hollow
structures as well as electronic circuitry. Demonstrators include magnetic
field sensors based on magnetoresistance in ferromagnetic sub-micron wires,
microwave inductor coils, and z-conduction membranes, as well as
microchannels and lithographically defined porous filters. State of the art
dimensions and resolution for deep vertical microstructure can be achieved.
The main advantage however is the attainable extremely high aspect ratio
of the structures and the good electrodeposition uniformity that can be
achieved. We have shown that we can control the pore and wire geometry
and diameters in polyimide as well as the porosity and pore density of the
structures. We have shown that various polyimide materials (polyimide
resists, foils and flexible PCBs) can successfully be etched and used as
templates for growth of sub-micron and micrometer sized wires, Fig. 64.
The ion track process makes it possible to produce regions with
vertical micron or sub-micron wide metal wire connections, with a
regulated effective metal density at numerous, arbitrarily specified
locations.

Fig. 64. Through-hole microvia in flexible PCB: open cluster of sub-micron wires.
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5 Technological challenges

I believe the future holds many interesting applications based on ion track
lithography. The objective of this work has been to focus on some of the
most promising applications. However, there are a number of other potential
applications for the technique. The motivation of using ion track technology
is the small dimensions and the high aspect ratios, but in the end the
commercial potential is based on the gain and need versus cost. Etching or
machining of the structures is based on wet chemistry, a relatively low cost
step enabling batch, roll-to-roll manufacturing.
If the technique ultimately will become successful is however reduced
down to one single parameter, namely the cost-effectiveness of the
irradiation method versus other methods.
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Fig. 65. Number of articles produced every year in the fields of microfabrication
and in the field of ion beam techniques (right axis is for the combined search words)
From the INSPEC article database.

Up to now irradiation have been an exclusively university/institute based
technology. This probably stems from the fact that accelerator facilities have
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historically been large, and associated with high cost. Nowadays, when
accelerators are smaller and less expensive they begin to grow more
common by the day: they are used for e.g. preparation of PET-camera
substances at medical centres, cancer therapy, for archaeological date
determination (14C method), test equipment for space electronics, ion
implantation, etc.
It is exciting and motivating that the number of articles produced every
year in the field of ion beam technology and applications is actually everincreasing and of the same magnitude as the number of papers produced in
microfabrication, Fig. 65. These search results include of course a wide span
of techniques and applications. However, the combined search words gives
an indication on how much research is performed on the use of ions for
structuring materials, today corresponding to about 250 every year. It
includes such diverse areas as e.g. ion projection lithography, ion track
technology, cluster beam lithography, ion milling, focused ion beams, ion
beam synthesis of materials, reactive ion etching and ion implantation.
I believe that today the cost of dedicated accelerator is not any longer a
reason to avoid the accelerator technology. Actually an accelerator cost no
more than any other process equipment used in an ordinary silicon− or
microstructuring factory. However, it is somewhat disappointing that the
more traditional manufacturing techniques are constantly being cultivated
and it seems as they still meets the requirements (but to what cost!).
Below, some examples of structures that would be greatly facilitated and
improved by the ion track lithography process.
9 Nanoporous polymer filters/templates with precise diameter channels (in
part commercialised already).
9 Sensitive and flexible magnetic field sensing arrays, lithographically
defined, based on magnetic nanowires in various forms of polymer
materials.
9 Ultra high density through-hole microvias (clusters or solid vias) in
flexible PCB for high end applications such as microwave circuitry,
magnetic field sensors, resistors, etc.
9 Geometrically defined nano− and microfluidic channels (e.g. with
asymmetrical geometry), with precisely defined pore diameters in
various polymer materials. For applications in the field of e.g.
biotechnology: chromatography, electrophoresis and bioreactors.
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