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Extending earlier track studies in LiF [1], (100) single
crystals of NaCl and KCl were irradiated at room tempera-
ture with 238U, 209Bi, and 197Au ions of specific energies up
to 11.1 MeV/u. The irradiation leads to the creation of single
defects and of defect aggregates, which can be identified by
means of optical absorption spectroscopy. Fig.1 illustrates as
an example the spectra of NaCl exhibiting three main bands,
corresponding to F centers (464 nm), F2 centers (725 nm),
and V3 (210 nm) (complementary hole centers). In the low
fluence regime (up to about 3x1010 ions/cm2), the intensities
of the respective bands increase with fluence. At higher
fluences (cf, 4x1011 ions/cm2 in Fig. 1), the overall spectrum
shows a rather high complexity with peak shoulders around
350, 588, and 825 nm, possibly including Na colloids at
560-580 nm. The formation of new defect aggregates at high
fluences is also indicated by the decrease of the F-centers
while the intensity of the V3 centers further increases.
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Fig. 1. Optical absorption spectra of NaCl crystals irradiated
with Au ions of 10.5 MeV/u at different fluences.

The evolution of the F-center concentration NF as a func-
tion of the irradiation fluence is shown in Fig. 2. After an
initial increase, NF reaches a maximum at ~7.1´ 1017 cm-3 in
NaCl and ~4.5´ 1017 cm-3 in KCl. For higher fluences, NF

decreases due to F-center recombination with hole centers
and aggregation to more complex electron color centers.
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Fig. 2. F-center concentration (NF) as a function of the flu-
ence. Polynomial fits are included to guide the eye.

By means of chemical etching, ion tracks can be made
visible. Each single track develops into a pyramidal etch pit
(Fig. 3) Their diameters scatter between 2 and 8 µm with a
mean value around 6 µm (slightly larger than in the case of
LiF). Some of the etch-pit walls are not planar but consist of
stepped terraces. The phenomenon of track etching typically
appears above a critical value of energy loss of the ions. In
LiF, it is linked to the complex damage in the core region of
the ion track [1].

Fig. 3. Scanning electron micrograph of the surface of a
NaCl crystal irradiated with 5x106 cm-2 U ions (11.1 MeV/u)
and etched in an acetic acid solution of FeCl3. Each pit cor-
responds to a single ion track.

When etching crystals cleaved normal to the irradiated
surface, the damage along the ion trajectory becomes visible
by the occurrence of long striated structures (Fig. 4). The
length of the etched tracks was for all ions about 10%
shorter than the range according to the TRIM code [2].

Fig. 4. NaCl crystal irradiated with 1010 cm-2 U ions (11.1
MeV/u) normal to the surface. Tracks are etched along the
ion trajectories of about 120 µm length.
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Sputtering experiments havebeenperformed irradiating
single crystals of 
ourite ((111) CaF2) with 1 MeV =u Au
ions (Tandem, Munich) under oblique angle of incidence
(seeinset of �gure 1). During irradiation, sputtered atoms
were collected on catcher foils which were subsequently
analysedby elastic recoil detection analysis (ERDA).

a=19°

2 103

4 103

6 103

8 103

1 104

1.2 104

1.4 104

-60 -30 0 30 60

Ca
F

sp
ut

te
r

yi
el

d
[i

on
sr

]-1

angleq

S
pu

tte
r 

yi
el

d 
[a

to
m

s 
io

n
sr

]
-1

-1

Angle Q [deg]

Figure 1: Angular distributions of particles sputtered from a
CaF2 crystal under 19� irradiation with 210MeV Au ions.

The angular distributions of Ca and F atoms exhibit
a sharp jet-lik e component symmetric around the surface
normal superimposedon a nearly isotropic cos� distribu-
tion. The sputtered Ca and F particles follow the stoi-
chiometry of the crystal. Integrating over the full solid
angle, the total sputter yield amounts to 2:7 � 104 sput-
tered atoms per incoming ion. Such an extremely high
sputter rate and also the jet-lik e angular distribution are
very similar to earlier observations for LiF targets [1].

Figure 2: Mica catcher densely covered with sputtered parti-
cles (irradiation with 3 � 1012 ions). Image size 7:5 � 4:5 � m2 ,
depth of letters about 10nm.

The large yield brings up the question whether the
sputter processis governed by emission of single atoms
(molecules) or larger clusters. We therefore mounted
mica and carbon-coatedgrids as catchers (� = 0� ,crystal-
catcher distance 5mm) and inspected them by high res-
olution microscopy. Figure 2 shows the scanning force
microscopy (SFM) image of the mica catcher (irradiation
with 3 � 1012 ions) covered by a layer of overlapping clus-
ters. When operated in contact mode, the SFM tip can
easilymove around the particles. Subsequent imaging per-
formed in the gentle semi-contact mode revealsthe letter-
structures scratched into the soft layer.
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Figure 3: TEM micrograph of a carbon-coatedTEM-grid used
as catcher showing large CaF2 clusters emitted during irradia-
tion with 1012 ions.

The carbon grid catchers from an irradiation with
1012 ions imaged by transmission electron microscopy
(TEM) clearly show individual, sometimesfacetted, clus-
ters of various diameters reaching up to 20nm (Figure 3).
Particles of suitable orientation exhibit fringescorrespond-
ing to (111) and (200) CaF2 lattice planes.

The height of the clusters as deducedfrom topographic
SFM imagesof the samecatcher varies over a range from
1nm to 12nm with a mean value of 3nm. Using the di-
ameters(TEM) and the heights (SFM) of the clusters, the
estimated number of CaF2 moleculesejected by a single
incident ion is in quantitativ e agreement with the ERDA
results.

PSfrag replacements 100nm

Figure 4: Semi-contact mode SFM image (derivativ e of to-
pography) of catcher shown in �gure 3.
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In the recent past, we reported scanning force
microscopy (SFM) of minute hillocks, created by energetic
heavy ions on the surface of fluoride single crystals, namely
LiF and CaF2 [1,2], LaF3 [3], and MgF2 [4]. We now extended
theses studies to BaF2.

BaF2 single crystals were irradiated (at room
temperature) normal to the (111) lattice plane with 238U (5.4),
209Bi (11.1), Xe (4.1), 58Ni (9.1), and 22Ne (1.4) ions at GSI,
with 208Pb (4.5) ions at GANIL, Caen, and with 181Ta (13.3)
ions at JAERI, Tokai, the numbers in brackets representing the
specific kinetic energies in MeV/u. The energy losses and
ranges were calculated with the TRIM program [5].

Subsequent to ion irradiation, the crystals were
inspected by SFM in ambient air, applying contact mode at a
constant loading force of about 10 nN. Except Ne, whose
electronic energy loss dE/dx was below the threshold for
hillock creation, all ion species produced tiny hillocks on the
surface exposed to the projectiles. Topographic SFM images
are shown in Fig. 1. The areal density of the hillocks is always
in good agreement with the ion fluence, which means that each
ion created a hillock. The hillocks are about circular, and their
shape can be approximated by a section of a sphere. With these
assumptions, mean hillock diameters and heights were
extracted from the micrographs. Similar to the results for the
other fluorides [1-4], both parameters exhibit a considerable
rise with increasing dE/dx as show the plots in Fig. 2.

Fig. 1. Topographic SFM images (1x1 µm2), recorded by scanning
parallel to the vertical axis. They show tiny hillocks (light spots)
created by irradiation with energetic heavy ions.

We recorded SFM images of BaF2 also after optical
bleaching of the ion-induced color centers. In accordance with

similar findings for LiF [2], the areal density and size of the
hillocks did not change within the statistical uncertainties,
although the color center concentration decreased by about one
order of magnitude.

Fig. 2. Mean hillock diameters (top) and heights (bottom) as a function
of electronic energy loss for several energetic heavy ions. The error
bars represent 1 �  of the mean. The uncertainty of the dE/dx values is
about 15 %.
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First evidence for discontinuous ion tracks in single-
crystalline Si0.5Ge0.5 alloy layers has recently been found
using 1.3 GeV U238 projectiles of electronic stopping power
Se = 33.8 keV/nm [1]. Here, we report observations con-
cerning track formation and the velocity effect [2] in SiGe
alloys. Near the Se threshold for track formation, tracks are
discontinuous and the morphology can be used as sensitive
tool to demonstrate the velocity effect.
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Fig. 1. Electronic energy loss Se versus beam energy for
U ions on Si0.5Ge0.5 alloy as calculated by TRIM 95 [3]. The
ion velocities of different experiments (2.64 GeV (4.27x107

m/s), 1.36 GeV (3.31x107 m/s), and 0.8 GeV (2.52x107

m/s)) vary by a factor of two, whereas Se is almost constant.

As samples, we used 2-µm thick strain-relaxed epitaxial
Si0.5Ge0.5 layers grown by molecular-beam epitaxy on com-
positional graded buffers on (001) Si wafers [1]. The crys-
talline structure of such epitaxial layers has a high quality
and contains only few threading dislocations (105–106 cm-2).
The irradiations were performed at room temperature with
5x1010 cm-2 238U ions of different velocities (energies) but
almost equal electronic stopping powers (see Fig. 1). The
beam flux was around 2´ 108 cm-2 s-1. To decrease the initial
beam energy from 2.64 GeV to 1.3 and 0.8 GeV, some of
the samples were covered with Al foils of thickness 47 and
67 � m, respectively. The irradiated samples were investi-
gated by transmission electron microscopy in plan-view
(PVTEM) and in cross-section (XTEM) geometry with a
Philips CM20 microscope operating at 200 kV.

Fig. 2 a-c shows the bright-field PVTEM images of sam-
ples irradiated at different beam energies. All samples ex-
hibit black dot-like spots well resolved and of average size ~
3-10 nm. They are invisible or have a weak contrast in most
conditions of the two-beam bright-field imaging. Maximum
image contrast is obtained at large deviation from the Bragg
conditions. Both the density and the morphology of the dots
strongly depend on the velocity of the projectiles as clearly
seen when comparing the TEM images in Fig. 2 a–c. At
highest ion energy (2.64 GeV, no degrader), less than 2x109

dots per cm2 are created (Fig. 2 a). The dots are randomly
distributed within the surface layer. For lower beam ener-
gies, the dot density increases drastically to about 5x1010

cm-2 for 1.36 GeV U-ions (Fig. 2 b) and to about 7x1010cm-2

for 0.8 GeV (Fig. 2 c). An even more important effect at
reduced ion velocities is the clear tendency of the dots to
form rows, which typically denotes the first stage of track
creation [2].

The TEM image of the sample irradiated with 1.36 GeV
U projectiles (Fig. 2 b), shows about 6.5x109 dotted tracks
per cm2 containing approximately 40% of the total number
of dots. The sample irradiated with 0.8 GeV U projectiles
contains about 1.3x1010 dotted tracks per cm2, thus com-
prising more than 70% of all dots (Fig. 2 c).

Fig. 2 d presents the dark-field image of an 0.8-GeV ion-
irradiated sample (lowest-velocity) giving clear evidence
that a large share of the dots in the tracks are dislocation
loops (DLs) of size 5 - 10 nm. The density of DLs is about
(1-2)x1010 cm-2 in a ~0.5 � m thick layer. The fraction of the
DLs is about 20-40% of the total number of dots. In agree-
ment with our recent findings, the other dots are supposed to
be clusters of point defects. The quality of the crystal lattice
reconstructed during the melt solidification seems to be a
critical parameter during track formation [1].

Fig. 2. (a-c) Bright-field PVTEM images of Si0.5Ge0.5 alloy
layers irradiated with U ions of different energy (same mag-
nification): (a) 2.64 GeV, (b) 1.36 GeV, (c) 0.8 GeV. Both
insets exhibit magnified tracks. (d) Dark-field weak-beam
TEM image of sample shown in (c) with double-arc features
(see arrows) ascribed to dislocation loops.

The study was supported by the NATO CLG No. 976564
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Structural changes in solids induced by the passage of
energetic heavy ions have been studied in great detail in
numerous different materials. However, up to now, sam-
ples were always exposed to the ion radiation without
additionally exerting an outer pressure. Thus, the question
in which way the presence of a high pressure will influ-
ence the formation and structure of ion tracks is open.
The following example may elucidate novel aspects aris-
ing from ion irradiation under high pressure. Graphite at a
pressure of 8.4 GPa is in the stability field of diamond. If
a heavy ion travelling through graphite deposits energy
and thereby causes heavy damage of the lattice, diamond
crystallites may form as a stable high-pressure phase
along the ion trajectory. Previous irradiation experiments
of graphite and C60 onions at various temperatures and
atmospheric pressure have created a minute amount of
diamonds on the nanometer scale [1-3].
In a first experiment, we irradiated phlogopite (dark mica)
samples, enclosed in a diamond anvil cell (DAC), at the
SIS heavy-ion synchrotron of GSI using 238U ions of a
primary energy of 200 and 400 MeV/u (Fig. 1).
 

Ion beam

DiamondsSample

One phlogopite was at a pressure of 2.2 GPa during ion
irradiation, whereas the other sample remained under
ambient pressure. After passing (in the case of 400
MeV/u subsequent to 7 mm Al) through 1.9 mm of the
diamond anvil, the uranium ions with a remaining energy
of about 65 MeV/u penetrated the phlogopite sample,
resulting in an energy loss of about 16 keV/nm. The irra-
diated samples were first treated with an etchant (4% HF,
room temperature) to transform latent ion tracks into etch
pits, and were subsequently investigated by scanning
force and scanning electron microscopy. We found that in
both cases each ion produced an etchable track (Fig. 2).

In a second experiment, highly oriented pyrolytic graphite
(HOPG), enclosed in a DAC at 8.4 GPa, was exposed to
238U ions from the SIS with primary energy 300 MeV/u,
fluence ~1x1011 ions/cm2, energy 120 MeV/u when en-
tering the sample, and average energy loss 10 keV/nm in
the sample. Before and after irradiation, the graphite was
analysed by Raman spectroscopy at an excitation wave-
length of 632.8 nm. Before, only a sharp graphite band
(1584 cm-1) occurred, whereas after, this graphite band as
well as a diamond band (1332 cm-1) and two graphite D’ -
bands (1370 cm-1, 1402 cm-1) were detected (Fig. 3).
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Fig. 3. Raman spectra of irradiated graphite.

Fig. 2. Scanning force microscopy images of ion irradiated
phlogopite samples. A) Size 3x3 µm2, ambient pressure,
fluence 1x108 ions/cm2, etching time 5 min. B) Size 1x1
µm2, 2.2 GPa, fluence 7x108 ions/cm2, etching time 1 min.
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Fig. 1. Scheme of diamond anvil cell.
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Pores of various shapes (cylindrical, conical, double-
conical) with diameters from several nanometers to the mi-
crometer range can be obtained by the track-etching tech-
nique. Meeting the increasing interest in the production of
pores with diameters down to the nanometer scale (as de-
termined from the electrical resistance of the pores), new
etching methods have been developed by using a one-side
etching procedure [1,2]. Very little is however known about
properties of ion transport through very narrow pores, which
limits their application. Subsequent to studies on asymmetric
nanopores in polyethylene terephthalate (PET) foils, we
examined asymmetric nanopores in polyimide.

Foils of commercially available polyimide (12.5 mm thick
Kapton 50HN, DuPont) were irradiated under normal inci-
dence with single heavy ions of energy 11.4 MeV per nu-
cleon at the UNILAC. Chemical etching of the tracks was
performed in sodium hypochlorite (NaOCl) of 50 °C  with
initial pH value of 12.6 and an active chlorine content of
13% [2]. On one side of the membrane, the electrolytical
cell was filled with the etchant, while the other side was
protected by a stopping medium (1M KI). Immediately,
when the etchant reaches the opposite surface of the sample,
I- ions present in the stopping solution reduce the OCl- ions
in the etchant, leading to the conversion of OCl- to Cl-. Fig-
ure 1 compares the large opening of conical pores obtained
in PET and Kapton.

Fig. 1. Scanning electron microscope (SEM) images of
the etched side of a PET (left) and a polyimide foil (right),
showing the large opening of conical pores. The small pore
openings are below the SEM resolution [2].

In order to measure ion transport properties of the pores
produced in this way, both chambers of the cell were filled
with 0.1 M KCl and buffered to a definite value of pH. The
current-voltage (I-V) characteristic as well as the ion current
versus time behaviour have been examined. Figure 2 shows
the I-V curves for a single pore in Kapton recorded under
symmetric electrolyte conditions. The asymmetric pore ex-
hibits pH sensitive rectification properties. At pH 7, the pore
wall is negatively charged, and the pore rectifies the ion
current, in contrast to pH 2 when the polymer surface is
neutral and the current-voltage characteristic becomes prac-

tically linear. Similar I-V characteristics were observed for
asymmetric pores in PET. A physical model has been devel-
oped predicting rectification in conical charged nanopores
[3].

PET and Kapton show different ion current versus time
characteristics. In contrast to the pores in PET, which exhibit
considerable voltage-dependent ion current fluctuations [1],
the ion current through a single pore in Kapton is very stable
[2, 4].

Fig. 2. Current-voltage characteristics of a single asym-
metric pore in a polyimide foil at symmetric electrolyte con-
ditions on both sides of the membrane for two pH values.
The abscissa represents the polarity at the narrow entrance
of the pore. The inset shows the ion current-versus-time
behavior recorded at a voltage of 30 mV.

We assume that this difference results from the chemical
structures of the polymers as well as from their modifica-
tions by irradiation and etching. The chemical structure of
Kapton is based on a planar sequence of aromatic rings,
which renders rigidity and smoothness to the pore also after
ion irradiation and etching. Due to the ethylene group in the
PET chain, as well as the semicristallinity of the foil, etching
of PET results in roughening of the foil surface, which pre-
sumably favors ion current fluctuations.

The stable ion current of Kapton nanopores may provide
new applications of Kapton membranes.
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Polycarbonate (PC) membranes are produced by heavy
ion irradiation and chemical etching of the latent ion tracks.
By varying the etching conditions, pores of different size and
geometry can be produced. The density ranges from one
single pore to 109 pores/cm2. These membranes are very
suitable as templates for electrochemical deposition of
nanowires [1]. Since a wire acquires the exact pore shape,
this template technique enables the fabrication of wires with
different shapes, e.g. conical or cylindrical, with dimensions
down to few nm. Moreover, by electrochemical deposition in
a single pore it is possible to fabricate and contact a single
nanowire with low-ohmic contact resistances.

We aim at optimizing the etching process for single ion
tracks to obtain conical pores with different cone angles.
These pores serve for reproducibly creating and contacting
single metallic nanowires. We use PC (Macrofol N) foils of
30 mm thickness, each irradiated with a single 79Au or 92U
ion and subsequently exposed to UV light. After sputtering a
gold layer of 100 nm thickness on one side of the foil, the
sample is inserted in a two-compartment electrochemical
cell. After reinforcing the gold layer electrochemically with
several µm Cu, the single track is etched at 30 oC in 9 N
NaOH with a certain methanol concentration applying a
positive voltage U = 100 mV to the etchant.
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Fig. 1. Geometrical parameters (Dw and dw) of the Cu conical
wires as a function of etching time in PC in 9 N NaOH at
different concentrations of methanol at 30 oC, determined by
SEM.

A series of etching measurements were performed
with multi-pore membranes under the same conditions as the
single-pore membranes to study the influence of methanol
concentration on pore geometry. After electrochemical Cu
deposition and dissolution of the membrane in
dichloromethane, the conical wires were imaged with SEM,
and the large (Dw) and small (dw) diameters were determined.
Fig. 1 shows that the opening angle of the conical wires
increases by increasing the methanol concentration from 20
to 30 %. It can be also observed that for a fixed etching time,
the higher concentration of methanol results in a larger Dw

while dw is almost not influenced. The latter result is due to
the electro-stopping effect of the positive voltage applied
during breakthrough [2]. We used these graphs as calibration
curves and indirectly deduced the geometrical parameters of
single wires. Under these etching conditions, we obtained
single conical wires, the narrowest having dw = 50 and Dw =
600 nm, respectively.

In order to obtain a single pore with small opening
angle we performed the etching in lower concentration of
NaOH at higher temperature. Etching with stopping solution
from the side of the gold layer was used as a first step to
prevent oxidation of the Cu layer [2]. After sputtering gold
on one side of the PC foil, the first part of the cell was filled
with 2 M NaOH with 40% of methanol and the second part
with a mixture of KCl and formic acid, serving as stopping
solution. Etching was carried out at 50 oC. The etching curve
allowed us to determine the breakthrough time, which varied
from 17 to 19 min. In the moment of breakthrough, the
stopping solution neutralizes the etchant and thus prevents
etching from the opposite side of the foil. After the
breakthrough, single tracks showed random current
fluctuations due to the summary effect of diffusion, electro-
migration and neutralization reactions. After electrochemical
deposition of the Cu layer, the single pores were filled with
Bi. Due to methanol evaporation during etching, we obtained
slightly conical Bi wires, an example with  d w = 90 nm and
Dw = 300 nm being shown in fig. 2.

Fig. 2. SEM micrograph of a slightly conical Bi wire.
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Single- and polycrystalline copper wires with
diameters down to 30 nm were created by
electrochemical deposition in polymer etched ion-track
membranes [1]. After dissolution of the polymeric
membrane, we employed optical lithography to contact
single copper nanowires and to study their transport
properties at 4.2 K and at room temperature [2]. The
nanowires were contacted using two different
arrangements: In the first case (Fig. 1(a)), the wires
contained in a dichloromethane solution were first given
on a SiO2 substrate. After evaporation of the solvent,
contacting structures, each consisting of four finger-like
electrodes, were created by means of optical lithography
and metal evaporation on top of the wires. In the second
case (Fig. 1(b)), the electrodes were fabricated first, and
the nanowires were subsequently placed on top. In both
cases, the number of wires on the substrate was
controlled by varying the concentration of wires in the
solution and/or the number of drops deposited on the
substrate. The resistances measured for wires placed on
top of the electrodes were always of the order of GW,
possibly due to the existence of an adsorbate layer
between the gold contacts and the wires [3]. Hence, all
measurements presented in this work were performed
using the set-up shown in Fig. 1(a), which provides low
ohmic contact resistance and avoids mechanical
deformation of the wires. Fig. 1(c) shows a SEM image
of a 50 nm diameter Cu wire lying under two gold
electrodes.

    

After bonding the sample in a standard chip
carrier, it was mounted in an evacuated chamber
containing only a minute amount of He exchange gas that
allows thermal equilibration. Transport measurements
were performed in a straightforward two-terminal
geometry by applying a constant voltage to the nanowires
and recording the current with pA resolution using an

Ithaco 1211 current preamplifier. For measurements at T
= 4.2 K, the sample holder is inserted in liquid He.

 I-V curves of 50 and 60 nm diameter Cu wires
were recorded. At the beginning, the traces were linear,
the resistance decreasing when decreasing the
temperature, indicating a metallic behaviour of the wires.
Fig. 2 (left) shows the I-V curve of a 60 nm diameter
wire with a resistance of 145 and 96 W at room
temperature and 4.2 K, respectively.

However, within the time period of 10 hours, the
resistance of the wires increased gradually by up to six
orders of magnitude. We attribute this tremendous growth to
a complete oxidation of the Cu to Cu2O, this process being
enhanced due to the high temperature reached by the wire
when it carries a large current, and to the extremely high
surface to volume ratio of the nanowire. A similar effect has
been reported for Mo-nanowires [4]. Since Cu2O is a p-type
semiconductor, the nanowire and the two electrodes
effectively create two Schottky contacts in series, placed
back-to-back. Fig. 2 (right) shows a double-diode like I-V
characteristic measured for a 50 nm diameter copper wire.
In the large bias regime up to +/- 9 V, in which current
densities of approximately 40 kA/cm2 were reached, the
nanowire finally failed by breaking  (see SEM micrograph
in the inset of Fig. 2). In summary, we have presented a
reliable method to contact single Cu-nanowires with
lithographic methods, monitoring a change of the nanowire
behaviour from the metallic to the semiconducting regime.

[1]   M.E. Toimil Molares, V. Buschmann, D. Dobrev, R.
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2120 (2000).

Fig. 1. Two different arrangements for contacting Cu-
nanowires: (a) the electrodes are fabricated on top of the
nanowires, and (b) the wires are deposited on the
prefabricated contacts, (c) SEM image showing a Cu-
nanowire under two gold electrodes.
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Fig. 2. I-V characteristics of a metallic Cu-nanowire at 4.2
K and at room temperature (left), and of a Cu wire at 4.2
K, after oxidation (right).
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In the recent past, we reported the growth of Cu, Au, and
Fe single crystals in etched heavy-ion tracks in polymer foils
[1-3]. In a similar way, by applying the periodic reverse
current electrodeposition in an ultrasonic field, we now pro-
duced single crystals of bismuth, which has a rhombohedral
structure. Single-crystalline Bi needles can be readily grown
with diameters of 1-3 µm and lengths up to 60 µm. On an
area of ca. 12 cm2, a density of 107 crystals per cm2 can be
reached.

Commercial 30 and 60 µm thick polycarbonate foils of
Makrofol (Bayer, Leverkusen) and Pokalon (LOFO, Weil
am Rhein) were irradiated with uranium ions of energy 11.4
MeV/u and fluence 105-106 ions/cm2 at the linear accelerator
UNILAC of GSI. The ion tracks were etched by 5M NaOH
solution containing 10% CH3OH, until the diameter of the
pores reached the desired size of ca. 2 µm. A thin gold layer
was sputtered on one side of the foil. This layer was rein-
forced by electrolytical deposition of copper so that the ori-
fices of the pores were completely closed from this side.
Further, this copper layer was used as working electrode for
Bi deposition. A Bi rod was employed as a counter-elec-
trode.

   

Fig. 1. Single-crystalline Bi wires grown in etched ion tracks.

The Bi needles were deposited through the open orifices
on the opposite side of the foil. The electrolytic cell [2] was
operated at 60 °C in an ultrasonic field of 35 kHz. A pulse
generator provided a pulse-reverse current through the cell at
constant potentials. During deposition, a negative to positive
polarization ratio of 4:1 sec was kept constant at a current
density of 5 mA/cm2 (with reference to the total sum of pore
cross sections).

In order to ensure partial dissolution of the Bi during
positive polarisation of the working electrode, the process
was carried out with a strong acid electrolyte containing a
considerable amount of NaCl. It was prepared by dissolution
of NaBiO3 in HCl and additionally set to about the following
content: BiCl3 (0.2 M/l), tartaric acid (0.3 M/l), NaCl (0.2
M/l), HCl (free, 0.5 M/l), glycerol (100ml/l). After deposi-
tion, the foils were dissolved in CH2Cl2.

Freestanding bismuth single crystals, imaged by scanning
electron microscopy (SEM), are shown in Fig. 1. The lattice
planes visible in Fig. 1 are tentatively determined as (100)
and (010). The SEM images of single crystals shown in Fig.
2 illustrate different stages of overgrowing the foil surface.

      

Fig. 2. Bi single crystals grown over the foil surface after

      filling the pore.
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The ion track technique offers new degrees of freedom for 

nanowire growth: (1) the possibility of choosing from a wide 
range of membrane materials, and (2) the possibility of tun-
ing the surface density of pores. In this way, membranes 
with pore densities as high as 109 cm-2 and as low as 1 per 
sample can be prepared [1]. The latter case is very important 
when studying electrical properties of single wires because 
single nanowires can be contacted without making use of 
lithographical techniques.  

The first step is the irradiation of the 30 µm thick poly-
carbonate foil (Makrofol –N, Bayer Leverkusen), with a 
single ion. 

Figure 1. Single wire growth. 

On one side of the foil, a thin gold film is deposited serv-
ing as cathode.  

The foil is inserted into an electrochemical cell with two 
chambers. In figure 1, the steps of the growth procedure are 
sketched: (1) deposition of a 10 mm thick copper layer on the 
gold layer, (2) one-sided etching of the membrane using a 
solution containing NaOH and methanol; when the mem-
brane is completely etched through and the pore is created, 
the measured current rises steeply; the size of the small 
opening of the pore depends on the etching time after the 
breakthrough, (3) filling the pore with copper by electrode-
position, (4) growth of a cap after completely filling the 
pore, (5) contacting the wire by a gold layer sputtered on top 
of the cap. The same procedure was applied for samples 
irradiated with 106 ions/cm2 for scanning electron micros-
copy investigations (figure 2).  

The current during the single-wire growth is recorded as a 
function of time (figure 3). It increases during the filling of 
the pore. 

 
 

Figure 2. SEM image of conical wires grown in a mem-
brane etched 15 minutes in 60% 9MNaOH /40% methanol 
(vol/vol); after growth the polymer was dissolved in CH2Cl2. 

 
Taking into account that the pore is conical and assuming 

a constant current density on the exposed cathode surface, 
the current trace describes the geometry of the pore. 
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Figure 3. The current recorded during wire growth. 
Marked by an arrow - the cap starts growing. The pore was 
prepared by etching the membrane for 13 min in 60% 
9MNaOH /40% methanol (vol/vol) at room temperature. 

 
A series of single wires were contacted. As expected, 

their current voltage characteristic was ohmic and the con-
tact resistance was low. By slowly increasing the applied 
voltage we found that the wires, with tip diameters less than 
30 nm, stand current densities of more than 108 A/cm2. 
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  The 3-dimensional structures of proteins are analyzed by
methods such as NMR and X-ray-scattering. Knowing the
structure makes it easier to reveal the function of a protein.
Therefore, to find better crystallization conditions, it is
desirable to study the growth mechanisms [1].
  In previous works, protein crystals have been grown on
grafted polymers [2]. In this work, we studied whether
etched ion tracks could serve as nucleation centers for
single-crystal growth of the protein lysozyme (hen-egg-
white-lysozyme; HEWL). This substance is commonly used
as a model protein for the study of growth mechanisms of
globular proteins [3].

Exper iments
  Lyzozyme crystals were grown from a supersaturated
solution in ion track membranes of different polymers and
muscovite mica. 2.5 g/100 ml lysozyme were dissolved in
distilled water and buffered to pH 4.5. Supersaturation was
reached by adding NaCl (2.8 g/100 ml), which reduces the
solubility of the protein. Furthermore, either the solubility
was decreased by reducing the temperature, or the samples
were kept open at room temperature, so that evaporation was
leading to an increase of concentration. After three to five
days, the samples were dried, and a thin gold layer was
sputtered subsequently on their surface. Finally, scanning
electron microscopy images were acquired (see Figs. 1-4).

Results
  The surface properties of the etched track walls, in
particular the surface charges in aeqeous solution, stimulated
a preferred growth inside the tracks (Fig. 2 a and Fig. 3 a).
Growth of crystals on the membrane surface not resulting
from nucleation in tracks was impeded by a previously
sputtered gold layer, so that most crystals were growing only
inside and out of tracks (Fig. 1).
  Fig. 2 b demonstrates that one single-crystal can grow out
of several tracks. This means that the crystals participating
in this common growth have to align their orientations.
  The crystals growing out of mica tracks are oriented (Fig. 3
b) due to the boundary conditions of the mica lattice.

Fig. 1. Crystal growth after 6 days on a mica surface. The gold
layer in the upper part has been sputtered on the membrane
before contact with the protein solution.

Fig. 2. a) Lysozyme crystals growing inside a polyimide
(Kapton) membrane; b) Growing out of several etched tracks in
Kapton, a single lysozyme crystal can be formed.

Fig. 3. a) Lysozyme crystals growing inside a mica membrane;
b) Epitaxial growth of lysozyme crystals on a mica membrane.

  In some cases, crystals were found, which grew with a very
flat angle to the surface. Due to their wedge shape, they
were transparent in the front part not only for the SEM
electron beam but also for the secondary electrons. Thus, the
membrane pores covered by the crystal became visible.

Fig. 4. Transparent lysozyme crystal on a mica membrane.
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Metal foils containing pores of micrometer size are of
great interest regarding their use for example as small colli-
mator apertures for laser or for low-energy particle beams.
To produce smallest cylindrical pores of large aspect ratio
(length to diameter), ion-track etching is a suitable tech-
nique, however applicable only for insulators, in particular
for polymers, but not for metals.

Here, we demonstrate how to replicate pores of a polymer
membrane in a metal foil. In principle two different methods
are developed: (1) Direct duplication by electroplating of a
given metal from aqueous solution onto the porous surface
of a polymer membrane [1,2] and (2) double replication of
the ion track membrane in a two step process [3]. The latter
technique is in particular suitable for narrow cylindrical
holes because the inner walls of the pores in the metal foil
become smooth and regular.

As starting material for the double replication process
(see Fig. 1) we irradiated 30-µm thick polycarbonate foils
(Makrofol, Bayer Leverkusen) at the UNILAC with U ions
of energy 11.1 MeV/u. The fluence applied was rather low
(5´ 103 ions/cm2) in order to allow individual pores to be
employed as apertures with large distances to neighboring
pores. The ion tracks were etched in a 5N-NaOH solution
containing 10% CH3OH, resulting in cylindrical channels
with diameter of about 2 µm. Then a thin Au layer was
sputtered on one side of the polymer foil serving as cathode
for the subsequent electrolytic deposition of the Cu film,
which has to be thick enough to close the etched channels
completely.

Fig. 1. Scheme of different preparation steps applied during
double replication of an ion-track membrane into a porous
metal foil.

Also by electro-deposition from the opposite side of the
sample, the pores were completely filled with copper. Both
processes were performed at room temperature using an acid
bright copper bath (Cubadierbad, Riedel Company). To set
free the grown copper needles, the polymer foil was dis-
solved in CH2Cl2.

Fig. 2. SEM image of micropore (diameter 2 µm) in a 20-
µm thick gold foil.

The freestanding needles serve as template for the transfer
of the original pores to the metal foil (Fig. 1 (G)-(K)). This
second step was carried out in a special electrolysis cell
[4,5]) filled with a neutral cyanic solution (Puramet 402,
Doduco Galvanotechnik company) containing 10g/l Au.
First, a 2-min strike deposition was performed (10-fold di-
luted electrolyte, room temperature, current density 30
mA/cm2) followed by cladding the space between the nee-
dles with Au (55 °C, DC-current density 2.2 mA/cm2). At
such conditions, the Au-deposition rate is about 8 µm/hr.
The surface of the Au-filled sample was ground with fine
emery paper to remove protruding needle tips. To relax the
stresses in the gold layer, the sample was annealed for 30
min at 400 °C. Finally the copper matrix was dissolved in
diluted (1:1) nitric acid. The resulting 4-cm2 large Au mem-
brane contains pores of diameter ~2 µm and exhibits suffi-
cient mechanical stability to be handled as collimator mask.
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A. Ion ir radiation of polycarbonate foil

B. Chemical etching of latent ion tracks

C. Sputter-deposition of Au layer

D. Electrodeposition of thick Cu layer

E. Filling of etched pores with Cu

F. Dissolution of polymer foil

G. Au-str ike deposition

H. Au filling

I . Removal of needle tips by polishing

J. Stress release by annealing at 400 °C

K. Dissolution of copper


