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Abstract

The influence of the alkali resistant surfactant Dowfax 2A1 on single ion track etching in 30 lm polycarbonate foils is studied at low
etch rate (5 M NaOH at 41.5 ± 2 �C) using electro conductivity measurements. At surfactant concentrations above 10�4 vol.% break-
through times are predictable (Dt/t < 0.25). At high surfactant concentrations (P0.1 vol.%) the formation of cylindrical channels
is favoured. The shape of these channels (length P 26 lm, diameter P 1.8 lm) is verified by electro-replication and SEM observa-
tion of the resulting wires. Agreement of radii is better than 0.1 lm. Depending on the current limit set during electro replication com-
pact or hollow cylinders can be obtained. A technique for localizing and manipulating individual micro wires by their head buds is
described.
� 2007 Elsevier B.V. All rights reserved.
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Introduction

Ion track etching [1] requires at least one energetic heavy
ion or fission fragment to supply the energy necessary for
rendering a cylindrical volume around the ion path devel-
opable in a dielectric solid. It opens a new route to micro
technology decisively different from conventional lithogra-
phy [2] while conventional lithography is based on a mask
and on the collective interaction of many low-energy pho-
tons or electrons with a resist material, the ion track tech-
nique works usually without a mask. In contrast to
lithography, the ion track technique can be applied to a
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wide selection of dielectrics [3]. This fact resides on the high
energy density stored in the track core.

The ion track technique enables narrow, high aspect
ratio structures with defined cutting angle whereby each
structure is exactly due to one penetrating ion. Various
other shapes are possible, such as narrow and wide cones,
spherical troughs, barrels, and bottle necked structures [4].
Replica techniques are used to create spatially modulated
textured objects such as wires with axially [5] or radially
[6] varying composition.

Single ion tracks can serve as basic building blocks for
larger aggregates or composites. Aimed single track struc-
tures are possible [7].

Track etching and electro-replication can be studied in
real-time using electro conductivity measurements while
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SEM can be used for verification. In this way, electro con-
ductivity measurements can accelerate the exploration of
new processes.

Surfactants improve the wetting of hydrophobic poly-
mers. They form mono layers on the polymer surface [8]
and reduce etch attack [9].

The report describes the effect of the (acid and alkali
resistant) surfactant Dowfax 2A1 [10] on ion track etching
at low etch rates. Above about 1 lm channel diameter, the
result is essentially a cylindrical channel.

1. Experimental technique

1.1. Electrolytic cell

A 30 lm thick polycarbonate membrane with a single
heavy ion track (11.3 MeV/u U-238, [11] is inserted into
an electrolytic cell consisting of two cell halves with flat
sealing surfaces facing the central membrane (Fig. 1,
[12,13]). The membrane is etched on both sides with 5 M
NaOH at (41.5 ± 2) �C while applying over the membrane
an alternating voltage of 1 kHz frequency at 0.1 V ampli-
tude using gold electrodes.

1.2. Phase sensitive detection

The phase shift between the applied ac voltage and the
resulting current is determined by integrating the product
of voltage and current over a number of voltage cycles,
similar to a Lock-In Amplifier. During each cycle the dou-
ble layer at the electrode/solution interface is continuously
charged and discharged. At 0.1 V amplitude and 1 kHz fre-
quency electrode impedance is purely capacitive and suffi-
ciently small to be neglected in the equivalent circuit
(Fig. 2).

The real part of the impedance reflects the geometry of
the etched channel and the imaginary part of the geometry
U I

Fig. 1. Principle of electrolytic cell for real-time control of track etching
and electro replication.

Fig. 2. Equivalent circuit for measuring membrane thickness and channel
radius.
of the membrane. Phase-sensitive detection suppresses out-
of-phase noise. From the break-through time, an approxi-
mate value of the track etch rate is determined. If the num-
ber of tracks and their length, as well as the conductivity of
the etchant is known, the radial etch rate can be deter-
mined. Etching or electro deposition can be stopped at a
preset value. Channel growth can be frozen at a prescribed
diameter and wire growth at a prescribed length or bud
size.

1.3. Track radius

Amplitude and phase of the resulting alternating current
are measured as function of time. For sufficiently high
track etch ratio the resulting channel can be approximated
by a cylindrical channel of diameter d = 2r and resistance

R ¼ 4t
rpd2 ) d ¼

ffiffiffiffiffiffiffiffiffi
4t

Rrpd2

q
) r ¼

ffiffiffiffiffiffiffiffiffi
t

Rrpd2

q
, where t is the mem-

brane thickness (30 ± 1 lm), r is the conductivity of the
etchant (0.57 S/cm for 5 M NaOH at 41.5 �C), and
R = U/I is the ratio of the applied voltage amplitude U

and the real part of the resulting current amplitude I.

2. Results

2.1. Break-through time

Polycarbonate membranes are hydrophobic. As it
appears, the surfactant enables a reproducible contact
between the etching medium and the hydrophobic
membrane in the electrolytic cell. A small surfactant con-
centration (P10�3 vol.%) is sufficient for fairly constant
break-through times of (345 ± 82) s (Fig. 3). This corre-
sponds to 24% variation of the break-through times.

2.2. Radial etch rate

During etching the channel radius increases with time.
The surfactant decreases but stabilizes the etch rate. With
increasing surfactant concentration the radius becomes
increasingly a linear function of time (Fig. 4). By differen-
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Fig. 3. Influence of surfactant concentration on break-through time.
Above surfactant concentrations of 0.001 vol.% fairly reproducible break-
through times are obtained. Each point corresponds to 3–5 single track
membranes. Vertical bars are standard deviations.
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Fig. 4. Radius as function of time. With increasing surfactant concentra-
tion, (a) to (e), the radius becomes gradually an almost linear function of
time.

Fig. 6. Contacting a single wire [14].

Fig. 7. Compact wire. Copper replica of cylindrical ion track channel
electro deposited at 10 nA maximum current. Diameter 2.2 lm, length
25.6 lm, bud diameter 31 ± 3 lm.
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tiation of the radius with respect to time, the radial etch
rate Vr(t) is determined. Using the inversion of the mono-
tone function r(t)!t(r), Vr can be plotted as function of r
(Fig. 5). With increasing surfactant concentration the
steady-state of radial etching (ca. 0.13 lm/h) is reached fas-
ter. At high surfactant concentration (P0.1 vol.%) the
radial etch rate becomes rapidly constant except at small
radii (30–100 nm). This favours the formation of cylindri-
cal channels.

2.3. Electro replication

To verify the electro conductivity measurement, a single
ion track is etched 9.6 h in 5 M NaOH plus 1 vol.% of
Dowfax 2A1 surfactant at (41.5 ± 2) �C. For determining
the shape of the resulting channel it is electro replicated
(Fig. 6) using the following steps.

A gold film is deposited on the rough side of the mem-
brane and pressed against a polished copper cylinder
replacing the right cell half. A copper anode is inserted into
the left cell half. The left cell half is filled with an acidic
copper sulfate solution (220 g CuSO4 penta-hydra-
te + 36.8 g H2SO4 per liter of etchant). The current is lim-
ited by a resistor of 108 X in series with the electrolytic cell.
For a negative dc voltage between cathode and anode
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Fig. 5. Radial etch rate Vr as function of radius (derived from Fig. 4).
With increasing surfactant concentration, (a) to (e), the steady-state of
radial etching (about 0.13 lm/h) is reached faster.
(ranging between �0.5 and �10 V) the deposition current
is limited between 5 and 100 nA. Low deposition currents
correspond to the growth of compact cylindrical wires.
High deposition currents correspond to the growth of hol-
low cylinders.

2.4. Manipulating a single wire

After completing the wire, electroplating is continued
until a bud of 30 lm diameter is reached. The membrane
is dried, the bud is localized under a stereo microscope at
Fig. 8. Hollow wire. Copper replica of cylindrical ion track channel at 100
nA maximum current. Diameter 3.5 lm, length 27.3 lm, bud diameter
31 ± 3 lm.



Table 1
Comparison between electro conduction and SEM measurements

Figure Type Surfactant conc. Etch time/h Current limit/nA Pore diam./lm Pore length/lm Wall/lm

Calc. SEM Calc. SEM SEM

– – 10�2 9.8 5000 2.38 2.39 27.6 – –
Fig. 8 hollow 10�5 13.0 100 3.52 3.55 26.4 27.3 0.18
– – 10�4 12.5 100 1.84 1.91 28.2 – –
Fig. 7 full 10�2 9.7 10 2.16 2.19 27.8 25.6 –

Agreement of radii is better than 0.1 lm.
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grazing illumination, and a circle around the bud marked
with a polished needle. A gold film is deposited on the
shiny side of the membrane. A copper layer of ca.1 lm
thickness is electro-deposited on the gold film keeping the
deposition current density 610 mA/cm2. A copper wire
of 0.7 mm diameter is soldered to the periphery of the
1 lm copper film. Using the copper wire as handle, the
polycarbonate is dissolved in DiChloroMethane. During
dissolution the gold film on the bottom side (rough side)
of membrane is removed. Using the copper wire as handle
the micro wire is transferred to a conductive adhesive tape
on a SEM holder.

Electro replication at 10 nA limiting current results in a
hard, compact, polycrystalline copper wire (Fig. 7). Electro
replication at 100 nA limiting current results in a hard, hol-
low polycrystalline copper cylinder (Fig. 8).

The agreement of SEM and conductance measurement
is verified using 4 wires with diameters between 1.8 and
3.5 lm (Table 1).

3. Discussion

3.1. Pore shape control

The interplay between etch attack and protection by a
surfactant, combined with different molecular mobilities,
enables to control track shapes [9,4]. The present concept
of track shaping is as follows (Fig. 9, [15]).

The hydrophobic tails of the surfactant adsorb on the
polymer surface exposing their hydrophilic groups toward
Fig. 9. Influence of surfactant on track etching. (a) Fast etching – barrel
shaped pores [4]. (b) Slow etching – cylindrical pores [15].
the etchant. The adsorbed layer protects the polymer from
etch attack. The large molecules of the surfactant diffuse
slower into the track lumen than the small molecules of
the etchant.

At high etch rate (high concentration of the etchant and
high temperature) the inner lumen of the etched track
remains unprotected and reacts fast with the etchant. A
barrel shaped channel is formed (Fig. 9(a)).

At low etch rate (low concentration of the etchant and
low temperature) the protecting action of the surfactant
molecules dominates. The molecules of the surfactant pen-
etrate into the track lumen and organize into a protective
sheath along the pore wall before the etchant starts reacting
(Fig. 9(b)). Lateral etching is suppressed and longitudinal
etching prevails. Large track etch rates (cylindrical pores)
result.

Cylindrical channels require a low reactivity of the etch-
ing medium. Since the described experiments use modest
etchant concentration (5 M NaOH) and temperature
(41.5 ± 2) �C, the protective action of the surfactant dom-
inates. Almost cylindrical channels are formed.

Acknowledgements

Contributions, stimulations, and suggestions; Philipp
Blaszczyk (Bensheim, Germany), Ionut Enculescu (Univ.
Bucharest, Romania), Bernd Eberhard Fischer (GSI
Darmstadt, Germany), Klas Hjort (Univ. Uppsala, Swe-
den), Reinhard Neumann (GSI Darmstadt, Germany),
Takeshi Ohgai (Univ. Nagasaki, Japan), Marcin Skoczylas;
(Univ. Bialostocka, Poland), Christina Trautmann (GSI
Darmstadt, Germany).

This work was supported by the Wenner Gren Founda-
tion (Stockholm, Sweden).
References

[1] R.L. Fleischer, P.B. Price, R.M. Walker, Nuclear Tracks in Solids:
Principles and Applications, University of California Press, Berkeley,
1975.

[2] R. Spohr, Ion tracks and microtechnology, Basic Principles and
Applications, Vieweg Publ. Co., 1990.

[3] A. Sigrist, R. Balzer, Investigation on the formation of tracks in
crystals (or similar title), Helv. Phys. Acta 50 (1977) 49.

[4] P. Yu Apel, I.V. Blonskaya, O.L. Orelovitch, D. Root, V. Vutsadakis,
S.N. Dmitriev, Effect of nano sized surfactant molecules on the
etching of ion tracks: new degrees of freedom in design of pore shape,
Nucl. Instr. Meth. B 209 (2003) 329.



L.C.T. Man et al. / Nucl. Instr. and Meth. in Phys. Res. B 265 (2007) 621–625 625
[5] L. Piraux, J.M. George, J.F. Despres, C. Leroy, E. Ferain, R. Legras,
K. Ounadjela, A. Fert, Giant magnetoresistance in magnetic multi-
layered nanowires, Appl. Phys. Lett. 65 (19) (1994) 2484.

[6] J.-R. Ku, R. Vidu, R. Talroze, Stroeve, P. A novel route to fabricate
Au-Te nanocables; AIChE Annual Meeting, Conference Proceedings
(2004) 2587.

[7] B.E. Fischer, M. Heiss, M. Cholewa, About the art to shoot with
single ions, Nucl. Instr. and Meth. B 210 (2003) 85.

[8] W.J. Petzny, J.A. Quinn, Calibrated Membranes with Coated Pore
Walls, Science 166 (3906) (1969) 751 (7 November).

[9] P.Y. Apel, I.V. Blonskaya, A.Y. Didyk, S.N. Dmitriev, O.L.
Orelovitch, D. Root, L.I. Samoilova, V.A. Vutsadakis, Surfactant-
enhanced control of track-etch pore morphology, Nucl. Instr. and
Meth. B 179 (1) (2001) 55.
[10] Alkyldiphenyloxide Disulfonate; surfactant Dowfax 2A1: Dow
Chemicals: http://www.dowchemicals.com.

[11] C. Zet, H. Kiesewetter, M. Skoczylas, L. Westerberg, R. Spohr, A
system for irradiating polymer films with a preset number of ions,
GSI Sci. Rep. (2003) 154, ISSN 0174-0814.

[12] P. Yu Apel, Yu E. Korchev, Z. Siwy, R. Spohr, M. Yoshida, Diode-
like single-ion track membrane prepared by electro-stopping, Nucl.
Instr. and Meth. B 184 (3) (2001) 337.

[13] R. Spohr, P. Apel, H. Kiesewett, M. Skoczylas, C. Zet Elektrolytische
Zellenanordnung; Deutsches Patent und Markenamt, München,
Dokument (2006) (DE102005020734B3 19.10.2006).

[14] T. Spohr, K. Hjort, L. Westerberg, C. Zet, R. Spohr, Uppsala (2005).
[15] P.Yu. Apel, Contribution to 23rd ICNTS, Beijing, China, Radiat.

Measur., submitted for publication.

http://www.dowchemicals.com

	Influence of a surfactant on single ion track etching: Preparing and manipulating cylindrical micro wires
	Introduction
	Experimental technique
	Electrolytic cell
	Phase sensitive detection
	Track radius

	Results
	Break-through time
	Radial etch rate
	Electro replication
	Manipulating a single wire

	Discussion
	Pore shape control

	Acknowledgements
	References


