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MECHANISM OF OSCILLATIONS OF ION CURRENTS
IN THE NANOTRACKS

Abstract. The paper contains the description of the features of ion current pulsations in track
devices. The conditions under which the pulsations arise are discussed. We discuss different
approaches that are used for explanation the effects of ion current pulsations. Ion current pulsations
when passing through nanotracks play a dual role in practical applications. In biosensor systems,
these effects significantly affect the parameters of devices. In other cases, these effects serve as the
basis for the mechanisms of their new device operation.

Our studies, as well as the results of other authors, show that the mechanisms of ion current
oscillations in nanotracks are associated with three reasons. The first reason is the collective
interactions of currents in the nanotracks, the second is a certain defect structure of the internal
walls of nanotracks, and the third is carbonization in the case of nanotracks in carbon materials.
The article shows that the knowledge of the nature of ion current fluctuations in nanotracks allows
modifying these effects to obtain the necessary parameters for electronic devices. These effects are
especially important in the creation and improvement of modern biosensors.

Key words: ion currents, nanotracks, nanosensors, biosensors.

INTRODUCTION

Since the sixties of the past century, itis known that energetic (with tens of MeV or more)
heavy (with atomic masses being usually larger than that of Ar) ion irradiation (“swift
heavy ions”, SHI) introduces very narrow (~ some nm) but long (typically 10-100 pm)
parallel trails of damage in irradiated films (for example, polymer foils), the so-called
latent ion tracks. The damage shows up primarily by the formation of radiochemical
reaction products. Whereas the smaller ones readily escape from the irradiated zone
thus leaving behind them nanoscopic voids, the larger ones tend to aggregate towards
carbonaceous clusters. Thus, emerging structural disorder along the tracks modifies
their electronic behavior. The newly created intrinsic free volume enables, for examples
electrolytes, to penetrate into the polymer, thus forming parallel liquid nanowires. In case
that the tracks penetrate through all the foil the conducting connections emerge between
the foil front and back sides.

The ion track technology is, in particular, directed towards biosensing applications.
In this case the ion tracks are functionalized directly by attaching organic or bioactive
compounds (such as enzymes) to their walls. The recent advances in this field allow
monitoring and tracking biomolecules in areas such as environment, food quality and
health. The presently developed ion track-based nanosensors provide high sensitivity
low power [1].

The creation of new biosensors and their further improvement requires a careful study of
mechanisms of electrolytes passage through the tracks.
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COLLECTIVE INTERACTION IN ION TRACK ELECTRONICS

In [2] the capability of a multitude of parallel electroactive nanostructures in a given
substrate to show collective interactions has been considered. Two types of electroactive
nanostructures are described. These electroactive nanostructures can be operated either
by applying a constant voltage to them, or by application of a sinusoidal voltage at low
frequency, and current spike emission can be triggered. An electroactive nanostructure can
influence the performance of neighboring nanostructures by modifying the entrance or exit
potentials (or both) of the latter one, via lateral charge exchange through the common front
or backside conductors or contacts. For these two cases, this leads to two different effects:
The collective interaction of many current spike-emitting latent tracks in electrolytic
ambient leads to pulse-locked synchronization similarly to its representation in neural
network theory.

In the structures with etched tracks in the films of SiO2 on Si the collective track
interaction can induce negative differential resistance [3]. This is the consequence of a chain
reaction triggered by spontancous opening of previously closed (or closing of previously
open) neighbored tracks. Periodic repetition of such opening/closing processes leads to self-
pulsating devices.

OSCILLATING CURRENTS THROUGH NANOPOROUS MEMBRANES
IN ELECTROLYTES

The effect of current pulsations when ions pass through the tracks is of great interest for
creation of new biosensing devices [4-7].

To describe the properties of nanopores (in particular the ion transport in tracks) different
models and mathematical methods are used. For example, the current through nanotracks
is described by stationary Poisson Nernst Planck equations [8, 9]. Molecular dynamics
simulation is used in [10—12] to describe the ion current rectification.

One of the models connects these oscillations with carbonaceous clusters that form along
the latent tracks [7]. These clusters might behave as obstacles for the smooth ionic current
passage along them, upon application of a DC or low frequency AC voltage across the track-
containing polymer foil. As a result, charges may pile up in front of them until the intrinsic
electric field across them exceeds the breakthrough field strength. At that moment current
spikes eventually associated with negative differential resistances emerge. As the spike height
is decreased by eventual surface adsorption layers, pulsating tracks can also be exploited for
biosensing [13]. Foils with current spike emitting tracks are thought to mimic neurons. In
a multitude of such tracks, the individual randomly emitted spikes synchronize themselves
towards phase-locked oscillations [14, 15], similarly as they occur for neurons in the human
brain, where their interaction results in the formation of brain waves. The frequency of these
collective track pulsations is around 0.1...30 Hz [2]. Hence it is in an order of magnitude
which is similar to brain waves. The presently available neural network theory describes the
behavior of pulsating tracks at least qualitatively well.

In [15] it was suggested that the current oscillation mechanism is linked to the competition
of two processes in the tracks: a) The adsorption of charged ions at the internal track walls
and b) The ion spike when the number of accumulated ions reaches some critical value. The
negative charge of the pore walls [16] causes the adsorption of positive ions.
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Also, chemical reactions may influence this adsorption. During accumulation of the
adsorbed ions at the inner surfaces of the tracks the repulsive forces begin to prevent the
penetration of new positive ions into the tracks, hence the ion current decreases. At some
threshold voltage applied to the track and for some critical number of adsorbed ions an ion
spike emerges which leads to desorption of the ions accumulated inside the track, hence to
an increase of the ion current. The current maximum corresponds to the open track with a
minimum of adsorbed ions. Thereafter newly adsorbed ions can be accumulated so that the
process repeats. Hence an oscillation current emerges with a frequency v = 1/z,, (r, being the
period of oscillations) that is determined by the rate of accumulation of adsorbed ions and
by the probability that an ion spike occurs, the latter depending on the applied voltage. In
order that ions can penetrate at all through the track, the track radius must exceed a certain
threshold value 7,,;,, which is determined by the thickness of the ion adsorption layer. On other
hand, for too large track radii r,,,, the adsorption layer does not control the ion penetration
through the track. Thus, current oscillations will occur only for track radii » with 7, <7 <7,

The above model does not take into account the possible interaction of nanopores.

Hence this refers to the case of one track per membrane only. In the case of many tracks
per membrane the statistical interaction between them modifies the conditions that determine
the oscillation frequencies. Here, the ion current minimum corresponds to the situation when
most tracks are closed simultaneously. Such a situation is realized as a result of statistical
interaction processes and demands some time (z,). This interaction may be mediated by ionic
charge equilibration processes between neighboring tracks via currents running from one
charge carrier cloud near a track entrance and/or exit to the other, or via the (more improbable)
ionic diffusion across the tracks, and by different adsorption conditions in different tracks.
A realization of the situation when almost all tracks are open demands also a given time (z;).

It is clear that we have 7, << 7, + 7;: in the case of many tracks the frequency of current
oscillations is much less than in the case of one individual track. In the case of many tracks
per membrane the current oscillations do not drop to zero as in the case of individual tracks
because in the first case some tracks are open always.

THE MODEL OF CURRENT SPIKES IN TRACK DEVICES

For ion current pulsations in track-containing foils the following features are established
[17, 18]:

* Spike emission depends on the amplitude and frequency of the applied voltage.

* The high ion track density (higher than some threshold density) is necessary to obtain
the effect of current spikes.

* Current spikes preferentially occur at pronounced, rather equidistant applied voltages.

» Maximal spike heights do not seem to be affected markedly by the frequency of the
applied voltage.

» Current spike spectra are not always reproducible though their principle features remain
the same.

 Current spike emission appears to vanish rapidly with the frequency of the applied
voltage. Its decrease indicates the existence of a threshold frequency for spike emission.

The model described in [19] allows studying the general case of the ion current pulsations
in the track-containing polymer foils embedded in electrolyte. A schematic representation of
the appropriate structure can be seen in Fig. 1. To construct the model the classical method of
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Fig. 1. Experimental setup to study current spike emission in ion track-containing foils
embedded in electrolytes (current/voltage measurements)

Molecular Dynamics (MD) was modified so that a new MD approach allows describing also
subthreshold radiation effects.

CONCLUSION

The effect of current spikes in track devices is discussed. Different explanations of this
effect are considered. Experimental results show that ion current spikes in track-containing
foils arise for different forms of tracks and different types of materials and that the current
spike effect is determined significantly by the mean distance between tracks. A computer
experiment with the developed model for current spikes showed that this model reflects the
main features of the ion current spikes in track structures. It is shown that taking into account
only one factor (the interaction of currents in the system of tracks) leads to the result of an
emergence of current spikes. The occurrence of current spikes takes place in a wide range of
the potential parameters.
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AHOTALISA

MEXAHI3M KOJIMBAHb IOHHUX CTPYMIB Y HAHOTPEKAX

VY crarTi HaBeJEHO OMUC OCOOIMBOCTEH MyNbCAIlii 10HHOTO CTPYMY Y TPEKOBHX MPUCTPOSIX.
OOTOBOPIOIOTECSI YMOBH, 3a SKWX BHHHUKAIOTH ITyJibcamii. MU po3mismaeMo pi3Hi MigXOAd, M0
BUKOPUCTOBYOTBCSI IS TOSICHEHHsI €PEKTIB MyJibcalliit ioHHOTO cTpyMmy. [Tynbcaliii ioHHOTro cTpyMy
IPU [TPOXO/DKEHHI Yepe3 HAHOTPEKHU BIJITPaloTh MOABIWHY POJb y NPAKTUYHOMY 3aCTOCYBaHHI.
VY GioceHcopHUX cucTeMax I e(heKTH CyTTEBO BIUIMBAIOTH Ha MapaMeTpH NPUCTPOiB. B iHIMX
BUIaJIKax i €eEeKTH CIIyTyIOTh OCHOBOIO JUIsl MEXaHI3MiB IXHBOI pOOOTH B HOBHX ITPUCTPOSIX.

Hami jociikeHHs, a TAKOX Pe3yJIbTaTH 1HIIUX aBTOPIB, TOKA3YIOTh, IO MEXaHi3MH KOJIMBaHb
10HHOTO CTpyMy y HaHOTpPEKax IOB’si3aHi 3 TppboMa IpuurHamMu. [lepiia npuyrHa — KOJIEKTHBHA
B3a€MOJIiSl CTPYMIB y HAHOTpEKax, Apyra — MeBHa Ae(eKTHa CTPYKTypa BHYTPILIHIX CTIHOK
HAHOTPEKIB, a TPEeTs — KapOOHi3allisl y BUNIaIKy HAaHOTPEKIB Y BYIVICIICBUX Marepianax. Y cTarTi
IO0Ka3aHo, 1110 3HAHHS TPUPO/IH KOJIMBaHb I0HHOTO CTPYMY Yy HAHOTPEKaX JI03BOJISIE MOTU]IKyBaTH
i eexTH Uil OTPUMaHHS HEOOXIIHHMX IapaMeTpiB Julsl eJeKTpOoHHuX mpuctpoiB. Lli edekru
0COOJIBO BaYKJIMBI TIPH CTBOPEHHI Ta BIOCKOHAICHHI CydacHUX 0i0CEHCOPIB.

Kuro4oBi c10Ba: ioHHI CTPYMH, HAHOTPEKH, HAHOCEHCOPH, 010CEHCOPH.
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