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1. INTRODUCTION

Track-etched membranes are thin polymer films which have a system of fine,
geometrically well-defined pores. A two-step process is used to achieve this.
The first step consists of a thin polymer film being irradiated with a high en-
ergy heavy ion beam. During this step heavy ions penetrate the polymer film
depositing part of their energy that results in ionization and excitation of target
electrons. Because of the high energy depositions per unit length, discrete
cylindrical regions extending along the ion trajectories and containing highly
excited matter are formed. Through sequential relaxation steps, primary excita-
tion energy is redistributed to electrons and ions in the film through a series of
elemental processes involving the creation of radicals, of chemical bond break-
ing, of chain scissioning, the creation of small size chemical species, of gaseous
product evolution (e.g. hydrogen) and of crosslinked fragments that finally lead
to severe degradation of polymer chains inside the excited regions, which are
called latent tracks [1-3]. In the second step, damaged polymer chains remain-
ing after ion passage are etched using suitable chemicals to remove small size
particles outside of the track by diffusion [4]. Assuming symmetrical etching
conditions (etching from both sides of the film), cylindrical pores are formed,
with the diameter dependent on the etching time.

Figure 1 is a scheme showing the pristine semicrystalline polymer (Fig.1A)
and tracks created after the heavy ion passage through the polymer (Fig.1B).
The reduced core density containing broken polymer chains and a hallo zone
consisting of crosslinked polymer strands are illustrated (Fig.1B).

In Fig.2 the general photomicrographs of a final track-etched membrane
made of poly(ethylene terephthalate) (PET) film are shown: the general view
of the film surface (Fig.2A) and the cross-section view (Fig.2B).
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Fig.1. Scheme of'ion tracks in a polymer: (A) initial semicrystalline polymer, (B) track
consisting of a reduced core density, containing broken polymer strands surrounded
by a track hallo zone crosslinked polymer strands. (Reproduced from Ref. [1]).

The phenomenon of track development in dielectrics were first docu-
mented in Young’s paper published in Nature in 1958 [5]. Young noted that the
heavy ions created as the result of uranium fission by slow neutrons, having a
broad spectrum of energies, could be used for LiF irradiation. Track etching
had been shown after contact with a strong alkali and tracks could be seen with
an optical microscope. Further studies in this field were carried out by Price
and Walker using mica irradiated with heavy ions from uranium fission. They
patented their discovery entitled “The molecular sieves and the method of
producing the same” in 1962 [6]. Shortly thereafter, the possibility of precise
track etching in plastic materials was described in a paper by Fleischer and
Price published in Science in 1963 [7]. The early researchers in track etching
noted a broad scope of potential applications for etched tracks. Potential ap-
plications considered at that time included the determination of the age of
geological and archaeological specimens containing natural uranium, the study
of the early history of the solar system as recorded in meteorites, the determi-

Fig.2. SEM (scanning electron microscopy) photomicrographs of a surface (A) and
of a cross-section of track-etched membrane (B) made from a PET film.
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nation of charged particle fluxes, the separation of biological cells having dif-
ferent sizes, aerosol sampling, efc.

The discovery of track etching to create pores in irradiated polymers was
soon commercialized by the Nuclepore Company. Nuclepore track-etched
polycarbonate membranes were manufactured from thin polycarbonate film
irradiated with neutron-induced uranium fission products.

The major step in the advancement of track-etched technology was
achieved around 1970 because of the developments in heavy ion accelerator
technology. Heavy ion monoenergetic beams of multiple-charged ions, with
precisely determined energy and mass, operated in a scanned mode, could be
used for polymer film irradiation. The use of accelerator ion beams instead of
uranium fission fragments enabled the irradiation of thicker polymer films and
manufacture of pores of precise uniform diameter with controlled porosity and
orientation — perpendicular or intentionally inclined to the surface of the film.
Accelerator produced membranes were free of any possible radioactive con-
tamination from fission fragments.

From then on, particle track-etched membranes have been routinely pro-
duced using heavy ion beam accelerators. Since 1970, polyester track-etched
micro- and nanoporous membranes have been manufactured by the Flerov
Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research (JINR)
in Dubna, Russia, using a heavy ion cyclotron. Other companies, as it4ip (a spin
off from the Université Catholique de Louvain, Belgium), offer membranes
made of polyester (PET), polycarbonate (PC) and polyimide (PI) films. Cy-
clopore and Poretics are other trademarks for these membranes. Research has
been conducted in this field for many years by GSI Darmstadt, Germany.

Track-etched membranes possess a number of unique structural features
that have made them distinct in comparison to other polymeric membranes, for
example well-defined cylindrical geometry of pores, precise pore diameters
and narrow pore size distributions enabling the exact exclusion limit in the case
of particle filtration. At present, track-etched membranes made of polyester,
polycarbonate or polyimide films are commercially available from the number
of companies in a range of pore sizes, porosities and thicknesses. The key fea-
tures of track-etched membranes are the following:

» well-defined cylindrical geometry of pores in the range of 10 nm to few
pm,

 standard thicknesses in the range of 10-25 um,

* narrow pore size distribution (variance of pore sizes below 5%),

 porosity in the range of 1-20%,

* low protein binding and low extractability ensuring no sample contamina-
tion,

+ smooth and flat surfaces enabling particle collection for microscopic obser-
vation,
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* chemical inertness and good thermal stability (up to 430°C in the case of
membranes made from polyimide film).

Etched heavy ion tracks in polymers are suitable for a number of interdis-
ciplinary uses in diverse fields. Track-etched membranes perform very well in
applications where their unique structural properties are fully used. Due to their
exact cut-off size, they perform well in the fine cleaning of small volumes of
high value fluids from particulate material. They can be used for the efficient
separation of medical and biological liquids from bacteria when a membrane
with appropriate pore diameter is selected. In biosensors, they can be used for
the controlled diffusion of biochemical reagents and for the protection of elec-
trochemical detectors [8]. Due to their smooth surfaces, they can be used in the
cell culture technologies for membrane-supported cell culture [9], cell nutrition,
and cell collection by filtration for microscopic observation. The smooth sur-
faces are suitable for sample preparation for SEM (bacterial or air particulate
matter analysis) and related analytical techniques.

A new area of use related to template synthesis of materials has emerged.
In template synthesis, the cylindrical pores of track-etched membranes are used
to directly deposit various materials inside the pores, such as polymers, metals
or metal oxides. Monodispersed, one-dimensional nanostructures in the form
of nanorods or nanotubes with a high length to diameter ratio and a strictly
controlled radius by the membrane pore diameter can be made by this method
[10-14]. Different architectures of nanostructures are possible. Materials may
be left in the membrane which results in a flexible material with the filled
pores. After the membrane polymer is dissolved, the discrete nanoparticles can
be recovered by filtration for further use. When the membrane fixed to the
solid support is filled and then dissolved after being made, brush-like nano-
structures can be formed. Interest in one-dimensional structures stems from the
fact that their physicochemical properties usually greatly differ in comparison
to the properties of bulk structures and they can be used in the manufacture of
electronics and sensors [15]. Such high aspect ratio nanostructures with length
to diameter ratios reaching 1000 were not possible using standard methods of
nanolithography based on ultraviolet (UV) or X-ray exposure.

There is a growing interest in track-etched pores in different areas of biol-
ogy and medicine, where small diameter nanopores can be used as artificial
model channels mimicking these encountered in biological membranes [16, 17].
Due to the higher stability of artificial channels, they can be used for the study
of diverse biological processes, e.g. selective ion transport through the pores.
Another broad area of use in biology is cell culture. There is also a growing
interest in the development of microfluidic chips where membranes support
cell cultures to simulate in vivo conditions. The microfluidic module presented
in Ref. [9] consists of a fluidic supply channel and a cell culture chamber
separated by a thin, low-dead-volume porous membrane (pore size —0.015-0.2
um). On one hand, these membranes serve as a physical barrier for a sus-
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pended cell culture against contaminants. On the other hand, the membrane
permits controlled exposure of the cells to various concentrations of a drug that
is transported via nanochannels through the membrane to interact with the cells.
Such platforms should allow monitoring of various physiological processes
and provide a large degree of freedom in the control of experimental conditions,
while using reduced volumes of reagents and cells. These devices show great
promise for high-throughput, automated drug screening in a point-of-care en-
vironment by relatively unskilled users.

It has been shown that diverse forms of the pores can be made, e.g. conical,
cigar-like or a bowl-like shape, by properly choosing the etching process (asym-
metrical, one-side etching or by adding surfactants on the one side of etched
membrane) [18]. Detailed studies have confirmed the presence of charged
species on the pore surfaces, resulting from polymer bonds being broken result-
ing in the formation of carboxylic or hydroxyl groups. This is important since
pores with small diameters having charged groups on the pore surface can
significantly influence the ion transport through the nanochannels, enhancing
transport of counter-ions and diminishing transport of co-ions. The mechanism
of'ion and molecular transport through narrow channels is of great importance
for biological studies. The developments achieved in track-etched techniques
enable the making of artificial nanochannels, which better mimic those in the
real biological world [19-24].

Another promising area of use for the track-etching technique is litho-
graphy. In the case of lithography based on ion beams, it is possible to create
sub-100 nm features down to 10 nm in silicon and in polymers, which are not
attainable using traditional optical lithography due to diffraction effects [25].
Different techniques can be used for making nanostructures, such as: ion pro-
jection lithography (IPL) and focused ion beam (FIB). The IPL technique fol-
lows traditional lithography, using large area masks through which a pattern is
replicated in a resist material. In IPL, the complete absence of diffraction effects,
the ability to tailor the depth of ion penetration to suit the resist thickness or
the depth of modification, and the ability to pattern a large area in a single brief
irradiation exposure without any wet processing are the prime characteristics
of'this technique. lon tracks, specifically etched tracks, alone or in combination
with lithography, enable many possibilities for creating novel deep micro- and
nanostructures within polymer films that are difficult to produce or even unat-
tainable by other techniques. Prototypes of a number of ion track-based elec-
tronic components, such as resistors, diodes, capacitors, magnets, transformers,
transistors, and several types of sensors, have been made. The first hybrid
track-based silicon polymer device has been successfully tested. However, this
is still a long way to the industrial use. Nevertheless, the potential use of ion
track-based microporous films is tremendous [26].
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2. TRACK-ETCHED MEMBRANE MANUFACTURING

The manufacture of track membrane is the two-step process. In the first stage,
polymer films are irradiated with heavy ions. The two typical methods of ir-
radiation are shown in Fig.3. Figure 3A shows the irradiation with uranium
fission products which were used at the early stages of research into track-etched
materials, and Fig.3B shows the irradiation with an ion accelerator beam in the
scan mode, as presently used. A special mode of beam scanning permits single
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Fig.3. Scheme of irradiation of polymer films with uranium fission fragments (A) and
heavy ion accelerator beam in scanning mode (B). (Reproduced from Ref. [2]).

ion track irradiation [27]. In that case, a low intensity beam is used and the
irradiation is stopped immediately after the first ion pass through the film is
detected. This variant of irradiation is used mainly for single track membrane
preparation which is needed for high level research on ion transport phenom-
ena inside a single pore and for different biological sensors manufacture. Re-
cently, the preparation of single or few ion tracks based on a scanning ion beam
has been achieved using set of small diameter diaphragms placed in the front
of the film [28].
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While passing through a polymer film, heavy ions interact with the target
nuclei and with target electrons. Such interactions can be described as series
of discrete binary collision events, each one governed by electrostatic force of
interaction between the charged particles, as described by Coulomb law. Ac-
cording to the rules of classical mechanic (conservation of energy and momen-
tum), part of the energy of primary particle is transferred to the target particle
and the incident particle is deflected from its primary direction. However, the
details of these processes depend strongly on the specific energy (energy per
unit mass) of the primary particle and on the mass ratio between the colliding
particles. The transfer of energy to the target nuclei prevails at low values for
ion specific energy (0.001 MeV/nucleon) and the transfer to target electrons
prevails at higher specific energy values (at around few MeV/nucleon). This is
shown for the case of Xe ions in PET films (Mylar) in Fig.4.
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Fig.4. Dependence of energy losses per unit length for Xe ions with different specific
energies penetrating PET film (Mylar). The functions were calculated using SRIM2013
software [29].

For the track-etched membrane manufacturing, heavy ions with suffi-
ciently high specific energy are used, around 2 MeV/nucleon and higher. In
this case, the transfer of energy in collisions with the nuclei can be neglected.
Due to the large difference in the masses of electrons and ions, heavy ions do
not change their direction in successive collisions and move approximately
along a straight line. The quantitative description of the stopping of a heavy
ion in matter is the energy loss per unit length. The electronic energy losses to
target electrons per unit length are described by Bethe-Bloch formula:
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where: Z — charge of ion, § — velocity of ion in light velocity unit (v/c), [ — tar-
getionization potential, T —maximum energy transfer to target, m_— electron
mass, M —ion mass, y — relativistic factor. T__ is available from the following
equation:

T B zmeCZBZ,YZ
"™ 142ym, /M +(m, / M)
where y = 1/N(1-p?).

The energy deposited per unit length is related directly to the density of
damaged polymer chains along the ion trajectory. The dependence between the
density of energy deposition and the density of defects is a complex nonlinear
relation. The process of ion interaction with a stopping material is statistical in
nature, so there should be fluctuations in linear energy deposition. Correspond-
ingly, fluctuations in the length of primary damaged micro-regions along the
ion trajectory are expected. At sufficiently high values for the energy deposited
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Fig.5. (A) Energy loss as a function of specific ion energy. The dashed lines separate
the different regimes of track etching: homogeneous (full symbols), inhomogeneous
(crossed symbols), and absence of etching (open symbols). (B) SEM images of uniform
pores resulting from homogeneous tracks (left) and pores with broad size distribution
due to inhomogeneous tracks (right). (Reproduced from Ref. [30]).
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per unit length, the fluctuations will be smoothed and the overlapping of dam-
aged micrograins can occur giving a continuous cylindrically shaped damaged
latent track prior to the etching. It was experimentally found and reported in
the literature that for the creation of continuous etchable latent ion tracks in
polymer films able to perform as membranes, the energy deposition per unit
length should be higher than some threshold estimated at 720-900 eV/nm for
polycarbonate, polyimide and poly(ethylene terephthalate) [30].

To get an idea of possible quantitative energy depositions, the energy loss
for four ions — Xe, Kr, Ar and O, were calculated using the SRIM software [29]
and are presented in Fig.5. The dashed horizontal lines drawn at different
values for energy losses separate the different regimes of track etching: homo-
geneous, inhomogeneous, and no etching.

The energy loss curves reach a maximum in the range of 1-5 MeV/u, de-
pending on the ion type. Accelerated ions with specific energy in this range are
the most efficient in energy deposition to a polymer target considering the
deposited energy value and uniformity of linear energy deposition along the
ion trajectory. For the case of the Xe ion with a specific energy of 3 MeV/u,
linear energy deposition reaches the value of 1200 eV/A and the range of the
nearly uniform linear energy loss is sufficiently long, reaching about 20 um as
shown in Fig.6. Considering that the typical energy required to chain scission
in polymers is in the range of 100 eV, severe damage to a polymer would be
expected.
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Fig.6. The energy loss of a light (atomic number Z = 36, atomic mass A = 92, energy

E =101 MeV) and a heavy (Z = 56, A = 141, E = 65 MeV) fission fragment of 25U

as a function of the range in poly(ethylene terephthalate). A curve for an accelerated

Xeion (Z =54, A= 132, E =396 MeV) is also shown. These curves were calculated

using the stopping and ranges of ions in matter using the SRIM2013 code [29].
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The structure of the damaged region is complex. However, the energetic
electrons created in the primary processes of interaction (called d-electrons),
emitted mainly in the directions perpendicular to ion trajectory, can interact
with matter further, leading to the creation of the electron cascades in the region
surrounding the primary region of interactions. This process is connected with
further ionization and excitation of atoms inside this region by direct electron
impact or accompanying Auger relaxation processes of excited ions. As the
result of these processes, the radii of severely damaged regions are extended
up to 20 nm and a so-called halo region is formed around the track core.
Therefore, the primary processes are completed with the central regions
highly excited and electron clouds somehow shifted outside these regions.
Next, the excitation energy is equilibrated in the relaxation processes in short
time-scale of a femtosecond. The details of the relaxation of this far from
equilibrium state are still under discussion. The difficulties in finding adequate
theory are related to the proper description of the relaxation kinetics for the far
from equilibrium state resulting from a high density of energy deposited into
very small volume. The relaxation of these far from equilibrium states proceeds
through cooperative action involving target electrons and ions leading to severe
structural changes inside the primary damaged region and in the close vicinity
around them, as a result of degradation of polymer chains through radical
creation, chain scissioning, and chain crosslinking. Commonly used models
for relaxation were elaborated on in early studies of track formation and in-
clude Coulomb explosion and a thermal spike model [1]. The first one takes
into account the strong repulsive forces acting between ions remaining inside
the track core while energetic electrons where moved outside. This interaction
leads to rapid, explosive expansion of ions by atomic collision which cascades
in the vicinity of the ion trajectory. The thermal spike model takes into account
the rapid temperature rise inside the core at the ion passage step which leads
to melting and disorder.

In the case of polymers the track core region undergoes severe structural
transformation because of a chemical reaction initiated by radicals inside the
core. Chain scission prevails inside the core, while outside the core in the track
halo region (diameter — 10-100 nm) electron-induced radiation effects dominate,
sometimes forming a crosslinked layer around the track core. Breaking of the
most of the covalent bonds in the track core (including both the polymer back-
bone and side groups) is accompanied by around a 10% reduction of the den-
sity, which means that the free volume has increased proportionally. In polymers
containing hydrogen, this local zone is depleted of hydrogen atoms, so unsatu-
rated carbon—carbon bonds form. After the physical stage of track formation
has been completed, the track in the polymer undergoes relatively slow chemi-
cal transformations, such as the decay of radiolysis intermediates, reactions
with air (primarily oxygen), and creation of new groups (e.g. peroxide, hydro-
peroxide, hydroxyl, carboxyl), that enhance preferential etching.
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Due to these structural changes accompanied by the formation of reduced
density zones, the fast penetration of suitable chemical etchants are facilitated
along the track enabling further degradation of oligomers present inside the
track through chemical reactions initiated by etchant. Small weight clusters
created in the etching process are removed to the outside by diffusion. The
structural changes inside the track core enable the etching of the track. The free
volume in the track core facilitates the penetration of the chemical reagent
(etchant) along the particle’s path and accelerates the chemical degradation of
the macromolecular segments located there. In contrast, the modification of
the polymer properties in the halo is not as strong. A typical feature of many
polymers is that the halo material is etched at a lower rate than the pristine
polymer. This phenomenon is likely caused by the preferential crosslinking of
macromolecules in the halo region around the track core.

Chain scissioning in the latent tracks results in monomer segments at the
end of a chain and only one chemical cleavage is required for etching. This
simpler process contributes to the higher etch rate in the track. In addition, the
etchant can diffuse faster into the track than into the non-tracked material. A
combination of these effects qualitatively explains the much higher etch rates
for the tracks compared to non-tracked materials.

The next stage of track-etched membrane manufacturing process consists
of track sensitization using UV irradiation of the films. The stability of latent
track and their susceptibility to etching can be increased by exposure to UV
radiation in air. With a suitable chosen UV wavelength, a remarkable increase
in etching rate along the track can be achieved with a minor effect on etching
rate of the bulk polymer matrix. The mechanism responsible for that effect is
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Fig.7. General scheme for track-etched membranes manufacturing. (Reproduced from
Ref. [2]).
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related to the photodecomposition of radiolysis products formed during heavy
ion passage into low molecular weight species [31].

The final stage in track-etched membrane manufacturing is related to the
etching of latent tracks with the irradiated film passing through the bath con-
taining the etch solution. A typical scheme for this etching procedure is shown
in Fig.7.

The process of etching consists of the penetration of a small-sized etchant
molecules into the track core and in the selective breaking of chemical bonds
inside the degraded core by chemical reactions [4]. Small size atomic clusters
created in this process can be removed to the outside of the track by diffusion.
The etching process is based essentially on two factors. One is related to large
differences in the velocities for etching along the track core and in direction
perpendicular to the track axis due to the easier transport of small etchant mol-
ecules in the less compact structure of the core. The second factor is kinetic in
nature and is related to the lower chemical barriers for chemical bonds to break
by reaction of the etchant with small low molecular weight units present in
partially degraded core. Two values describe the kinetics of etching process:
velocity of etching along the track, v, and velocity of etching for the unirradi-
ated bulk matrix, v,. For PET, the alkali etching solution is applied at tem-
peratures in the range 50-80°C. The ratio of track to bulk etch velocities can
reach up to 1000.

In PET etching, the mechanism is based on the alkaline cleavage of ester
bonds. The corresponding chemical reaction scheme is shown in Fig.8. The
free ethylene glycol and anion of terephthalic acid molecules as well as the
bonded end groups, both carboxylate and hydroxyl, are created as the reaction
products. It is worth noting that the pendant ionizable bonds present on the pore
walls make them electrically active and are responsible for the selective ion
transport through the small radius pore in an electrolytic solutions. This unique
property in combination with the small pore radius is used for the selective
sensing of macromolecule passage through the pore on the basis of current
blockage in electrolyte solution.
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Fig.8. Chemical reaction scheme for ester bond cleavage in PET.

In large-scale track-etched membrane manufacturing, symmetrical etching
conditions are used. In this case, the liquid etchant equally accesses both sides
of the polymer film that is submerged in the etching bath. Due to the high
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Fig.9. Scheme of track etching of irradiated film in the presence of nano-sized surfactant
molecules. (Reproduced from Ref. [33]).
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(B) and an hour glass (C) form.
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value of the etch ratio, cylindrically shaped pores are created with diameters
depending on the time of etching. On a laboratory scale, asymmetric etching
conditions can be applied in order to get non-cylindrically shaped pores. In this
case, one side of the membrane is in contact with etchant solution while other
side is in contact with a so-called stopping solution containing an acid neutral-
izing solution. By this method, conical pores with small openings can be
manufactured, which have found use as model systems for selective ion trans-
port studies in electrolytic solutions and for single macromolecule detection.

Another possibility for the modification of the track form is the applica-
tion of a surfactant solution on one side of membrane, as shown in Fig.9
[27, 32]. The surfactant diffusing through the openings made in the etching
process binds to the surface of tracks and block them from etch attack. The
detailed form of pore depends on balance of the surface coverage by the sur-
factant and by the etchant. Pores with the various forms, such as narrow and
wide cones, spherical troughs, barrels, and bottle necked structures, can be
obtained by this method. Some of them are shown in Fig.10.

3. APPLICATIONS OF TRACK-ETCHED MEMBRANES

3.1. TEMPLATES FOR ONE-DIMENSIONAL MATERIALS

The unique properties of track-etched membranes having well-defined
shapes and precise pore diameters make them very attractive as hard templates
for making one-dimensional, high aspect ratio nanomaterials like nanowires
and nanotubes. Materials can be made from polymers, metals or metal oxides
with diameters in the range of 10-200 nm and lengths of 10 um. This gives a
length to diameter ratio of up to 1000. In comparison to another well-known
hard templates, like anodic alumina oxide membranes made by the electro-
lytic oxidation of aluminium foils, polymer track-etched membranes have a
much wider range of pore diameters.

The template method is used to make free-standing arrays of one-dimen-
sional materials in polymer films. After chemical dissolution of the polymer
matrix, the nanoparticles can be recovered by filtration. A variation is the im-
mobilization of arrays fixed on silicon/silicon oxide support covered with a
conducting Au (or Pd) layer and spin coated with a thin polymer film for track
etching.

Interest in exceedingly small dimensional materials is being driven by two
stimuli. The first is related to the fact that physical and chemical properties
become different at very small dimensions in comparison those of large bulk
particles. The second is a common trend toward miniaturization in the field of
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sensing elements and a tendency to develop sensors operating at atomic scale
level. In the case of sufficiently small diameter particles, a large fraction of
atoms is lying on the surface occupying under-coordinated surface reactive
sites. Attachment of external molecules on the surface of a semiconductor
nanowire can strongly influence its conductivity due to the redistribution of the
charge inside the nanowire needed to screen external molecular charges [34].
This happens when the Debye length for nanowire, the parameter describing
the extension of electric field penetration into the bulk, is comparable to the
diameter of nanowire. In the case of photosensitive materials, a relaxation
processes of charge carriers generated by photon absorption depend strongly
on the dimension of the absorbing particle. The time needed for photoinduced
carriers to reach the surface by diffusion can be shorter than the hole-electron
recombination time. Thus, a redox reaction on the surface would be possible
with the participation of photogenerated charge carriers. Such a property is
important for the photooxidation processes or, in the case of conductometric
sensors, for their recovery and time response in the case of photoinduced ana-
lyte desorption. Thus, metal-oxide nanowires can function as sensitive and
selective chemical or biological sensors. The active nanowire sensors in such
devices can be configured either as resistors, whose conductance is altered by
charge-transfer processes occurring at their surfaces or as field-effect transis-
tors whose properties can be controlled by applying an appropriate potential
onto a gate. Functionalizing the surface of these entities offers yet another way
for expanding their sensing capability. Although research on the use of metal-
-oxide nanowires as sensors is still in its early stages, several encouraging
experiments have been reported that are interesting in their own right and in-
dicative of a promising future [35-38].

The template synthesis method of nanomaterials using track-etched mem-
branes was pioneered by the Charles Martin’s group at the University of
Florida [39]. Their research has been directed to application of template made
nanotubes and nanotube membranes for biosensors and for macromolecule
detection and separation [8, 10, 13, 22]. At present, the template method for
track-etched polymer membranes has become a mature method and is widely
used by many research groups.

Various methods are used for making templates: electrochemical deposition
in the case of metals, electrophoretic deposition in the case of non-conducting
materials, vapour deposition, electroless deposition and chemical deposition
from solution.

Table 1 presents information on materials and methods used for making
nanostructures taken from recently published papers.

Electrochemical deposition proceeds according to the scheme shown in
Fig.11. One face of the template must be covered with an inert conducting film
(e.g. gold or platinum) serving as the anode. The metal is then electrochemi-
cally deposited within the pores of the membrane. The length of the nanowires
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Table 1. Examples of nanostructures made by the membrane template methods.

Membrane .
No. Product type material Technique  |Ref.
Ni nanowires on Si/SiO, substrate, ..
1 diameter — 20-60 nm, length — 2 um Polycarbonate |Electrodeposition|[40]
2 Bi single wire, cylindrical, conical Polycarbonate |Electrodeposition|[41]
3 Ni, Co, Cu, Au, polypyrrole nanowires Polycarbonate |Electrodeposition|[42]
Co, Ni-Au bisegment nanowires; .
4 NiFe/Cu/NiFe, Co/Cu/Co trisegment nanowires Polycarbonate | Electrodeposition|[43]
5 Cu single nanowires, length — 30 um Polycarbonate |Electrodeposition|[44]
Cu nanowires, diameter — 0.2 and 0.4 pum, .
6 length — 10 um Polycarbonate |Electrodeposition|[45]
Au, poly- and single crystalline nanowires, .
7 | Polycarbonate |Electrodeposition|[46]
ength — 25 um
8 | FeNi (permalloy Niy Fe, ), Cu, Au nanowires | Polycarbonate |Electrodeposition|[47]
9 Au, conical nanowires Polycarbonate |Electrodeposition|[48]
10 Au, Ag, Cu, Ni, Co, Rh, diameter — 40 nm, Polycarbonate |Electrodeposition|[49]
length — 3-5 pm
11| Au, Cu, Pt, Bi, Bi,O,, ZnO, CdTe nanowires | Polycarbonate |Electrodeposition|[50]
12 Bi,Te, Polycarbonate |Electrodeposition|[51]
13 | Ni-CdTe, Ni-ZnO-Ni multisegment nanowires | Polycarbonate |Electrodeposition|[52]
14 Pb(Zr Ti, )O, nanowires, diameter — 100 and Polycarbonate Electrophgretlc (53]
200 nm deposition
TiO,, SiO,, BaTiO,, Sr,Nb,O., Pb(Zr, ,Ti ,)O,, Electrophoretic
15 diameter — 45-200 nm, length — 10 pm Polycarbonate deposition [54]
16| TiO,, diameter — 45-200 nm, length — 10 um | Polycarbonate Electrop hgretlc [55]
2 deposition
17 TiO,, diameter — 200 nm Polycarbonate Electrophgretlc [56]
2 deposition
18 Si0O, nanotubes, diameter — 100 nm Polycarbonate Atomlc. l.a yer [57]
? deposition
19 AL O, layer on conical nanochannels PET Atomlc. l.a yer [58]
273 deposition
20 TiO, film, diameter — 200 and 400 nm, Polycarbonate Atomlc' lgyer 59]
length — 10 um deposition
21| Fluorinated polymer layer, diameter — 50 nm | Polycarbonate ChemlcaI. vapour [60]
deposition
2 ALO, film PET Atomic layer ¢
deposition
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Table 1. Contd.
Membrane .
No. Product type material Technique  [Ref.
TiO,, Si0,, Al,O, films, diameter — 18-55 nm Atomic layer
2° 2° 273 ’ ’
23 thickness — 5-22 nm Polycarbonate deposition [62]
Electroless
24 Au Polycarbonate deposition [63]
. Electroless
25 TiO,, length —up to 30 um Polycarbonate deposition [64]
26| Ptnanotubes, Pt/Ru bimetallic nanotubes Polycarbonate Electr(')l'ess [65]
deposition
- Polycarbonate Electroless
27 Ni, Ni-B nanotubes PETupto30 um| deposition [66]
28 Ag film; Pt, Cu nanotubes Polycarbonate Electrc.)l'ess [67]
deposition
29 Au nanowires for DNA immobilization, Polycarbonate Electrc.)l.ess [68]
diameter — 10 nm deposition
Electroless
30 Pd nanotubes, length — 30 um Polycarbonate deposition [69]
31 Au nanowires array Polycarbonate Electrc')l.ess [70]
deposition
Ni, Pt, Cu, Ag, Au network, Electroless
32 pore diameter — 400 nm Polycarbonate deposition (711
33| Au film functionalized with fluorinated thiols | Polycarbonate Electrc.)l.ess [72]
deposition
34 Ag nanoparticles; Au, Cu, Pt nanotubes Polycarbonate l(Ellectrc.)l.ess [73]
eposition
. Electroless
35 Ni nanotubes, length — 10-100 um Polycarbonate deposition [74]
36| Au nanotube membrane, diameter — 50 nm | Polycarbonate Electr(.)l.ess [75]
deposition
) Electroless
37 Ag microtubes, length — 10 um Polycarbonate deposition [76]
Chemical
38 Cu doped Zn nanorods Polycarbonate . [77]
solution
MgO nanorods, diameter — 70-160 nm, Chemical
39 length — 5-6 um Polycarbonate solution [78]
: Chemical
40 In,O, nanorods, diameter — 0.1 um Polycarbonate solution [79]
41 Polypyrrole nanotubes PET Chemical [80]

solution
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Fig.11. General scheme of electrochemical deposition of metal nanowires inside the
pores of a track-etched membrane. (Reproduced from Ref. [37]).

is determined by the current density and deposition time, while the diameter
of the nanowire is determined by the pore diameter of the template. After nano-
wires have been electrodeposited, the conducting film used for the electro-
chemical deposition as well as the template are then subsequently dissolved
using appropriate acids or bases.

The scanning electron micrograph in Fig.12 shows the very smooth surface
and uniform diameter of template made gold nanowires with diameters of 160
and 25 nm.

Fig.12. (A) SEM micrographs of 160 nm diameter gold wires; inset: end section of
wires. (B) High-resolution scanning electron micrograph (HRSEM) of'a 25 nm wire.
(Reproduced from Ref. [46]).
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Fig.13. The scheme of electrophoretic deposition process. (Reproduced from Ref. [55]).

Electrophoretic deposition can be used in the case of non-conducting ma-
terial deposition such as metal oxides. Nano-sized particles required for depo-
sition can be prepared by sol-gel method. Using the sol-gel method, making
monodisperse sol with particle dimensions in the range of 1 to 100 nm and
easily controlled stoichiometry is possible. In a polar solvent or an electrolyte
solution with proper conditions (zeta potential value), the surface of a nano-
particle develops an electrical charge preventing its agglomeration. Under the
action of an external electric field, charged particles are set in motion, as sche-
matically illustrated in Fig.13. When hitting an electrode, the electrostatic
double layers present on the particle surfaces collapse and particles coagulate,
forming a porous material of compacted particles [53]. A porous template is
used to restrict the deposition to occur inside the pores only. Since monoliths
grown by electrophoretic deposition are porous, post-deposition sintering at
elevated temperatures is usually required to form a dense material. If the initial
solid particles were amorphous, sintering would also induce crystallization.
A variety of materials, such as TiO,, SiO,, BaTiO,, PZT, and Sr,Nb,O_, have
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been deposited by a combination of electrophoresis and the sol-gel method
(see Table 1).

The atomic layer deposition (ALD) method is a thin film deposition
method based on cyclic deposition of atoms from reactive precursors in gase-
ous form, supplied sequentially. It can be used for arbitrary shaped substrates
and enable deposition of atomic thickness layers in one cycle. The ALD
method has been successfully used with the track-etched membranes for the
modification of pore surface properties and for the reduction of internal pore
diameters. Conformal coatings on the pore walls of track-etched membranes
with TiO,, ZrO,, and Al,O, layers have been reported (see Table 1).

Many studies on ionic transport through small diameter nanochannels have
shown a strong influence of pore wall surface charge on ion transport through
the pores. There is a need to modify the pore wall surface properties. Specific
local channel properties such as pore diameter variations, conformation varia-
tions of pendant bonds, swelling of pore walls, polymer surface layer or surface
charge density variations due to the pH changes of a solution are usually not
well known. But all of them may influence ion transport. Therefore, the devel-
opment of methods for surface modification in a controlled manner in order to
get a surface with well-defined properties is of great value. For macromolecu-
lar sensor development, the surface inside the nanopore should be carefully
prepared, since the surface charge, roughness, and/or functional groups could
significantly influence the signal-to-noise ratio and the capture rate of the ana-
lytes, and they could even lead to unwanted permanent adsorption of the ana-
lytes or clogging, if not enough attention was paid. Moreover, coating with

HY mag cur WD it det
5.00 kV 50000 x 98 pA 5.4 mm 50 ° TLD

Fig.14. SEM BSE (scanning electron microscopy with back-scattered electrons)
image of the FIB milled surface showing the TiO, conformal coating present inside
the track-etched pores of the polycarbonate membrane. (Reproduced from Ref. [59]).
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insulating durable material, like ceramic oxides, will protect the host material
in some filtration applications.

The ability to reduce internal pore diameters in a controlled manner at the
nanometre level is of great value for sensors development, especially in the
range below 10 nm. For the protein sensor development, precise control of the
pore size in the nanometre range is an important challenge, since the pore size
needs to be just a little larger than the protein size in order to achieve very
sensitive detection. A general view of a membrane after TiO, conformal coat-
ing is shown in Fig.14.

Electroless metal deposition uses a redox reaction to deposit metal on an
object without the passage of an electric current, but using a plating bath. Due
to its surface limitations, electroless deposition is a convenient and power
saving method to produce hollow nanostructures. Most of the work on metal

preparation step important synthetic parameters
and their effect on the NT properties
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Fig.15. General scheme of electroless fabrication of self-supporting nanotube network.
(Reproduced from Ref. [71]).
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nanotubes made electrolessly in hard and passive templates is focused on Au.
However, the making of anatase titanium dioxide nanotubes (TNT) with a
diameter of approximately 100 nm and a wall thickness of approximately 10
nm has been reported recently [64].

The general scheme of the electroless process of self-supported nanotubes
network is shown in Fig.15.

Bilateral, open cylindrical, largely anatase titanium dioxide nanotubes with
controllable diameters and wall thickness were fabricated using electroless
deposition based on aqueous solutions. The TNTs have potential uses in fields
like sensing, photocatalysis or regenerative energy. Using polycarbonate as a
template it is possible to produce TNT arrays within the polycarbonate having
a tube density of a single such that there are up to 10° tubes/cm?. These arrays
can be directly used for sensor and photovoltaic applications.

Chemical template synthesis can be accomplished by immersing the mem-
brane into a solution of a desired monomer and its oxidizing agent. This
method can be used to make polymer nanotubes, nanowires (polypyrrole,
polyaniline) as well for making metal oxide nano-sized features. Conducting
polymers show preferential deposition along the walls of the polycarbonate
membrane resulting in nanotubuler structures due to solvophobic interactions.
These tubules close up as the deposition time is increased and eventually result
in nanowires. Example of polypyrrole nanotubes is shown in Fig.16 [80].

Fig.16. SEM micrographs of polypyrrole nanotubes made in track-etched membranes
with pore of diameters: 0.4 um (A) and 1.3 um (B).

The series of metal oxides (MgO, Cu doped ZnO, In,0,) for gas sensor
studies have been made by moderate thermal treatment of chemically prepared
precursors filling the pores in Nuclepore polycarbonate track-etched membrane
(see Table 1). The crucial step was the synthesis of a suitable oximato metal
complexes. After infiltration of the precursor into the pores, a two-step moder-
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ate thermal treatment procedure (160°C, 450°C) was used to yield polycrys-
talline metal oxide rods [77-79].

3.2. USES OF TRACK-ETCHED MEMBRANES IN BIOLOGICAL
RESEARCH

The achievements in the track-etching techniques, like asymmetrical nano-
channel etching and chemical functionalization of nanochannel walls, give
positive impetus to research and development in the field of biological applica-
tions. Fundamental to the understanding of process mechanisms in living or-
ganisms is to know the structure of ionic channels in biological membranes
and the ion transport mechanisms through them. Experimental work based on
the use of biological nanochannels, usually reproduced in laboratory by protein
nanotubes embedded in lipid bilayers, e.g. using a-hemolysis biomolecule, has
many disadvantages. These nanotubes are difficult to reproduce in practice,
fragile and cannot withstand the complexity of the external environment. For
experimental work, artificially made, durable nanochannels, mimicking those
existing in the real biological world, would be preferable. Track-etched mem-
branes are well-suited for this due to their biological and chemical inertness
and the possibility of tuning their structural parameters by the chemical etching
method. Besides nanochannels being formed with shape, diameter and length
matching those found in the real biological world, pore walls can be function-
alized with internal pore surface coatings, with a thin gold layer, and/or by
covalent attachment of functional molecules or macromolecules, which are
most important.

Thanks to the systematic studies of ionic flows in nanochannels and on the
behaviour of molecules/macromolecules in confined space, it is possible to use
artificial nanochannels mimicking those existing in real biological world. The
main goal of this work was to quantitatively understand the fundamental laws
governing the ionic and molecular transport through nanochannels, as well as
to develop nanoscale devices for controlling and sensing biologically important
macromolecules [20-24].

Pioneering research work [16, 17] conducted on artificial track-etched
nanochannels confirmed that the ions flow through them and show features
similar to these observed in biological nanochannels. These features included
selectivity in ionic species transport, current fluctuations between high and low
conducting state, and inhibition of ion flow by low pH and divalent cations.
The encouraging results of the first experiments stimulated much broader
interest and initiated more detailed research works conducted mostly by Mar-
tin’s [18, 22] and Siwy’s [22, 23] groups as well as work conducted at GSI
Darmstadt [19, 20]. The next important step in development of artificial nano-
channels, as the chemical functionalization of pore wall, has been done. The
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first work conducted by Martin’s group was based on using electroless con-
formal coating to coat pore walls with gold and on attaching to the deposited
layer thiol functionalized molecules. Soon, direct functionalization methods
based on using native carboxylic groups remaining on the pore walls after
chemical etching for chemical reactions with molecules possessing adequate
functional groups, was developed. Thus, controlled manipulation of charge
density on the pore wall became possible, opening the way to the modification
of transport properties of small diameter nanochannels, particularly their se-
lectivity for cationic and anionic species.

Generally, the pore wall functionalization process is based on the attach-
ment of molecules or macromolecules having different functional properties.
In the case of molecules with polar functional groups, the charge state can be
pH-dependant. Thus, the effective charge of the pore wall can be changed by
changing pH. In the case of macromolecule attachment, the conformational
state properties depend on external factors, like pH, temperature, UV irradia-
tion, salt ionic strength efc., and it is then possible to change the “effective
diameter” of a nanochannel used for the ionic transport. Since the detection
methods of pore transport are usually based on measurements of full ion-
-voltage characteristics, including both possible polarization directions, any
partial or complete blockage of the pore wall can be detected.

Up to now, different strategies have been employed for making artificial
nanochannels mimicking biological ones. These methods have been developed
using polymer track-etched techniques as well as different surface function-
alization methods. They can be classified into four groups:

* designing a pore with asymmetric geometry and homogeneously charged
inner surface;

* designing the cylindrical pore with inhomogeneously charged surface, par-
ticularly containing two segments with different electrical properties;

 designing the pore covered with a conducting metallic layer, enabling the
control of the current flow through the pore by external voltage bias;

» designing the pore with electrochemical gating, containing attached single
strand of DNA in the pore.

The molecular transport in nanochannels is a complex process requiring a
detailed description of the interaction of mobile ions and fixed charges on the
channel surface. Usually the detailed interpretation of experimental results
requires solving the coupled charge and mass balance equation — the coupled
Poisson-Planck-Navier-Stocks calculation of charge and mass fluxes. Surface
charges on the pore wall in the presence of an electrolyte are screened by
counter-ions. The detailed ion transport properties of the channel depend
strongly on the relation of so-called Debye length describing the concentration
dependant charge screening process to the diameter of the nanochannels. Gen-
erally, the surface charge on the pore wall influences the ion fluxes in the nar-
row channels and, in the case of a weak electrolyte, influence ionic strength as
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Fig.17. (A) Immobilization of functional molecules onto the inner wall of a nano-
channel by electroless modification with Au and surface chemisorbing thiols. (B)
A typical thiol self-assembled functional molecules for modifying the inner surface
of a polymer/Au nanochannel (B). (Reproduced from Ref. [81]).

well. Detailed analyses of the ionic fluxes require solving differential equations
describing charge and mass balance, the coupled Poisson-Planck-Navier-Stocks
equations.

Figure 17 shows the general scheme of functionalization of pores walls of
a track-etched membrane. The coating of pore walls with gold film by electro-
less deposition enables covalent linking of thiol-ended molecules of different
lengths and functionalities using self-assembly mechanisms of the thiol-ended
molecules on gold surfaces.
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