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ARTICLE INFO ABSTRACT

Keywords: The transmission of energetic (0.1-2 MeV) light ions through an array of parallel nanochannels was measured as
Ion beam analysis a function of incident angle with respect to the channel axis. The angular transmission can be viewed macro-
Nanochannels scopically, similar to an ion passing through a collection of parallel slits which then determine the beam profile
Channeling

or similar to ion channeling in crystals. In the first case, the number of transmitted ions as a function of incident
angle would be determined simply by the line-of-sight geometry (length over diameter) of the nanotube resulting
in a critical angle of about 0.2° whereas in the second case, the acceptance angle would be much larger, nearly
0.8°, and analogous to the acceptance angle typically encountered in ion channeling in crystals. The measured
critical angle varies between 0.4° and 0.8° depending on the incident ion energy, but with increasing energy the
critical angle becomes larger rather than smaller. The transmittance at the optimal angle increases with energy
and shows a strong linear correlation with it. This can be understood as a consequence of repeated interactions

with the channel walls as the channeled ions travel along the channel.

1. Introduction

Anodic aluminum oxide (AAO) membranes consist of self-organized
bundles of nanopores and have found a range of applications including
biosensors [1], or can be used as a nanoscale template, for example as a
mask for gold evaporation [2]. A particular template application is the use
of such membranes as a mask for energetic ions, for example in reactive
ion etching [3], ion beam processing [4], ion implantation for magnetic
[5,6] or luminescent nanostructures [7]. The use of AAO membranes as
ion implantation mask is not limited to thermal or low energy ions, they
have been used for lithography of multi-MeV “swift heavy” ions [8] or as
a mask to define a regular array of single swift heavy ion impact sites [9].
Other than AAO in the role of implantation mask, there has been work
using ion beams to modify the membranes themselves [10]. Further de-
velopment of all of these techniques would require an improved under-
standing of the ion transport properties of the nanochannels. Indeed, very
little work on ion transport through nanochannels has been reported,
other than a report on the nanochannel exit profile [11] and an ob-
servation of ion channeling in nanopores [12]. Here, we study ion
transport throught AAO nanopores as an ion channeling phenomenon.

2. Critical angle for channeling

Ion channeling in crystals is well described by the Lindhard theory
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[13], which treats the “walls” of the channel formed by strings of atoms as
a continuous potential. Lindhard derived a critical angle for channeling as
W, = (2Z,Z,e*/dE)/?, where Z; and Z, are the incident particle and target
atom atomic number, e the charge of the electron, d the interatomic dis-
tance along the channel wall (not the channel width) and E the energy of
the incident ions. (When E is expressed in MeV and the angle is required in
degrees, W, = 0.307(Z,Z,/dE)*'? [14].) If nanochannels such as the 45 nm
diameter nanopores through anodized aluminum oxide (AAO) behave in a
similar fashion, one would expect a similarly large critical angle and a
similar energy dependence of the critical angle. A much simpler view
would be to regard ion transport through nanochannels as a small version
of beam defining slits and assign a transmission probability of 1 if an ion
can go straight through without hitting any obstacles and 0 otherwise. In
that case, the aspect ratio of the nanochannel is the defining parameter for
the angular distribution of the transmission probability, and in order to
calculate the transmission probability as a function of incident angle, one
evaluates the overlapping area of the two circles corresponding to the
entrance and exit openings of the nanotube. The resulting curve has a
distinctly non-gaussian shape with a sharp peak and, for a bundle of na-
nochannels with nanopore radius of r = 22.5 nm and a channel length of
L = 9 um, a full width at half maximum of about 0.22°. We find that, in
order to describe the transmission probability, neither description applies
but that a combination of the two critical angles determines the ion
transport efficiency.
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3. Experiment

A self-supporting 9 um thick anodic aluminum oxide membrane
with highly aligned nanopores traversing the entire thickness of the
membrane was prepared as described in an earlier paper [9]. The ma-
terial surrounding the nanopores is amorphous unless annealed at a
high temperature [15]. Image analysis of the front surface as seen in
scanning electron microscopy (SEM) indicates that about 30% of the
surface is “open”. In our earlier work, 1.6 MeV Li ions were transmitted
through the nanopores as a means of orienting the nanopores with the
ion beam, and 70 MeV Ag ions were also transmitted. However, the
transmission critical angle and efficiency were not studied in detail.
Here, we used 100 keV to 2.7 MeV He ions and measured the trans-
mitted current for a range of (horizontal and vertical tilt) angles ranging
from — 4° to 4° in steps of 0.1°. As the incident ion beam was quite
stable over long periods of time and as the ion current measured on the
membrane varied systematically when the tilt was varied, we simply
measured the transmitted ion current with a Faraday cup positioned
behind the membrane and normalized the charge thus collected by the
average incident current times exposure time. At 2.7 MeV, some
transmission was observed irrespective of tilt angle. The projected
range R, of 2.7 MeV He ions in Al,O3 is barely more than 6.2 um [16].
We have not determined the density of the Al,O3 surrounding the na-
nopores, but if it is close to 3.69 g/cm? (the value used in the calcu-
lation of R,), one can expect the actual R, to be increased by the
fraction of open volume (30%) in the membranes, or 8.9 pm. As a
consequence, the membrane thickness of 9 pum is less than the expected
penetration depth of R, + 1 x straggle (0.23 um) of 9.22 um if the
reduced density is taken into account. For 2 MeV and lower energy, no
He ions were transmitted for tilt angles larger than a few degrees, but
for some angles, ions were transmitted even when the energy was as
low as 100 keV. The transmittance (transmitted charge/incident
charge) of 2 MeV He ions as a function of horizontal and vertical tilt is
shown in Fig. 1 as red circles (horizontal) and black squares (vertical).
Red and black solid lines are Gaussian functions fit to the data; the
dashed blue line close to O tilt is the expected transmission for a purely
geometrical transmission mechanism, and the dotted red line indicates
the critical angle for channeling according to Lindhard’s expression,
convoluted with the geometric transmission and the ion beam diver-
gence.
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Fig. 1. He ions (2 MeV) transmitted through an AAO nanopore membrane. Red
dots and black squares: measured transmitted ion current (normalized to
maximum transmission) for horizontal and vertical angular scans, respectively.
Red and black solid lines: gaussian fits to the experimental data with widths
indicated in the figure legend. Dashed blue line: Calculated transmission based
on a purely geometric, line-of-sight argument. Dotted red line: Convolution of
geometric transmission with a gaussian distribution; the width corresponds to
the quadratic sum of beam divergence (0.06°) and critical angle according to
Lindhard [13]. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)
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Fig. 2. Critical angle for He ions (0.1 — 2 MeV) transmitted through an AAO
nanopore membrane. Red dots and black squares: Width of Gaussian fit to the
transmittance as a function of a horizontal or vertical tilt of the sample normal
relative to the incident ion beam direction, as a function of ion energy. Solid
lines: Fit to the expression a + b x +E, where the value for b was taken to be
the same for vertical and horizontal tilt. Dashed blue line: Critical angle ac-
cording to Lindhard theory [13]. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

The experimental data is clearly much wider than profiles for the
pure geometry or Lindhard theory. There is also a small difference in
width for horizontal and vertical tilt. One possible and reasonable ex-
plantation for these discrepancies is the non-perfectness of the mem-
brane: the nanopores are not perfectly parallel, and the membrane itself
may be buckled. SEM images of similarly prepared membranes that
were broken in two appear to show near perfect paralellism [9] but the
field of view in the SEM is much smaller than the area probed by the ion
beam which is about 1 mm diameter. Since any membrane-related ef-
fect would be independent of incident ion energy, we reduced the ion
energy and measured again. The results are shown in Fig. 2 which
shows the width of vertical and horizontal scans, as deduced by fitting a
2D gaussian to the ion transmission data, as a function of incident ion
energy. As the energy is reduced, the transmission curve becomes
narrower, instead of larger as expected from Lindhard theory or un-
changed if the nanopore geometry were the sole deciding factor. We
decided to fit the data to an expression which is the sum of a fixed,
energy-independent width due to membrane non-parallelism, and an
energy dependent part which we presumed to depend on the square
root of ion energy, W(E) =¥, + ¥y =¥, + CJE, where W, is the
width due to non-paralellism of the nanopores, ¥; the energy depen-
dent term and C a constant. We presumed that ¥, can be different for
vertical and horizontal tilt, but that Wy is the same in both scans. The
fits are shown in the figure as solid lines. The blue dashed line depicts
the energy dependence according to Lindhard theory.

These fits show that there is indeed a significant energy-in-
dependent contribution to the width of the transmission curve,
(0.50 + 0.03)° for the horizontal and (0.36 + 0.03)° for the vertical
scan, and the energy dependent part can be written as (0.15 + 0.03)°
x +E, where E in MeV. The choice of a vE dependence was inspired by
the 1/+E dependence of the Lindhard critical angle, but inspection of
Fig. 2 shows that a fit with a linear energy dependence would result in
equally good agreement. In either case, the difference between our data
and Lindhard theory is striking, and we suggest that such is the case
because we measure transmission rather than channeling: the transmitted
ions reaching the Faraday cup only include those that were not only
channeled into the nanopore, but did not experience any de-channeling
along the way. In Fig. 3 we show the maximum transmittance, that is
the optimal value of (transmitted charge/incident charge) as a function
of ion energy. In the figure, points correspond to data points and the
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Fig. 3. Maximum transmission of He ions through an aligned AAO nanopore
membrane as a function of incident energy. Black dots: data. Line: linear fit.

solid line is a linear fit. Note that even at 2 MeV the maximum trans-
mittance is less than 8%, whereas the fraction of open volume, as de-
duced from SEM, is 30%, indicating that some dechanneling must have
taken place. Also shown in the figure, as a solid line, is the transmit-
tance according to a very simple model to be discussed next.

4. Critical angle for transmission

There is a clear correlation between the energy dependence of the
transmittance and the critical solid angle for transmission. Indeed, for
low incident ion energy, the critical angle for transmission is much
reduced from the Lindhard value, and the transmittance is much re-
duced as well. In order to understand this behaviour, consider two ions
with different energy but both at the critical angle according to
Lindhard. Their lateral momenta are identical, but their momenta along
the channel direction are very different. The interaction with the
channel walls is intermittent: an ion encounters the potential wall of the
channel, its lateral velocity is reduced, and reversed. It then travels
relatively unencombered through the vacuum of the channel center,
until it encounters the other wall. For a slow ion, the two interaction
points are at a relatively short interval along the channel depth,
whereas for the fast ion, a larger distance separates the two interaction
zones. Since each interaction region carries with it the possibility of a
close encounter with a nucleus and therefore a de-channeling event, the
low energy ion has a much larger probability to de-channel, and only
slow ions with a suitably low lateral momentum (i.e., an incident angle
smaller than the Lindhard critial angle) will be transmitted by the na-
nopore. We now consider a very simple expression for the transmission
probability: let us require that after the first wall interaction (or
channeling event) a channelled ion is only transmitted if it manages to
exit the nanopore without hitting the other wall (which, after all, is not
likely to be as atomically flat as a channel in a perfect crystal). This
restricts the transmission to channeled ions within a cone defined by
the nanopore geometry, a fraction equal to (W¥/¥1)? where
W, = arctan(2r/l) for a nanopore with radius r and length [ and ¥, the
(energy dependent) Lindhard critical angle. This expression, linear in
ion energy dependence, was fit to the data shown in Fig. 3 with one free
parameter (the nanopore length ) which was found to be 8.0 + 0.1 um.
Given the membrane thickness of 9 um, this simple model works sur-
prisingly well and seems to indicate that a second wall interaction event
is enough to de-channel most channeled ions.

The depth distribution of ions implanted into an amorphous solid
can be described by a Pearson IV distribution with suitable parameters
[17] or calculated by SRIM, a code based on a large collection of ion
implantation data [16]. For ions implanted along a major crystal axis of
a monocrystalline target, the situation is more complicated, but such
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channeled ions do penetrate more deeply than non-channeled ions, and
the larger the crystal channel, the deeper the channeled ions penetrate
[18]. For our samples, 2.7 MeV He ions are transmitted irrespective of
tilt angle even though the projected range plus straggle of 6.5 um
(according to SRIM [16] in dense Al,0O3) is less than the membrane
thickness (9 um), because the nanopore membrane has a 30% density
deficit. For 100 keV He ions, the projected range plus straggle is less
than 0.5 um, and therefore the range extension through channeling is
more than a factor of 12 albeit at the price of a much reduced trans-
mission.

At the outset, the possible application of AAO nanopore membranes
as a mask for ion implantation was mentioned. Our results on the cri-
tical angle for transmission have implications for such use: Since the
transmitted ions travel within a narrow cone defined by the nanopore
geometry (¥.,) one may expect that succesfull patterning can be ob-
tained at relatively large distance from the nanopore exit.

5. Conclusion

In conclusion, we have measured the transmission of 0.1-2 MeV He
ions through a self-supported anodic aluminum oxide membrane with
aligned, 45 nm diameter nanopores traversing the entire 9 pm mem-
brane thickness. Even though the ion energy required to penetrate such
a thickness of Al,03 exceeds 2 MeV, we have seen transmission of
100 keV ions. The critical angle for transmission decreases for lower
energies, a type of behaviour opposite to the energy dependence of ion
channeling in crystals. However, this behaviour can be understood as a
consequence of interaction between the channel walls and the chan-
neled ions, where low energy ions suffer more dechanneling than high
energy ones, so that the fraction of transmitted ion scales linearly with
ion energy.
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