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of the molten region.

Si0O, layers thermally grown on Si wafers were irradiated with swift heavy ions in the energy range of (20
—710) MeV. Subsequent chemical etching in 4% HF for 6 min produced conical pores with diameters from
~20 to ~80 nm in the SiO; layers. We have calculated radii and lifetime of the molten regions in the SiO,
layers and compared them with the pore diameters and diameter dispersions estimated from scanning
electron microscopy and atomic force microscopy. It is shown that the existence of a molten region and
its radius can serve as a valid criterion for track “etchability”. In the same etching conditions the etched
track diameter and the etching velocity in the track region are proportional to the radius and the lifetime

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Swift heavy ion (SHI) irradiation has been of great interest in
recent years due to its possibility to tune the material properties. It
is possible to modify thin films and nanostructures embedded in
solid matrix by means of SHI irradiation. The examples of SHI
irradiation assisted modification in thin films are an appearance of
room temperature ferromagnetism in ZnO [1], a crystallization of
amorphous SnO; layers and a formation of regular structures on
SnO, surface [2,3]. The authors of Refs [4—6] have reported that a
shape of Ag, Au, Co nanoparticles changes from spherical to conical
or elongated along the SHI beam direction. A possibility of SHI
beam induced dissolution and precipitation of Si nanoclusters in
silicon nitride and silicon dioxide matrixes is claimed in the recent
papers [7,8]. When SHI penetrates a solid, it induces a damaged
region called “latent track”. The discovery of ion tracks dates back to
1959 when Silk and Barnes published transmission electron mi-
crographs of mica with long, straight damage trails created by
single fragments from the fission of 23U [9]. Soon after that, it has
been realized that ion tracks are narrow (<5 nm), stable, chemically
reactive regions which are the result of the interaction of the
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projectile ions with the target electrons [ 10]. Later, it was found that
tracks were formed in insulators and badly conducting semi-
conductors, if the electronic stopping power S, exceeded a
material-dependent threshold value Sgo. Owing to a different
chemical reactivity of the irradiated regions and the unmodified
matrix, nanochannels can be created in track regions by means of
treatment in an appropriated etching agent. Integrated into silicon
wafers thin nanoporous SiO, layers are of special interest for
nanotechnology. For instance, in order to create optical devices
with the optical confinement of photon crystals [11] or the anti-
reflection effect of “moth-eye” [12] it is necessary to improve the
insulator’s nanostructuring technique. A combination of lithog-
raphy and reactive ion etching has been used for the creation of
nanostructures in SiO; [13,14]. However, the trenches formed by
reactive ion etching sometimes have rough sidewalls because of the
use of corrosive gases, which can degrade the device
characteristics.

A possible solution of this problem may be SHI irradiation of
SiO, aimed to the “latent tracks” creation. These tracks can be
etched in appropriated etchants with the formation of nano-
channels [15—18]. Sidewalls of nanochannels etched in the track
regions are very smooth as compared to those formed by the
reactive ion etching.

In order to govern the etching of latent tracks and achieve a
reproducible fabrication of SiO; layers with high (up to 10" cm™2)
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density of nanochannels with regular shape it is very important to
evaluate the crucial factors determining the process of track
etching. Amongst these factors a probability of latent track creation
along each ion trajectory and a minimum size of a pore which can
be etched in the track region are the most important ones. On
condition that each swift ion creates latent track the pore density is
defined by the ion fluence. Track etching is a threshold process. A
commonly used track “etchability” criterion is the threshold elec-
tronic stopping power Seo. The corresponding values of Seg vary
from 1.5 to 4 keV/nm for SiO,. Recently, however, the other criterion
for “etchability” of tracks was suggested by Dallanora et al. in their
interesting paper [ 16]. The effects of the swift ions passage through
SiO, and some other insulators are well described using the ther-
mal spike model [19]. The inelastic thermal spike model to calculate
the conditions needed to produce an etchable damage in the track
region was used in Ref. [ 16]. The authors of Ref. [16] suggested that
the etchable track results from the quenching of a zone which
contains the sufficient energy for melting. According to Ref. [16],
the track etching appears if the molten region radius is at least
1.6 nm. The homogeneous etching comes out only for the latent
track radii larger than 3.0 nm.

On condition that the latent track radii are larger than 3.0 nm
and homogeneous etching takes place it can be expected that in
the case of more molten region radius the more size of pore can
be etched in the track region under the same etching conditions.
This suggestion has been proved by the recent experiments
[18,20] which have revealed a correlation between the radii of
melted regions calculated using the thermal spike model and
the sizes of nanopores etched in the track regions of vitreous
SiO».

In this study, we compared the results of computer simulation of
the track formation and the experimental results on the track
etching in SiO,/Si irradiated with SHI in the energy range of (20—
710) MeV. Also we tried to elucidate the relation between nano-
pore’s sizes which were etched in the latent track regions and the
track parameters calculated in the frame of the thermal spike
model. As compared to a recent experiment limited to scanning
electron microscopy (SEM) observations of the etched surfaces [18],
here we present the results of atomic force microscopy (AFM)
measurements, too.

2. Experimental

The silicon oxide layer of ~ 930 nm thick was thermally
grown on the Si (100) wafer. The SiO,/Si samples of 1 x 1 cm 2
were cut from the oxidized Si wafer and irradiated at normal
incidence by different ions using three accelerator facilities: a
3 MeV Tandem “Julia” at Jena, Germany (20 MeV Si), an ion
cyclotron accelerator DC-60 at Astana, Kazakhstan (92 MeV Kr)
and a U400 isochronous cyclotron of the Flerov Laboratory of
Nuclear Reactions of the Joint Institute for Nuclear Research at
Dubna, Russia (56 MeV Fe, 180 MeV W and 710 MeV Bi). The ion
fluence did not exceed 10° cm~2 in all cases. The irradiated
samples were treated in a 4% hydrofluoric acid (HF) aqueous
solution at room temperature for 6 min. In order to avoid arte-
facts, all samples were etched in the same etch process. Then, the
surface of the etched samples was investigated using the scan-
ning electron microscope Hitachi S-4800 and the atomic force
microscope Solver P-47 in the tapping mode. Mean values of the
etched pore density, averaged over 3—5 images for each specific
irradiation, were obtained both from SEM and AFM images.
Moreover, mean values of the etched pore diameter D, averaged
over 15—30 tracks for each specific irradiation, were obtained
from SEM. Mean values of the pore depth z, averaged over 10—15
tracks, were estimated from AFM profiles. Knowing the pore

depth z, the etching duration t,, and the etching velocity in the
bulk material (V}), we can determine the etching velocity in the
track region (V;) with the use of the expression z = (V;—Vj)te [21].
The V), values were calculated from the step height between
protected and unprotected regions of the etched virgin sample of
Si0y. The Vj value amounts to 18.3 nm/min. It should be noted
that pore depths determined from cross-section TEM or SEM
images are more accurate than those determined from AFM
images. The last ones may be distorted by the finite size of the
probe tip. Though, one can use AFM data for preliminary esti-
mation of V.

Our simulations were based on the thermal spike model [19]
and the software described in Ref. [18]. The thermophysical pa-
rameters of SiO, needed for the calculations have been taken from
Ref. [16]. In these calculations the radii and lifetimes of the molten
regions along swift ion trajectories were determined.

3. Results

The calculated values of the electronic stopping power, radii
and lifetimes of the molten regions along swift ion trajectories in
SiO; are summarized in Table 1. One can see from this Table that in
the case of irradiation with 20 MeV Si ions the molten region
amounts to 1.5 nm. It nearly coincides with r = 1.6 nm reported in
Ref. [16] as a threshold value of the melt region radius for the
beginning of track etching. For 56 MeV Fe ions this radius amounts
to 3.2 nm. It should be noted that according to Ref. [16] the ho-
mogeneous etching comes out only for the latent track radii larger
than 3.0 nm.

Figs. 1 and 2 show sets of AFM and SEM images of irradiated
samples after the etching procedure. For the samples irradiated
with 20 MeV Si ions one can see that most of the ion impacts do
not result in an etchable track formation and only a few of
shallow and slightly defined pits with irregular shape are
visible. These structures are hard to estimate quantitatively
because they merge with asperities of the surface roughness.
Dallanora et al. [16] represented the same pictures of etched
SiO, surfaces of the samples irradiated with 1—4 MeV Au ions.
Because of the low etching efficiency and uncertainty of size
and shape of the etched pits it is assumed in Ref. [16] that there
is virtually no preferential etching along the tracks. Moreover,
for 1—4 MeV Au ions the calculated radius of the molten region
does not exceed the threshold value of 1.6 nm. In our case for
20 MeV Si irradiation the calculated value of r is 1.5 nm (see
Table 1) that is less than the discussed threshold value. Hence, it
should not be expected an appearance of etched tracks for the
samples irradiated with 20 MeV Si ions. On the other hand, a
distribution of the clearly visible conical pores appears after the
etching of samples irradiated with other types of ions (Figs. 1
and 2). The mean values of the etched pore density and size
as well as the etching rates in the track region calculated from
AFM and SEM images are summarized in Table 2. An analysis of

Table 1
Computer simulation results of the track formation in SiO».

Ion type and Se, keV/nm The molten The molten region
energy, MeV (SRIM’2010) region radius lifetime t, ps
r, nm (Thermal Spike Model)
(Thermal
Spike Model)
Si (20 MeV) 3.6 1.5 1.2
Fe (56 MeV) 6.9 32 6.7
Kr (92 MeV) 9.2 44 12.1
W (180 MeV) 15.8 6.6 282
Bi (710 MeV) 23.8 7.8 411
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Fig.1. AFM images and profiles of the etched SiO, surfaces: initial sample without irradiation (A, B), the samples irradiated with 20 MeV Si (C, D), 56 MeV Fe (E, F), 92 MeV Kr (G, H),

180 MeV W (1, J) and 710 MeV Bi ions (K, L).

this table shows a reasonable correlation between the fluence
and the calculated etched pore densities for all irradiation re-
gimes with the exception of the case of 20 MeV Si. It should be
noted that the smallest pore diameter (D nearly 20 nm) and the
lowest etching velocity in track region (V; nearly 19 nm/min)
are observed in the case of 56 MeV Fe. For this irradiation
regime, the calculated radius of latent track is 3.2 nm. This value
is a little bit larger than the threshold one for homogeneous
track etching [16]. A comparison between the fluence and the
etched pore densities for the samples irradiated with 56 MeV Fe
ions shows that practically each ion impact results in the for-
mation of the etched track. It proves a good correlation between
our results and the threshold latent track radius for homoge-
neous track etching predicted in Ref. [16]. Analysis of the data of

Tables 1and 2 and Figs. 1 and 2 reveals that in the conditions of
our experiments such parameters of etched tracks as D and V;
increase with the radius and lifetime of calculated molten re-
gions. It should be noted also the tendency of pore size
dispersion decreasing in the row from 56 MeV Fe to 710 MeV Bi.
Earlier, for a-SiO, samples irradiated with Bi (710 MeV) it was
shown that the molten region radius can be used for the esti-
mation of smallest size of the pore which is possible to etch in
the track region [22]. In this way, one can forecast the results of
track etching (pore density, size and size dispersion) on the base
of the molten region radius knowledge. This procedure is of
great importance for a choice of proper irradiation regimes
aimed to prepare the nanoporous layers with high pore density
(>10' cm~2) and small pore diameters.

Fig. 2. SEM images of the etched SiO, surfaces: the samples irradiated with 20 MeV Si (A), 56 MeV Fe (B), 92 MeV Kr (C), 180 MeV W (D) and 710 MeV Bi ions (E).
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Table 2
Irradiation regimes, mean densities and sizes of the etched pores and etching ve-
locities V; of SiO; in the track region.

Jon type and Ion fluence,  *Mean pore density °Mean etched ~ V,,

energy x108em2 N, x 1078 cm 2 pore diameter  nm/min
SEM data AFM data O "M SEM data

Si (20 MeV) 3.0 £0.23 0.09 0.1 - -

Fe (56 MeV) (2-3) 2.15 225 227 +5.1 194

Kr (92 MeV) 2.6 3.6 4.8 50.7 + 10.8 221

W (180 MeV) 3 7.4 6.9 52.9 + 14.0 29.1

Bi (710 MeV) 10 12.2 9.5 82.7 £ 5.6 333

2 N was averaged over 3—5 images for each specific irradiation.

b D was averaged over 15—30 tracks for each specific irradiation.

¢V, = 18.3 nm/min. It has been calculated from the step height between the
protected and unprotected regions of the etched virgin sample of SiO,.

4. Conclusions

The etching process of SiO; films thermally grown on Si wa-
fers and irradiated with 20 MeV Si, 56 MeV Fe, 92 MeV K,
180 MeV W and 710 MeV Bi ions has been investigated and
compared with the predictions for track “etchability” based on
the thermal spike model [16]. The conical pores with the di-
ameters from ~20 to ~80 nm have been formed in SiO, layers
irradiated with 56 MeV Fe, 92 MeV Kr, 180 MeV W and 710 MeV
Bi ions after the treatment in 4% HF for 6 min. For the samples
irradiated with 20 MeV Si the most of ion impacts do not result in
an etchable track formation. It has been revealed a good corre-
lation between our results and the threshold melt region radius
for the beginning of track etching and for homogeneous track
etching predicted in Ref. [16].

It has been shown that the radius of molten region along the
swift ion trajectory may be used as a criterion for track “etchability”
as well as for the estimation of smallest size of pore which is
possible to etch in the track region. In the same etching conditions
the etched track diameter and the etching velocity in the track
region increase with the radius and lifetime of the calculated
molten region. This information is important for a proper choice of
irradiation regime aimed to prepare the nanoporous layers with
high density (>10'° cm~2) and small size of pores.
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