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a b s t r a c t

Thin films of amorphous Si3N4 (thickness 5–30 nm) were irradiated with 360–720 keV C2þ
60 ions. Ion

tracks were observed using transmission electron microscopy (TEM) and high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM). The track length and the radial density pro-
file of the track were measured for various combinations of the film thickness and the energy of C2þ

60 . The
length of the ion track produced in a 30-nm film was found shorter than that in a 20-nm film indicating
that there is surface effect on track formation. This can be qualitatively understood in terms of the energy
dissipation process. The observed radial density profile also depends on the film thickness. The result can
be explained by surface cratering.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

When an energetic ion passes through a material an ion track
may be produced along the ion path if the electronic stopping
power Se is larger than a material dependent threshold value
[1,2]. In case of crystalline materials, the ion tracks can be easily
observed by transmission electron microscopy (TEM). The track
interior is amorphized or comprised of defect clusters depending
on the material. In case of amorphous materials, direct TEM obser-
vation of ion tracks is generally difficult due to a lack of sufficient
contrast. The ion tracks produced in amorphous materials were
studied using mainly indirect measurement methods, such as
Fourier transform infrared spectroscopy (FTIR) [3,4] and etching
[4,5]. There were only a small number of studies on the ion tracks
produced in amorphous materials by direct TEM observation. Dun-
lop and coworkers demonstrated that ion tracks produced by MeV
C60 ions and GeV heavy ions in metallic glasses can be observed
using TEM [6,7]. The ion track appears as a bright contrast in
TEM images, which means reduced thickness and/or reduced den-
sity in the ion track. They employed a topographical contrast imag-
ing technique and found that crater-like structures are formed on
the irradiated surfaces. Recently, a fine structure of ion tracks in
amorphous SiO2 (a-SiO2) was observed by small angle X-ray
scattering (SAXS) [8,9]. Analyzing the observed SAXS spectra it

was found that the ion track consists of a low density cylindrical
core surrounded by a high density shell showing a qualitative
agreement with the results of molecular dynamics (MD) simula-
tions [9,10].

Very recently, we have demonstrated that ion tracks in amor-
phous Si3N4 (a-Si3N4) thin films (20 nm) produced by sub-MeV
C60 ion impact can be clearly observed using TEM and high-angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM) [11]. Because the contrast of the HAADF-STEM im-
age is proportional to the integrated density along the electron
beam, the density profile of the ion track can be derived from the
HAADF-STEM image. We found that the core of the ion track is
amorphous and the density is reduced by �20% at the track center.
The core is surrounded by a shell whose density is slightly en-
hanced. However, possible surface effects on the track formation,
e.g. cratering, could not be excluded. In this paper, we extend our
study and address the surface effect on the track formation. For
this purpose, we irradiate a-Si3N4 films of various thicknesses
ranging from 5 to 30 nm with 360–720 keV C2þ

60 ions. We found that
the length of the track produced in a thicker film is shorter than
that in a thinner film. We also found that the density reduction
in the track is pronounced for the thinner film.

2. Experimental

Irradiation of sub-MeV C60 ions was performed using 400-kV
ion implanter at JAEA/Takasaki. Self-supporting amorphous Si3N4

(a-Si3N4) films of thickness T ranging from 5 to 30 nm were
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irradiated with 360, 540, 720 keV C2þ
60 ions to fluences 1–2 � 1011

ions/cm2. After the ion irradiation, TEM and HAADF-STEM observa-
tions were performed using a JEOL JEM-2200FS equipped with a
field emission gun operating at 200 kV. The samples were held at
the specimen tilting holder with the tilt angle from �30 to 30�.
The images were taken by GATAN Ultrascan 1000 CCD camera with
a 2 � 2 k pixel. In HAADF-STEM mode, a narrow electron beam
converged to 0.5 nm diameter and an annular dark detector cover-
ing over 120 mrad were used.z

3. Results and discussion

Fig. 1(a) shows an example of the observed plan-view TEM
images of the a-Si3N4 film (20 nm) irradiated with 720 keV C2þ

60

ions. There are circular structures of almost uniform diameter of

�4 nm. Each structure has a bright core which is surrounded by
a dark shell. The number of these structures agrees with the flu-
ence of the C2þ

60 ions, indicating that single C2þ
60 impacts create indi-

vidual circular structures. In order to estimate the length L of the
ion tracks, the sample was observed at a tilt angle of 25�. The ob-
served structures are elongated along the tilt direction as is shown
in Fig. 1(b). The length of each track was measured and the ob-
tained length distribution is shown in Fig. 2 together with the re-
sults for 360 and 540 keV C2þ

60 on a-Si3N4 films of 20 nm. The
average track lengths for these ions were derived from the ob-
tained distributions and shown in Table 1. For comparison, the pro-
jected ranges of the C60 ions in a-Si3N4 were estimated using the
SRIM2011 program package [12] and shown in Table 1. In this esti-
mation, the so-called cluster effect was neglected and the density
of 3.44 g/cm3 was employed [13].

The observed track length is slightly shorter than the ion range.
For example, at 360 keV the track length is shorter than the ion
range by 2.4 nm. Considering that the range of the 42-keV C60

ion is 2.4 nm, the threshold stopping power for track formation is
equal to the stopping power for 42-keV C60 ion. The electronic
stopping power for the 42-keV C60 is calculated to be 2.3 keV/nm
using TRIM2011, which is much smaller than the typical threshold
value for track formation while the nuclear stopping power for 42-
keV C60 ion is as large as 10.7 keV/nm. This is in accordance with
the recent finding that the nuclear stopping power plays an impor-
tant role in track formation [14]. The difference between the ob-
served track length and the calculated ion range becomes larger
with increasing energy (see Table 1). This is because the constitu-
ent carbon ions separate from each other along the ion path due to
the mutual Coulomb repulsion (fragmentation) and multiple scat-
tering. As a result, the volume density of the deposited energy de-
creases along the ion path even if the stopping power is the same.
Thus the threshold stopping power is slightly smaller than the
above estimated value, 2.3 + 10.7 keV/nm, if there is no fragmenta-
tion and multiple scattering.

Fig. 2 also shows the result for 720 keV C2þ
60 impact on 30-nm a-

Si3N4 film by dashed curve. Surprisingly, the mean length of the ion
tracks in the 30-nm film is shorter than that in the 20-nm film. This
can be understood in terms of the energy dissipation process.
When the ion penetrates throughout the film the deposited energy
dissipates mainly in the radial direction as is schematically shown
in the inset (a) of Fig. 2. If the film thickness is larger than the pro-
jected range, there is an additional pathway for the energy dissipa-
tion especially around the end of the ion path (see the inset (b)).
Consequently, the temperature of this part may not be high enough
for the formation of ion track.

Fig. 1. TEM bright field images of a-Si3N4 film (20 nm) irradiated with 720 keV C2þ
60

ions to a fluence of �1 � 1011 ions/cm2. The TEM images taken at a tilt angle of (a)
0� and (b) 25� are shown.
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Fig. 2. The length of the ion tracks produced by 360–720 keV C2þ
60 ions in 20-nm and

30-nm a-Si3N4 films.
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