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Abstract

Thin amorphous oxide films (a-SiO,, a-Al;O3, a-MgO) were prepared by magnetron sput-
tering deposition. Their response to high-energy heavy ion beams (23 MeV I, 18 MeV Cu,
2.5 MeV Cu) and gamma-ray (1.25 MeV) irradiation was studied by elastic recoil detection
analysis and infrared spectroscopy. It was established that their high radiation hardness is
due to a high level of disorder, already present in as-prepared samples, so the high-energy
heavy ion irradiation cannot change their structure much. In the case of a-5iO;, this resulted
in a completely different response to high-energy heavy ion irradiation found previously
in thermally grown a-SiO;. In the case of a-MgO, only gamma-ray irradiation was found to
induce significant changes.

Keywords: high-energy heavy ion; ion track; gamma irradiation; IR spectroscopy;
ERDA; oxides

1. Introduction

The interaction of energetic heavy ions with materials is a complex process that evolves
over several phases. The typical kinetic energy of such a projectile is between several and a
few hundred MeV. By considering that such a projectile often consists of dozens of protons
and neutrons, one can conclude that specific kinetic energy typically ranges between
100 keV/A and 10 MeV/A. Historically, projectiles having specific kinetic energy above
1 MeV/A have been called swift heavy ions. Recently, it was recognised that even lighter
and less energetic ions can also introduce significant damage levels into materials [1-4]. For
this reason, a projectile that has a specific kinetic energy between 100 keV/A and 1 MeV/A
is considered a high-energy heavy ion.

Due to similarity with fission fragments, radiation hardness studies of materials
exposed to high-energy heavy ion beams are of interest for nuclear energy applications [5].
Also, they are often used as a proxy to damage production by other radiation types such
as alpha recoils, neutrons, and gamma-rays, since by adopting a self-irradiation approach,
damage levels that are of interest can be accumulated in hours instead of months, without
exposing oneself to any kind of radiation risk [6].

High-energy heavy ions travel at ~1-~5% speed of light, and cover a distance of 1 nm
in less than one femtosecond. Thus, dense electronic excitation along the ion trajectory,
which is the initial excitation of the material, occurs on the femtosecond timescale. This type
of material excitation is specific for high-energy heavy ions, because electronic stopping
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(i.e., numerous collisions with electrons) is the dominant process of their kinetic energy loss.
On the other hand, nuclear stopping is negligible because direct collisions of the projectile
with atomic nuclei occur only very rarely. The next stage of ion—matter interaction, which
can cause significant material changes, occurs on the picosecond timescale when excited
electrons heat the material via electron-phonon coupling, giving rise to a thermal spike. If
the temperature rise is significant and melting of the material occurs, then in the last stage
(which can extend up to the nanosecond timescale), permanent damage can be formed
because rapid quenching of the melt yields a large number of defects along the ion trajectory.
This permanent damage is also known as an ion track and was studied in many different
materials, mostly crystalline insulators [1,7].

Ion tracks in crystals can be visualised easily because of the large contrast between
the amorphous ion track and the surrounding crystal matrix. Thus, many experimental
techniques are at disposal for ion track studies, like transmission electron microscopy (TEM)
and Rutherford backscattering spectrometry in channelling (RBS/c) [1,8-10]. Previously, we
have studied ion tracks in crystalline oxides produced by high-energy ion beams available
at the accelerator facility at the Ruder Boskovi¢ Institute (RBI). Of interest to the present
study, ion tracks were studied by TEM, RBS/c and atomic force microscopy (AFM) in
quartz SiO; [11], and in Al,O3 and MgO single crystals [12,13].

Ion tracks in amorphous materials can be produced easily, and therefore non-standard
parameters of the thermal spike models (describing ion track formation) have to be invoked
to explain observed ion track sizes [14]. At the same time, it is much more difficult to observe
them because the contrast between the ion track and the surrounding material is very weak.
For this reason, ion tracks in amorphous materials have been studied to a much lesser
extent and thoroughly just in the case of thermally grown a-5iO, [15-22], where infrared
(IR) spectroscopy and small-angle X-ray scattering (SAXS) were found to be effective for the
determination of ion track radii. Ion track size measurement in the case of SAXS analysis is
based on small differences in material density within the track and outside, which SAXS
can successfully resolve [16,18,22]. The IR spectroscopy track size measurement relies
on the changes in the Si-O tetrahedral network that occur when the O-5i-O bond angle
decreases due to material compaction. This change in bond angle can be observed in IR
spectra as a change in the TO3 band (ranging from 1000 cm~'~1120 cm ! [17]), which is
an asymmetric vibrational stretching mode. The AFM measurements of thermally grown
a-5i0; irradiated at a grazing incidence by high-energy heavy ions was also explored and
was found to be a convenient way for ion track imaging [23-26].

In our previous work, changes in IR spectra have been observed after irradiation with
23 MeV I, and also with much lighter and less energetic 3 MeV O and 1 MeV O beams [21].
This finding was not very surprising because a-SiO; is known to be very sensitive to ion
irradiation, which is an observation in line with other amorphous materials as well [14].
However, to our knowledge, there is a lack of data about ion track formation in amorphous
Al,O3 and MgO. These two materials in the crystalline form are known to be very radiation
hard, and previously we have not been able to make ion tracks in them except on their
surfaces [12,13]. Thus, the first aim of this study was to investigate by IR spectroscopy
possible ion track formation in amorphous a-Al,O3 and a-MgO prepared by magnetron
sputtering deposition. The second aim was to investigate the possible differences in
radiation hardness between thermally grown a-SiO; (reported previously [21]) and a-
5i0, prepared with magnetron sputtering deposition in this study. Finally, a comparison
between high-energy heavy ion and gamma irradiation effects was made, exploring the
possible correlations between these two types of irradiations.
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2. Experiment Details

Amorphous oxide films were prepared by magnetron sputtering deposition on silicon
wafers (Si-Mat, P/Bor, (100) orientation) at room temperature and at a base pressure
of 4 mTorr. For depositions, we used 3-inch targets of pure SiO; (K.J. Lesker, Dresden,
Germany, 99.995%), Al,O3 (K.J. Lesker, Dresden, Germany, 99.99%) and MgO (Testbourne,
Basingstoke, UK, 99.95%), with copper backing plates. This way, we prepared ~150 nm thin
films of a-SiO;, a-Al, O3, and a-MgO. Deposition parameters used in this work are listed in
Table 1. After depositions, wafers were cut into ~7 x 7 mm? samples.

Table 1. Magnetron sputtering deposition parameters used in this work.

Material Power (W) Time (s) Thiljlfrlll;iza(ilm)
SiO; 150 6.000 150
Al,O3 190 14.400 150
MgO 140 36.000 180
SiO; + Al,Og3 63 + 190 7.200 150

In the next step, samples were irradiated by high-energy heavy ion beams. Irradiations
were performed at room temperature and a normal incidence angle. To achieve this, we
used a 6 MV EN Tandem Van de Graaff accelerator (HVEC, Burlington, MA, USA) that
provided 23 MeV I, 18 MeV Cu, and 2.5 MeV Cu beams. In addition, the elemental analysis
of thick samples was carried out by time-of-flight elastic recoil detection analysis (ToF-
ERDA) for which a 23 MeV I beam was used, and in which case ion irradiation was carried
out at a 20° incidence angle. The spectrometer was set to 37.5° toward the beam direction.
The analysis of the TOF-ERDA spectra was performed with the Potku 2.3.0 program [27].
Both high-energy ion irradiation and ERDA analysis were carried out at the ToF-ERDA
beamline [28]. Ion irradiation parameters calculated by the SRIM-2013.00 code [29] are
listed in Table 2. Since amorphous materials can have densities in a wide range of values,
stopping powers are expressed in keV /pg/cm? units. It is important to note that 18 MeV
Cu has almost the same electronic stopping as 23 MeV I, while 2.5 MeV Cu has almost the
same nuclear stopping as a 23 MeV I beam.

Table 2. High-energy heavy ion irradiation parameters calculated by the SRIM code [29].

Electronic Stopping Nuclear Stopping

Material Ion Beam (keV/ug/em?) (keV/ug/cm?)
23 MeV 1 23.70 1.17
SiO, 18 MeV Cu 23.53 0.28
2.5MeV Cu 5.74 1.19
23 MeV 1 22.73 1.13
Al,O3 18 MeV Cu 22.73 0.27
2.5MeV Cu 5.58 1.16
23 MeVI 23.00 1.16
MgO 18 MeV Cu 23.54 0.28
2.5MeV Cu 5.74 1.18

For comparison, one set of samples was irradiated by 1.25 MeV gamma-ray irradiation
using a ®°Co panoramic irradiation facility located at RBI [30]. All samples in that set were
exposed to the same 6 MGy dose, which accumulated over the course of two months, at
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a rate of 3.5 Gy/s. Additionally, one set of samples was annealed at 600 °C in a vacuum
for1h.

For the sample analysis, IR spectroscopy was performed using a PerkinElmer
Spectrum GX spectrometer equipped with a DTGS (Deuterated TriGlycineSulfate) de-
tector (PerkinElmer, Springfield, IL, USA). Fourier transform infrared (FTIR) spectra
were recorded in the normal transmission mode, averaging 200 scans over the range
370-4000 cm !, with a spectral resolution of 4 cm~!. Before scanning the samples, the
background (200 scans; Si wafer in air) was recorded. The background was automatically
subtracted from the spectra of all samples.

3. Experiment Results and Discussion
3.1. Elastic Recoil Detection Analysis of Magnetron-Sputtering-Deposited Oxides

The ToF-ERDA measurements provided information about all elements present in
the investigated samples simultaneously. In the maps shown in Figure 1, elements can be
identified and distinguished by measuring the energy and time of flight of recoils coming
out of the sample. Sometimes, as shown for example in Figure 1c, scattered iodine ions
from the probing ion beam can also be detected. Therefore, by using this technique, it is
possible to determine the elemental composition of thin films with very good mass and
depth resolution. The results of the ToF-ERDA measurements we have obtained in this
work are presented in Table 3.
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Figure 1. ToF-ERDA maps obtained from the analysis of (a) a-5iO0;, (b) a-Al,O3, and (c) a-MgO.
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Table 3. Elemental composition of oxide thin films determined by ToF-ERDA.
Nominal .
Composition A-SIOZ A-A1203 A-MgO
Ho 87206 H o 6705
o 6.0i4. H 39403 o 50+3
Measured si 271 O 59+4 Mg 4242
composition Ar 0.05 & 0.02 Al 36+2 Cr(?) 0.16 £0.02
’ ' Ar 023+0.03 Fe(?) 0.4 +0.04
Cr(?) 0.18+0.03 W) 0.083 £ 0.007
Fe(?) 0.68 &+ 0.07 ’ ' '
Thickness

(105 at/c?) 1413 1857 1750

The results presented in Table 3 indicate that the produced oxide films are most likely
stoichiometric, as expected from used oxide targets. Assuming that hydrogen is bonded
within water molecules, it appears that the measured amount of oxygen atoms is only
slightly higher than expected, although expected values are still within the error bars. These
values are constant throughout the whole film thickness. Very small amounts of elements
such as carbon, argon, iron, and chromium (identification of the last two is uncertain) that
were found are common for the magnetron sputtering deposition process. Such small
amount of impurities, well known residues of the magnetron sputtering process, are not
expected to influence the radiation hardness of studied oxide materials [31].

3.2. Comparing Thermally Grown a-S5iO, with Magnetron-Sputtering-Deposited a-SiO;

FTIR spectrum of the as-deposited a-5iO, sample prepared by magnetron sputtering
deposition exhibited six peaks [32-35], as shown in Figure 2. The most prominent vibra-
tional mode is an asymmetric stretching band, which is not a single peak but a composite
of several overlapping contributions, reflecting the variety of local environments, such as
different Si-O-5i bond angles and ring structure in the amorphous network. Asymmetric
Si-O-Si stretching mode, usually labelled TO3, being the most intense band in the FTIR
spectrum of a-5i0O,, is composed of two peaks and linked to vibrations of six-membered
rings of Si-O tetrahedra. These two peaks are centred at 1044 cm ! and 1078 cm ™!, with
the wavenumber difference assigned to different bond angles. The well-known high
wavenumber shoulder, located around ~1175 cm™1, is labelled as a TO4 vibration mode
and corresponds to the Si-O-Si bonds with smaller bond angles (closer to 120° or even less)
in smaller ring structures, such as three-membered rings. The other lower wavenumber
shoulder at ~945 cm ™! is due to SiOH (silanol) groups stretching vibrations. Finally, the
peak at ~450 cm ™! is due to the Si-O-Si rocking mode and the peak at ~805 cm~! arises due
to the Si-O-5i symmetric stretching mode.

1044i 11078
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as-deposited a-SiO,

0.10

Intensity [a.u.]

0.05 -

T T T T
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Figure 2. FTIR spectrum of the as-deposited a-5iO, prepared by magnetron sputtering deposition.
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In our previous work [21], we investigated the response of the thermally grown a-5iO;
thin films to ion and gamma-ray irradiation. Here, we used and re-analysed part of that
dataset which is relevant to the present study, namely samples irradiated with 23 MeV
I and 1.25 MeV gamma-rays. As shown in Figure 3a, iodine ion irradiation produces
large changes that are observable using IR spectroscopy, while irradiation with 1.25 MeV
gamma-rays up to a dose of 5 MGy introduces only minor changes to the spectrum.
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Figure 3. FTIR spectra obtained from 23 MeV I and 1.25 MeV gamma-ray-irradiated (a) thermally
grown a-SiOj, (c) magnetron-sputtering-deposited a-SiO,, and (e) additional IR spectra from annealed
and 18 MeV Cu and 2.5 MeV Cu-irradiated magnetron-sputtering-deposited a-5iO,. Exemplary fits of
(b) unirradiated thermally grown a-S5iO, (d) unirradiated a-SiO, prepared by magnetron sputtering
deposition, and (f) a-5iO; irradiated by 18 MeV Cu to a fluence of 3 X 1013 jons/cm?.

In contrast to this result, iodine ion irradiation does not induce such drastic changes
in the IR spectra of a-5iO; thin films prepared by magnetron sputtering deposition. These
spectra, together with spectra obtained from a sample irradiated with 1.25 MeV gamma-
rays up to 6 MGy, are shown in Figure 3b. To better understand this surprising result,
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additional ion irradiation with copper beams (18 MeV Cu and 2.5 MeV Cu) was made, and
the obtained spectra were compared with the spectrum from the sample that was annealed
at 600 °C for 1 h in vacuum. These spectra show some changes, as shown in Figure 3c, but
for their proper evaluation, a detailed analysis was required.

This analysis was carried out in the same manner for all spectra we had at our disposal
(i.e., spectra obtained from the old, thermally grown a-5iO; and new, magnetron-sputtering
deposition prepared a-SiO;). The procedure was as follows: the most intense peak is
composed of two peaks, one at 1044 cm~! and another one at 1078 cm ™!, which arise
from the Si-O-Si asymmetric stretching TO3 mode, as explained in the first paragraph
of this section. Observed changes are well-known and redshift of the maxima [15] is
attributed to a decrease of 1078 cm ™! peak intensity and an increase of 1044 cm~! peak
intensity [17,20,21]. This occurs because the O-5i-O bond angle decreases from 144° to 129°
due to the compaction of silica. The positions of these two well-known peaks are therefore
fixed in the analysis, and a fit to the Gauss function was used to evaluate areas of these two
overlapped peaks.

In case of thermally grown a-SiO;, irradiation by 23 MeV I beam increases the area
of 1044 cm~! peak and decreases the area of 1078 cm~! peak, as shown in Figure 3a.
These changes evolve rapidly with applied ion fluence, and the kinetics of this process
have already been well documented [21]. In contrast to iodine ion irradiations, 1.25 MeV
gamma-ray irradiation was found to be much less effective, and doses much larger than
5 MGy were needed to introduce noticeable changes to IR spectra [21].

The magnetron-sputtering-deposited a-S5iO, showed surprisingly little changes in
IR spectra when exposed to 23 MeV I irradiation in the same fluence range, as shown in
Figure 3b. The total area of the 1044 cm ™! and 1078 cm ! peaks remains the same, within
5% of the average value, and only slight redshift can be visually observed. This striking
difference between spectra shown in Figure 3a,c is associated with different structures of
the two a-5iO, thin films studied here, but slightly different stoichiometric values hinted
by ToF-ERDA could play a role too. Another dedicated experiment would be needed to

I and

clarify if this is indeed the case. It is important to note that the ratio of 1078 cm™
1044 cm ™! peak areas is ~1-2 for magnetron-sputtering-deposited a-SiO,, for all spectra
shown in Figure 3c. In the case of thermally grown a-SiO,, this ratio is ~50 for unirradiated
and ~3 for the sample irradiated by the highest fluence of 23 MeV 1. This finding suggests
that as-prepared magnetron-sputtering-deposited a-5iO, thin film is already a highly
disordered material and further gamma-ray or iodine ion irradiation does not change its
initial disordered state much.

The proposed explanation, that magnetron-sputtered a-SiO is a highly disordered
material, then has to address the visible changes shown in Figure 3e. Upon closer inspection,
the similarity of spectra shown in Figure 3c,e is only ostensible. The ratio of 1078 cm~! and
1044 cm~! peak areas is ~0.5 for both copper-irradiated samples and the annealed sample.
This low value is much less than the previously reported high-fluence limit of ~2 [21]
and ~1 [17], which suggests that unusual properties of magnetron-sputtering-deposited
a-5i0, cannot be assigned to a highly disordered state alone. However, we note that in
both cases (copper ion irradiation and annealing), a similar state of a thin film was reached,
since FTIR spectra show similar features. Besides similar peak area ratios, indicating that
copper ion irradiation acts in a similar manner to annealing (and 18 MeV Cu is better in
this regard than 2.5 MeV Cu, indicating electronic stopping as annealing counterpart), we
also note that the observed maxima redshifted further down to the high-fluence limit of
1044 cm~! [15].

The observed similarity between copper ion irradiation and thermal annealing opens
up a question on the role of electronic stopping in modification of a-SiO; prepared by



Appl. Sci. 2025, 15, 7067

8of 12

magnetron sputtering deposition. The value of electronic stopping clearly exceeds the
threshold for ion track formation in a-SiO,, estimated to be around 1.5 keV/nm [21]. A
lack of changes in spectra from 23 MeV I-irradiated samples, which have an identical value
of electronic stopping power as 18 MeV Cu, should then be assigned to the simultaneous
production of damage via nuclear stopping [17] because iodine is much heavier ion than
coppet, and therefore has a much higher nuclear stopping component (see Table 2). Addi-
tional ion irradiation experiments, which should also consider the role of the ion velocity,
would be required for a definite answer to this question.

Next, we turn our attention to the remaining two peaks from the studied 900-1300 cm !
range. The shoulder located at ~1175 cm ™! arises due to TO4 asymmetric stretching posi-
tioned in the 1165-1200 cm ! range [17]. Previously, this peak position and area in FTIR
spectra of irradiated thermally grown a-S5iO; were not changing at all, and therefore were
not used in the analysis [15,17,21]. At present, we observe radically different behaviour in
irradiated a-SiO, prepared by magnetron sputtering. Again, all spectra shown in Figure 3c
are similar and changes to this peak are minor. There is only a slight redshift (<5 cm~!) and
an increase in the peak area (<3%) for iodine-irradiated samples when compared to unirra-
diated and gamma-irradiated samples. On the other hand, spectra shown in Figure 3e are
different, as both peak area and width increase, likely due to a wider range of bond angles
or change in the mix of ring structures, resulting in the broader peak. These changes are
accompanied by a significant redshift (from ~1175 cm~! down to ~1135 cm™!), indicating
changes in the TO4 contribution. Again, the similarity between the effects of copper ion
irradiation and thermal annealing indicates an important role of electronic stopping.

The shoulder peak at 945 cm~! can be observed only in Figure 3c,e. In other words,
it is absent in thermally grown a-S5iO, and present only in a-5iO; samples prepared by
magnetron sputtering deposition. This peak arises due to stretching vibrations of SiOH
(silanol) groups [36], but is not affected by irradiation. Therefore, we do not study it further
here, but it was important to take it into account in the analysis in order to obtain an
accurate fitting of the spectra. Similar behaviour is found for other peaks outside the range
of interest. There is a peak at 450 cm ™! due to the Si-O-Si rocking mode and another peak
at 805 cm ™! due to the Si-O-Si symmetric stretching mode. Both peaks are very insensitive
to the ion and gamma-ray irradiation. Since these two peaks do not overlap with any other
peak of interest, we do not analyse them here.

3.3. Radiation Hardness of Magnetron-Sputtering-Deposited a-Al,O3 and a-MgO

In Figure 4a, we show the FTIR spectra of a-Al,Oj irradiated with high-energy heavy
ions to the highest fluences, and in Figure 4b, the FTIR spectra of a-Al, O3 irradiated with
gamma-rays and a-Al,O3; annealed at 600 °C for 1 h in vacuum. In all cases, including a
spectrum from a non-irradiated sample, a single, very broad peak (FWHM ~290 cm™~!)
is found centred at ~700 cm ™. This indicates that the material is completely disordered,
with a wide distribution of Al-O bond lengths and coordination geometries. In that case,
different Al-O stretching and bending modes, usually found around 430-500, 550-630 cm 1,
650720 cm~!, and 750-850 cm ™! overlap, and therefore, it is very difficult to resolve their
individual contributions [37-40]. An unusually large width of the peak (FWHM ~290 cm™1)
also points to many different bond strengths, which could be due to the low density of
a-AlyO3 prepared by magnetron sputtering deposition. Such a broad feature that appears
in the FTIR spectrum is therefore indicative of highly disordered amorphous alumina. A
feature around 667 cm~! in all presented FTIR spectra is an artefact caused by atmospheric
CO; absorption. Only in the case of thermal annealing, we observe narrowing of the peak
(FWHM ~255 cm™1), indicating some recovery of the material structure. In contrast to
a-5i0;, irradiation with an 18 MeV Cu beam does not yield a similar effect, indicating
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that electronic excitations are not sufficiently intense to induce material recovery in a
similar manner. This is in line with previous observations that crystalline Al,O3 is more
radiation resistant than SiO; [12,21]. However, crystalline Al,Os3 is very prone to ion track
recrystallisation, and this could be a cause for its high radiation hardness. For this reason,
dedicated experiments were carried out [41], and it was found that the threshold for ion
track formation, when recrystallisation is suppressed, is still much higher than the threshold
for ion track formation in quartz SiO; [42].

0.10-] 0101 [b]
5
8,
>
0.05 - G 0.05- annealed
2
£ \1 1.25 MeV y-ray
0.00 4 T T T T T T T T T 0.00 4 T T T T T T
400 700 800 900 1000 400 500 600 700 800 900 1000
wavenumber [cm™] wavenumber [cm™]

Figure 4. FTIR spectra of (a) high-energy heavy-ion-irradiated a-Al,O3 and (b) gamma-ray-irradiated
and annealed a-Al;Os.

Finally, in Figure 5a, we show the FTIR spectra of a-MgO irradiated with high-energy
heavy ions to the highest fluences, and in Figure 5b, the FTIR spectra of a-MgO irradiated
with gamma-rays and a-MgO annealed at 600 °C for 1 h in vacuum. A broad peak centred
around ~415 cm~! can be observed [43,44]. Due to technical limitations posed by the used
spectrometer, the spectra exhibit slightly higher noise at the end of the spectral range, but
reliable fitting was still possible. The FTIR spectra from a-MgO samples irradiated by
high-energy heavy ions, even up to the highest fluences, do not show much difference
compared to the spectrum obtained from the as-prepared sample. We concluded that,
similar to the case of high-energy heavy-ion-irradiated a-Al,Os, all of the used ion beams
are ineffective in changing the structure of a-MgO because electronic stopping is below
the threshold for ion track formation in this material. Again, this is in line with previous
observations that both Al;O3 and MgO are very radiation-resistant materials [12].

The spectra shown in Figure 5b show significant differences. The spectrum obtained
from the sample that was annealed at 600 °C for 1 h in vacuum shows a moderate redshift
of the peak for 20 cm~!. This finding is assigned to relaxation of the as-prepared material
(that is usually under compressive and/or tensile stress when deposition is carried out at
room temperature) and consequently the observation of transverse optical Mg-O mode in a
less strained environment. Surprisingly, the gamma-ray-irradiated sample shows almost
complete disappearance of the ~415 cm~! Mg-O stretching peak (peak position is shifted
to 430 cm ™!, peak area decreases ~15x, and FWHM is reduced by 50%). Apparently, this
type of irradiation strongly disrupts Mg-O bonds, but currently, the underlying cause
remains unknown to us. This finding is in stark contrast to the high-energy heavy ion
irradiation which preserves short-range order, i.e., for which the Mg-O stretch remains
FTIR-active. Hence, the important takeaway here is that high-energy heavy ion irradiation
cannot always be used as a proxy to emulate gamma-ray irradiation-induced material
changes [21], but should be carefully investigated when this approach is feasible for a
given material.
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Figure 5. FTIR spectra of (a) high-energy heavy-ion-irradiated a-MgO and (b) gamma-ray-irradiated
and annealed a-MgO.

4. Conclusions

In this work, we present the extraordinary radiation hardness of amorphous oxide
thin films (a-5i0;, a-Al,O3 and a-MgO) prepared by the magnetron sputtering deposition.
The results of the IR spectroscopy indicate that high levels of disorder already present in
as-prepared samples effectively inhibit further damage build-up when exposed to high
levels of irradiation, both in the case of high-energy heavy ions and gamma-ray irradiation.
In some cases, high-energy heavy ion irradiation (such as 18 MeV Cu in a-5iO;) can actually
improve the structure of thin films, in a similar manner as classical thermal annealing. In
the future, more work is needed to understand what is the role of stoichiometry in the
radiation hardness of studied amorphous oxide thin films, in particular when sub-oxide
films can be successfully prepared via magnetron sputtering deposition [45,46]. Also, of
great interest is to understand to what extent high-energy heavy ion irradiation can be used
as a proxy for the simulation of gamma-ray irradiation-induced changes, which should be
studied systematically for the a-MgQO system. Finally, the use of ion beams in selectively
modifying amorphous films can offer an alternative route to tailor material properties for
which more complex magnetron sputtering deposition procedures are now required [47].
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