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The modification of the nanostructure of silicon suboxidesSiOxd films as a result of high-energy heavy-ion
irradiation has been studied for the entire range 0.1øx,2. The SiOx films have been obtained by radio-
frequency magnetron sputter deposition. For 50 MeV63Cu8+ ions and an angle of incidence of 20° with the
plane of the surface, and forxù0.5, it takes a fluence of about 1014/cm2 to reach a Si-O-Si infrared absorption
spectrum, which is supposed to be characteristic for a Si-SiO2 composite film structure. For smallerx values,
it takes a much larger fluence. The interpretation of the IR spectra is corroborated for the surface region by
results from x-ray photoelectron spectroscopy. The results present evidence for a mechanism, in which the
phase separation takes place in the thermal spike, initiated by the energy deposited in many overlapping
independent ion tracks. Such a process is possible since the suboxides fulfill the conditions for spinodal
decomposition.
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INTRODUCTION

Silicon suboxidesSiOxd is an interesting material. Its most
promising application is as precursor material for Si nanom-
eter sized clusters in a SiO2 matrix, which are considered for
application in optoelectronics.1 An important aspect of SiOx
as a continuous random bonding network, with a statistical
distribution of the number of O atoms on the corners of the
tetrahedra with a Si atom as the central atom, is its instabil-
ity, i.e., it has a strong tendency to separate in two phases Si
and SiO2. The phase separation has been reported to occur as
a result of several kinds of activation: annealing,2,3 rapid
thermal heating, Ar-plasma treatment and UV laser
irradiation,4 swift heavy ion irradiation,5 and white synchro-
tron radiation.6 Recently, it has been shown to occur during
deposition by evaporation of SiOsRef. 6d and by magnetron
plasma sputtering7 for a wide range ofx as well. This seem-
ingly intrinsic property of SiOx to separate into the two
phases Si and SiO2 has been attributed to the penalty ener-
gies of the Si atoms with intermediate valence,6,8–10 which
supposedly causes the Si-O system to fulfill the conditions
for spinodal decomposition.7,11,12

In this paper, we report the occurrence of phase separation
in SiOx layers for a wide range of suboxide composition
s0.1øx,2d as a result of heavy ion irradiation, for a wide
range of ion fluencef1012–s331015d ions/cm2g in the en-
ergy range where the energy deposition in the solids through
electronic stopping dominatess,1 MeV/a.m.u.d. In these
experiments, every ion deposits energy in a track along its
path in the material, resulting a.o. in a sudden temperature
rise smeltingd and fast cooling of the material within a cyl-
inder with radius of a fews2–15d nm: the “thermal spike.”
The relevant lifetime of such a thermal spike is in the order
of 10−10 s.13 With a typical particle current density of
1011/ scm2 sd, we can consider every ion impact and con-
comitant ion track occurrence as one individual event in
which a cylindrical piece of material is heated and quenched
with a very high rate. A consequence is that the macroscopic
temperature of the sample remains low, say 150 °C. At this

temperature, no changes of the material are noted during an
anneal with a length of the experiment. This offers the pos-
sibility to obtain a Si-SiO2 composite film at low tempera-
ture, but also to investigate the mechanism of the phase sepa-
ration which is not straightforwardly studied using anneal
treatments.31

EXPERIMENT

The SiOx layers were obtained by rf magnetron sputtering
of Si in an Ar/O2 mixture onto ac-Si substrate, dipped in HF
before deposition. Details of the deposition are given in Ref.
14. Our SiOx films contain 2–4 at. % Ar with highest values
in the lowerx range.7 Also hydrogen is found in the films in
Si-H bonding configuration in an amount of 1-4 at. %. We
irradiated samples with 0.1,x,2. Since SiO2 and SiOx lay-
ers are significantly thinned by electronic sputtering during
irradiation and elementala-Si is not,15 some of the SiOx
layers, to be characterized by Fourier transform infrared ab-
sorption spectroscopy, were covered by ana-Si film in the
same deposition system. The thickness of the films amounted
to 100 nm. We irradiated the SiOx films at various fluences
between 1012/cm2 and 331015/cm2 with 50 MeV Cu8+

ions, from the Utrecht University 6.5 MV tandem accelera-
tor, at an angle 20° with the plane of the surface, unless
otherwise indicated. The particle current density amounted to
about 231011/ scm2 sd. The stopping power of these ions at
the surface of these materials is in the order of 8 keV/nm,
the highest value applicable forx=0 and the lowest value for
x=2. Only about 0.35% is to be ascribed to the nuclear en-
ergy loss.

The samples were investigated before and after irradiation
with Fourier absorption infrared spectroscopysFTIRd, x-ray
photoelectron sectroscopysXPSd, Raman spectroscopy, and
Rutherford backscattering spectrometrysRBSd in combina-
tion with channeling. The samples for FTIR were irradiated
in a system, containing an ionization chamber for simulta-
neous analysis using elastic recoil detectionsERDd. The ac-
curacy in thex values, as determined by combined RBS/
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ERD analyses, amounts to less than 5%. The samples were
transferred through air to a Digilab FTS-40 FTIR spectrom-
eter equipped with an LN2 cooled HgCdTe detector. The IR
spectra were taken in transmission mode at a nonperpendicu-
lar angle of incidence of 25° with the surface normal using
unpolarized light. XPS is mainly sensitive for the surface and
therefore the irradiation of the samples for XPS analyses was
performed in the UHV XPS chamber. In XPS, we used un-
monochromatized MgKa radiation. The photoelectrons were
detected at an angle of 78° with the surface normal in a
CLAM100 hemispherical analyzer at a pass energy of 20 eV.
Both irradiation systems were connected to the Utrecht
6.5 MeV EN tandem accelerator.

The samples, having dimensions of about 10310 mm,
were clamped mechanically on a stainless steel base plate.
During the irradiation the macroscopic temperature of the
sample remained below 150 °C, as deduced from a tempera-
ture indicator16 with a very small heat capacity, which was
attached on the sample surface close to the spot where the
ion beam hits the sample. To increase the homogeneity of the
irradiation over the beam spot on the sample, the ion beam
was defocused and collimated, resulting in a beam spot of
approximately 333 mm, significantly larger than the probed
area in infrared spectroscopy and XPSs,131 mmd. We
estimate the absolute accuracy of the fluence to be about
30%, and the relative accuracy to be below 10%. In the first
few seconds of the 50 MeV Cu8+ irradiation, almost all Ar
desorbs from the films as measured with a rest gas analyzer
during irradiation and Rutherford backscattering spectrom-
etry sRBSd after the irradiation. In contrast, during the
2 MeV He irradiation in the RBS analyses, Ar remained in
the films.

RESULTS AND DISCUSSION

IR analysis

The vibrational spectrum of SiO2 is full of details and is
well-documented.18,19 It consists of longitudinal optical–
transverse optical sLO-TOd split features at around
460 cm−1, 800 cm−1, and 1100 cm−1. The LO modes are not
detectedslower frequenciesd or only detected in oblique in-
cidence IR transmission measurements. The highest-
frequency feature exhibits the largest absorption coefficient,
therefore in the literature most attention is paid to this ab-
sorption band. In SiO2 it features a TO absorption peak at
around 1070 cm−1 with a LO absorption at around
1250 cm−1, being visible applying oblique incident IR radia-
tion.

As is usually done, in the present work we focus on the
region of the Si-O-Si stretching modes750–1400 cm−1d. At
first we present the IR spectra of thermally grown and our rf
sputtered SiO2 films, with and without irradiationsFig. 1d.
Below, we summarize briefly the assignment of the relevant
regions as described in the literature. Similarsi.e., nonper-
pendicularly takend IR spectra of SiO2 films have been pre-
sented and discussed in Ref. 17. Here, the peak at around
1080 cm−1 is interpreted to originate from the in-phase
asymmetric Si-O-Si stretching TOsTO3d mode of bridging
oxygen in SiO2. The absorption at 1256 cm−1 in the SiO2

films is visible in IR analyses with a nonperpendicularly in-
cident IR beam as is the case here, and is a LOsLO3d split-
ting of the 1080 cm−1 TO3 mode. The origin of the feature at
around 1150–1200 cm−1 is still controversial:18 it is associ-
ated with a fourth, but inverted in energy, LO-TO split mode
sTO4-LO4d, induced by disorder in the microstructure17,19

and/or with porosity as in SiO2 sol-gel derived silica films.20

These assignments have led authors to draw conclusions
about the microstructure of their oxide films from the relative
intensity of this fourth mode, as compared to the TO3 mode
absorption intensity.21

The unirradiated thermally grown oxide shows the TO3
peak at 1080 cm−1 as expectedsFig. 1d. However, in our rf
sputtered SiO2 layers, i.e., layers with a RBS determined
stoichiometry of SiO2 and no measurable Sin+sn,4d concen-
tration as determined with XPS, the TO3 absorption peaks in
the region 1040–1060 cm−1 before irradiation.15 A peak po-
sition of 1040 cm−1 for the asymmetric Si-O-Si stretching
vibration absorption has been reported earlier for low-
temperature grown SiO2.

22 This position of the TO3 peak can
also be obtained by ion irradiation. Awazuet al.23 report that
the IR asymmetric Si-O-Si TO3 absorption mode in ther-
mally grown SiO2 layers shifts from 1078 down to
1044 cm−1, with a concomitant shift of the 1200 cm−1 fea-
ture, as a result of ion irradiation with many different MeV
ion beams. This shift is reversed during annealing at 600 °C
and is ascribed to a structural modification in the SiO2. Fig-
ure 1 shows that this shift to lower wave numbers was re-
produced in our irradiation conditions. The area ratio
TO4/TO3 does not seem to be strongly influenced by the
irradiation.23 It seems that similar structural damage is
present in our as-deposited SiO2 layers as in the irradiated
thermally grown oxides, presumably due to the ion bombard-
ment during the plasma deposition or to the low temperature
during growth. Consistently, we do not note a significant
shift of the peak as a result of irradiation of the rf sputtered
oxides with 50 MeV Cu ions to a fluence of 531014/cm2.

The TO3 mode is positioned at smaller wave numbers in
substoichiometric silicon oxide layers.24 Figure 2sad shows

FIG. 1. IR absorption spectra of thermally grown and rf sput-
tered SiO2 films before and after irradiation with 50 MeV Cu ions
for the various fluencessions/cm2d as indicated.
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the background corrected absorbance in the region of the
Si-O-Si asymmetric stretching vibration for the SiO0.1 film
of ,1 mm thickness for a wide range of ion fluences. In the
as-deposited film, the peak maximum appears at 952 cm−1.
Irradiation with a fluence of 131013/cm2 or lower does not
influence this peak position, but for higher fluences the peak
maximum shifts to higher wave numbers up to 1024 cm−1

for the highest fluence of 331015/cm2 applied. During irra-
diation, the O concentration does not vary, as we have veri-
fied using simultaneous ERD measurements. From the com-
bined IR and ERD result, it is clear that the Si-O-Si peak
position is not a good measure for the average suboxide sto-
ichiometry. In contrast, the combination of the two methods,
owing to the induction effect that causes the shift of the IR
vibrational modes,25 leads us to conclude that the oxygen
atoms to an increasing extent become located in oxygen-rich
regions, at the expense of oxygen-poor regionssdispropor-
tionationd. Interestingly, at the higher fluences also a feature
very well attributable to the TO4 mode becomes visible.

Figure 2sbd shows a similar sequence of IR spectra of
SiOx films for x=0.5. Also for this sample we find a shift to
higher wave numbers as a result of irradiation up to 1
31015 Cu ions per cm2. Apart from the higher wave numbers
for this sample, we note three other differences as compared
to the x=0.1 sample. At first we already note a shift of the
peak absorbance for an irradiation at a fluence as low as
131013/cm2. Secondly, the relative contribution of the TO4
mode is already visible after a fluence of 131012/cm2 and
its contribution to the total absorption is much larger than for
thex=0.1 sample. Thirdly, in the high fluence range the TO3
peak position tends to shift to lower wave numbers, from the
maximum value of about 1050 cm−1 down to about
1042 cm−1. An important observation is that in none of the
suboxide samples do we find a significant change of the TO3
absorption full width at half maximum peak width with irra-
diation fluence.

The positions at maximum absorbance as a function of
fluence are presented in Fig. 3 for the variousx values in
SiOx. All samples show an upward shift upon irradiation, but
around a fluence of 1014–1015/cm2 a saturation sets insex-
cept forx=0.1d or, stated probably more appropriately, when
the peak value amounts to about 1045 cm−1. For larger flu-
ences in some samples the peak position seems to decrease
and in others it appears to increase, indicative of the com-
plexity of the process at high fluence, which is larger than
assumed here.10

Using the results of Ref. 23 and those given in Fig. 1,
the transition from 1076 cm−1 down to 1044 cm−1 as a result
of ion irradiation of high-temperature SiO2 is estimated to
be completed under our conditions around a fluence of
1012−1013 ions/cm2, i.e., in the early stages of our irradia-
tions. Since the observed peak positions in the IR spectra
reach this value of 1044 cm−1, we conclude that for allx
values, exceptx=0.1, after irradiation with fluences of
1014/cm2 and larger, the O is incorporated in an SiO2-type
environment. Since the overall O concentration does not
change during irradiation, simultaneously oxygen-free re-
gions must have been formed: phase separation. On the other
hand, the spectra do not resemble those of the oxide films
sFig. 1d, in view of the absence of the 1256 cm−1 LO3 mode
and the relatively large contribution of the TO4 mode. In
fact, the spectra resemble those of SiO2 in SiO2-Ge sRef. 26d
and SiO2-SiC sRef. 27d composite films. Similarly, Hayashi
et al.28 have found similar TO4/TO3 ratios for 2-nm-thick
SiO2 layers covering 10 nm Si particles. This all leads us to
conclude that our swift heavy-ion irradiated films are very
well considered to be a Si-SiO2 composite material, with,
however, small, ion beam damaged SiO2 regions. It is pre-
sumed that also thex=0.1 film will reach this stage after
prolonged irradiation.

In our conditions, the shift of the TO3 peak saturates at a
fluence of about 1014–1015/cm2. This is in apparent contrast
to the saturation reported to occur at a fluence of about
1012/cm2 for irradiation of SiO1 with 863 MeV Pb ions,5

even more so since we apply asglancingd angle of 20° which
is to be contrasted with the perpendicular incidence in Ref. 5.
This difference probably is due to the factor of 2–3 smaller

FIG. 2. IR absorption spectra of SiOx films, before and after
irradiation with 50 MeV Cu ions for the fluencessions/cm2d as
indicated.sad x=0.1, sbd x=0.5.

FIG. 3. Evolution of the IR TO3 absorption peak maximum as a
function of 50 MeV ion fluence for the various suboxides, as
indicated.
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stopping power of our 50 MeV Cu ions in comparison to that
of the 863 MeV Pb ionss24.5 keV/nmd.

In order to find out whether the silicon in the irradiated
SiOx films is possibly present in crystalline form, SiOx films
with thex values 0.1, 0.5, 1.0, and 1.5 were grown on Corn-
ing glass and irradiated under the same conditions. These
films were inspected using Raman spectroscopy. A contribu-
tion at 520 cm−1 of the TO mode of crystalline silicon could
not be discovered in the Raman spectrum at ion fluences up
to 331015 ions/cm2. This indicates that the Si nanocrystals,
if present at all, have a size smaller than 2 nm.29

XPS

XPS analyses have been performed on noncapped SiOx
films. Irradiation under the conditions of this paper results in
thinning of the SiOx film by electronic sputtering. The initial
O removal rate strongly depends on the suboxide composi-
tion and on the angle of incidence15,30 and can be as large as
,103 sRef. 15d atoms removed for SiO2 and a glancing angle
of incidence of 6°. Also here, the O bulk concentration re-
mains constant during irradiation, as deduced from the height
of the O ERD feature.

Figure 4 presents the Sis2pd XPS spectral region of SiO0.7

sample before and after a fluence of 1014 ions/cm2. The
Sis2pd photoelectron peak was deconvoluted with the usual
procedure into the components corresponding to five distinct
nearest-neighbor surroundings of the Si atoms with zero,
one, two, three or four O atoms.6,7 The photoelectron spec-
trum of Fig. 4 appears indicative for the random-bonding
network with a preferential occurrence of SisSi4d and SisO4d
tetrahedral units of these as-deposited SiOx samples.7 As a
result of ion irradiation, the high-energy side of the Sis2pd
photoelectron feature shifts to higher binding energy, to-
wards a binding energy, usually found in SiO2. Concomi-
tantly, the low-energy side shifts to lower energy and a clear
peak arises, at an energy usually found for elemental silicon.

This behavior of the Sis2pd photoelectron peak is again a
clear indication for phase separation in the suboxide, but
now for the surface region. The deconvolution of the photo-
electron peak in the distinct SiOn building blocks shows that
the concentrations of Si1+, Si2+, and Si3+ in the surface region
diminish during irradiation, to the benefit of the Si° and,
initially, of the Si4+ concentration: Here, it is important to
bring forward that ERD measurements and also RBS/
channeling measurements indicate that the layers are not so
thinned by sputtering that the increase of the Si° concentra-
tion can be ascribed to the vicinity of thec-Si substrate.

Figure 5 shows the Sis2pd XPS spectral region for the
sample withx=0.1. We note a development of the shoulder
at the high-energy side only for fluences larger than
1014/cm2, in agreement with the findings using IR. Also, in
agreement with the IR data we deduce from the peak shape
that after the highest fluence of 331015 ions/cm2 the spec-
trum does not resemble that of a Si-SiO2 phase-separated
mixture.

Mechanism

The experimental data convincingly show that irradiation
of SiOx with 50 MeV Cu ions results in the formation of
oxygen-rich and oxygen-poor regions in the films. The ob-
servations are consistent with the inference that for pro-
longed irradiation the oxygen-rich regions consist in fact of
SiO2, albeit a damaged or low-temperature form of SiO2.
The oxygen-poor regions may very well be oxygen-free re-
gions in view of the observation that the IR absorption at
around 950 cm−1, characteristic for a SiOx film with a low
value ofx, disappears.

This observation of phase separation in SiOx as a result of
ion beam irradiation is completely in line with the well
known phenomenon that thermal annealing of silicon subox-
ides swith or without hydrogen incorporatedd above a tem-
perature of 700 °C results inscrystallined Si and SiO2 phase
separation,2,3,31,32indicating that the phase-separated mixture

FIG. 4. Sis2pd XPS spectra of SiO0.7 before and after irradiation
with 50 MeV Cu ions for a fluence of 1014 ions/cm2.

FIG. 5. Sis2pd XPS spectra of SiO0.1 before and after irradiation
with 50 MeV Cu ions for the fluencessions/cm2d as indicated.
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is a more stable configuration than an amorphous silicon
suboxide random bonding network and thus has a lower free
energy. In fact, the shift of the IR absorption peak maximum
behaves as a function of irradiation fluence in a similar man-
ner as the shift of this maximum as a function of annealing
time31 when we emphasize the deceleratory behavior of the
peak shift with ion fluence. This behavior appears not
straightforwardly described with a nucleation and growth
model and therefore does not support such a model.31 An
argument against nucleation and growth of SiO2 regions de-
duced from the present measurements is that we do not ob-
serve an increase in the widths of the distinct IR absorption
features, which would be indicative of a change of the inho-
mogeneity in the O bonding environments. Especially we do
not observe features at intermediate stages of irradiation,
which we could ascribe to the existence of SiO2 regions in a
more oxygen-poor matrix. Within the view of spinodal de-
composition, the observed phase separation during irradia-
tion proceeds in a large number of small steps, in which
oxygen-rich regions in the material gradually become more
oxygen-rich and oxygen-poor regions become more oxygen-
poor. This process requires mobility of atoms in the solid.
The activation for the mobility of the atoms involved is, of
course, delivered by the ion impact in the process of, pre-
dominantly, electronic stopping. It is generally accepted that
in this stopping regime energy is transferred from the high-
energy ion into the electronic system of the solid by excita-
tion and ionization within a cylindrical region along the
straight ion path: the Coulombic ion track. In metals and
semiconductors, the lifetime of this positively charged ion
track is supposed to be so small that the repulsive force does
not cause a significant motion of the atoms. The energy
stored in the electronic system is then transferred to the lat-
tice, resulting in a large temperature rise along the ion path:
the thermal spike.13,33 For insulators the situation is more
controversial. It especially concerns the question if possibly
the neutralization time of the charged track is long enough to
set the ions into significant motion by the repulsive electro-
static force, such as proposed to take place in a Coulomb
explosion,34 or that another mechanism is responsible for
transferring electronic energy into the lattice atom system,
such as in exciton models.35,36

The mentioned differences between metals/
semiconductors and insulators become explicit when one
looks to, e.g., the rate of electronic sputtering in SiOx
s0,x,2d. SiO2 is removed at a relatively high rate during
MeV/a.m.u. ion impact on SiO2, whereas Si is virtually not
sputtered from a Si surface.15 Suboxides, which have inter-
mediate electronic properties, show intermediate values for
the sputter rate with a pronounced transition forx>1.2.30 On
the basis of a.o. this argument we came to the conclusion that
the rate-determining step in the electronic sputtering of SiO2
is of an electronic nature.37 We deduce from the electronic
sputter behavior in the present work that we deal with films
exhibiting metallic behaviorse.g., SiO0.1d and with films with
increasing insulating character with increasingx.

The current understanding of the phenomena associated
with the passage of a swift ion through a solid, as presented
above, helps us to understand the observation that for the
SiO0.1 sample, the necessary fluence for phase separation to

occur is much larger than for the other samples. This lower
rate of phase separation in SiO0.1 is also apparent in the
intermediate stage where the local SiOx structure resembles
that of the other suboxides, i.e., where the IR peak maximum
for the SiO0.1 sample is equal to that of the other samples
ssee Fig. 3d. We ascribe this to a smaller lifetime of the
Coulomb track and/or lower thermal spike temperature in the
SiO0.1 in comparison to suboxides with larger O concentra-
tions. Of course, the fact that, initially, in SiO0.1 the average
distance for the O atoms to travel before dioxide regions can
be formed, does also contribute to the lower initial rate of
phase separation. Independent experimental evidence for the
mobility of O in SiO2 under irradiation has recently been
found. In a study of the effects of 50 MeV Cu-ion irradiation
of Si 16O2/Si 18O2 double layer structures, we indeed found
isotope mixing at the oxide/oxide interface and desorption of
O2, deduced to escape from a region of the order of 5 nm
below the surface.38 The proposed mechanism is that O2
molecules are produced in the entire ion track but most of
these are trapped in the solid, when the distance to the sur-
face is larger than a few nm. Formation of O2 is the result of
bond breaking in the ion track caused by the electronic ex-
citation and ionization and a subsequent combination of two
O atoms, occurring in competition with trapping to a Si
atom.39,40 It is clear that also the process of O2 formation
requires some mobility of O atoms in the solid, like the pro-
cess of phase separation, therefore there is no reason to sup-
pose that O2 molecule formation is a prerequisite for phase
separation. Based on the aforementioned theoretical notions
and experimental findings, it is expected that the modifica-
tions as a result of ion impact are a local effect, which results
in an inhomogeneous material structure consisting of non-
modified and cylindrical modified regions at fluences where
only a part of the spot area has not been hit one or several
times. Again, the absence of the broadening of the TO3 IR
absorption does not indicate a significant increase of the in-
homogeneity of surroundings of the Si-O-Si bridges. Since
this holds also for small fluences of 1012–1013/cm2, a small
modified volume and large modification per ion impact event
are not consistent with the absence of broadening. The ob-
served linearity of the shift of the IR absorption peak maxi-
mum with the logarithm of the fluence in relevant fluence
rangessFig. 3d is not conceivable in assimpled model in
which a volume in the film has to be hit one time for a
complete phase separationsPoisson distribution of nonhit
volumed. Consequently, we propose that the modified
volume/ion is so large that even at the low fluences of
1012–1013/cm2, most of the material has been influenced by
several individual ion impact events. For instance, for
x=0.1 the IR spectrum hardly changes for fluences of
1013/cm2 and smaller. Even for ashypotheticald track radius
as small as 1 nm, 60% of the material volume in the beam
spot has been part of an ion track at a fluence of 1013/cm2;
for larger track radii, this volume fraction increases in a
square fashion with this radius. So, forx=0.1 the modifica-
tion per ion passage is certainly small. For largerx values,
shifts in the IR spectra are already noted for fluences as small
as 1012/cm2 without a broadening of the peak, suggesting
that the modification volume per ion impact is so large that at
1012/cm2 the entire volume has been influenced several
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times. So, we tend to conclude that the process of phase
separation does not take place predominantly within the
Coulombic track cylinder, which is supposed to have a radius
of 1 nm or smaller. Similar conclusions have been drawn in
Ref. 5.

The lifetime of a thermal spike following the ion passage
in a-SiO2 quartz has been calculated to be smaller than
10−10 s when one defines the spike to be terminated when the
temperature drops below 1000 K. This figure in quartz is for
a cylindrical region with a radius of about 14 nm around the
ion trajectory. For smaller radii around the track, the track
temperature is calculated to be much higher but the time at
this temperature much shorter.13 For metallic samples, the
temperature rise is expected to be lower. For a thermal spike
radius of 10 nm, and 20° angle of incidence, the fluence to
cover the entire surface once is in the order of 1011/cm2, i.e.,
one order of magnitude lower than the lowest fluence applied
in this work.

Therefore, we consistently deduce that the MeV ion beam
induced Si/SiO2 phase separation takes place in the thermal
spike initiated by the energy deposition from the swift ion

into the electronic system of the solid, in may small steps, in
compliance with the process of spinodal decomposition and
in agreement with the results of recent computations of Bur-
lakov et al.10 for silicon suboxides.

CONCLUSION

For all compositions 0.1øx,2, radiofrequent magnetron
sputtered silicon suboxide SiOx films separate in the phases
Si and SiO2 as a result of swift heavy ion irradiation. For our
conditions of 50 MeV63Cu8+ ions at an angle of incidence of
20° with the plane of the surface, and forxù0.5, it takes a
fluence of about 1014/cm2 to reach a stable IR Si-O-Si ab-
sorption feature, which is supposed to be characteristic for a
Si-SiO2 composite film structure. For smallerx values it
takes a much larger fluence. The phase separation is pro-
posed to take place, in distinct events, by the energy depos-
ited by the individual swift heavy ions into a cylindrical
volume of the solid around the ion path and in the thermal
spike period after the ion passage, in compliance with the
process of spinodal decomposition.
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