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Abstract Thin SiO2 layers were implanted with 140 keV
Si ions to a dose of 1017 cm−2. The samples were irradi-
ated with 130 Mev Xe ions in the dose range of 3 × 1012–
1014 cm−2, either directly after implantation or after pre-
annealing to form the embedded Si nanocrystals. In the
as-implanted layers HREM revealed after Xe irradiations
the 3–4 nm-size dark spots, whose number and size grew
with increase in Xe dose. A photoluminescence band at
660–680 nm was observed in the layers with the intensity
dependent on the Xe dose. It was found that passivation
with hydrogen quenched that band and promoted emission
at ∼780 nm, typical of Si nanocrystals. In spectra of pre-
annealed layers strong ∼780 nm peak was observed ini-
tially. Under Xe bombardment its intensity fell, with sub-
sequent appearance and growth of 660–680 nm band. The
obtained results are interpreted as the emission at ∼660–
680 nm belonging to the imperfect Si nanocrystals. It is con-
cluded that electronic losses of Xe ions are mainly respon-
sible for formation of new Si nanostructures in ion tracks,
whereas elastic losses mainly introduce radiation defects,
which quench the luminescence. Changes in the spectra with
growth of Xe ion dose are accounted for by the difference in
the diameters of Xe ion tracks and their displacement cas-
cades.
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1 Introduction

Studies of Si nanostructures are currently an area of in-
tense investigations. The ongoing drive for smaller Si de-
vice dimensions coupled with the discovery of strong lumi-
nescence from quantum-sized Si nanocrystals (Si-ncs) [1]
stimulates research into the processes of Si nanostructures
formation and modification. Si-ncs have been convention-
ally fabricated by either ion implantation of Si ions into SiO2

layers or by deposition of SiOx films followed by annealing.
In both cases the optimum conditions have involved a Si ex-
cess of about 10–15 at.%, and anneal temperatures above
1000◦C. The Si-ncs formed reveal strong luminescence at
the wavelengths of 750–850 nm. Along with furnace treat-
ments, the formation of light-emitting Si-ncs employing
pulsed annealing with pulse duration of 1 s and less has also
proven feasible [2–4]. Pulsed anneals are of high practical
importance as they enable one to perform high-temperature
heat treatment locally while insignificantly affecting the ad-
jacent regions. This is particularly advantageous for the
processing of ultra-large-scale integrated circuits. Irradia-
tion with swift heavy ions (SHI) may be considered, to a cer-
tain extent, as a kind of pulse treatment. When SHI penetrate
in solid-state targets, their stopping in thin near-surface lay-
ers occurs predominantly by electronic (ionization) losses.
If the deposited energy density exceeds ∼1 keV/nm, tracks
may be forming with the nm-scale diameters, where the car-
rier concentrations may reach ∼1022 cm−3 or even more.
The temperature inside the tracks may exceed 5000 K for
10−13–10−11 s [5]. The thermal spike model is usually pro-
posed to explain structural transformations under SHI irradi-
ation. Yet, in some cases strong ionization (bond breaking)
[6] or Coulomb explosion [7] have to be taken into account.
Thus far the processes in SHI tracks are not fully under-
stood.
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A few articles related to the bombardment of Si suboxide
layers with SHI have been published earlier [8–11]. All the
authors used for their studies the deposited SiOx films with
rather high excess Si concentrations. Rodichev et al. [8] ob-
served dark spots of 2–3 nm in diameter after irradiation of
monoxide layers with 575 MeV Ni and 863 MeV Pb ions.
The spots were attributed to Si nanoclusters, formed in the
ion tracks. These authors claimed that the process had not a
thermal origin [8]. SiOx phase separation into Si and SiO2

was observed under 50 MeV Cu ion irradiation, and it was
concluded that the phase separation takes place in the ion
tracks in compliance with the process of spinodal decompo-
sition [11]. The presence of Si-ncs was not revealed by Ra-
man spectroscopy even for x = 0.1 [11]. On the other hand,
the appearance of Si-ncs under irradiation with 100 MeV Ni
and 150 MeV Ag ions was detected by the authors of [9] and
[10], respectively. However, none of the previous studies re-
vealed the emission at 750–850 nm, typical of Si-ncs.

The aim of the present work is to gain a further in-
sight into the processes of formation and modification of
quantum-size Si nanostructures in SiO2 under SHI bom-
bardment. The study was performed using SiO2 layers, im-
planted with Si ions to excess silicon concentrations, opti-
mal for synthesis of light-emitting Si-ncs.

2 Experiment

The samples were formed by implanting Si ions into
0.56 µm thick SiO2 layers thermally grown on single-crystal
Si substrates. The Si ion energy was 140 keV, and the dose
was 1017 cm−2, providing maximal Si excess of ∼12 at.%
at the depth of the mean ion range Rp ≈ 0.21 µm. Two
kinds of the samples were employed for irradiations with
130 Mev Xe ions (Rp ≈ 12 µm.): those after Si implanta-
tion and those subjected to post-implantation annealing at
1100◦C for 30 min in N2 gas to form Si-ncs. The doses
of Xe ions ranged from 3 × 1012 to 1014 cm−2. The stop-
ping power of the Xe ions in the SiO2 layers nearly com-
pletely (∼99.8%) consisted of electronic losses. Addition-
ally, some samples were passivated by anneals in forming
gas (94% Ar + 6% H2) at 500◦C for 1 h. The structural and

optical properties were controlled by cross-sectional high
resolution electron microscopy (HREM) and by photolumi-
nescence (PL) spectroscopy, excited at room temperature by
an argon laser at the wavelength λ = 488 nm.

3 Results

Figure 1 shows a HREM image of as-implanted SiO2 lay-
ers after Xe ion bombardment to doses of 3 × 1012 and
1014 cm2. One can see that in both cases HREM pictures
exhibit 3–4 nm-size dark spots. They were not observed by
HREM before SHI irradiation. The surface density of the
spots was of the order of 1012 cm−2. An increase in the irra-
diation dose resulted in a growth of number and size of the
spots (Fig. 1). In some of them lattice fringes may be dis-
tinguished with the interplanar spacing matching those of
silicon {111} (not shown).

PL spectra of Si implanted samples before and after Xe
bombardment are shown in Fig. 2. In the spectra of the sam-
ples a broad band peaking at 660–680 nm was observed. Un-
der irradiation with Xe ions the intensity of the band varied
with the dose non-monotonously, maintaining the spectral
position of its maximum. Initially the irradiation causes the
intensity to decrease, however, further bombardment results
in growth of PL with a tendency to saturation at the dose
of 1014 cm2 (Fig. 2, inset). A weak shoulder near ∼800 nm
was seen as well.

In order to passivate the defects, introduced by Xe irra-
diation, the samples were subjected to the low-temperature
anneals in the forming gas. Such a treatment has led to
an unexpected interesting result. Passivation quenched the
660–680 nm PL band, but simultaneously a more intensive
PL peak at ∼780 nm appeared (Fig. 3). The dependence of
the 780 nm PL intensity on the Xe dose quite differed from
that for the 660–680 nm band. After the lowest SHI dose of
3×1012 cm−2 the highest PL intensity was observed; it was
even higher than that before Xe irradiation (Fig. 3). How-
ever, further bombardment led to continuous diminishing of
the peak with the position in the spectrum being unaffected.

Annealing of the Si implanted samples at 1100◦C for
30 min resulted in the appearance of intense PL band at

Fig. 1 HREM images of the
Si-implanted SiO2 layers after
Xe ion bombardment to the
doses of 3 × 1012 (left) and
1014 cm2 (right)
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Fig. 2 PL spectra of the Si-implanted SiO2 layers before and af-
ter irradiation with different doses of Xe ions. Inset—dependence of
660–680 nm band maximal intensity on the dose of Xe ions, dashed
line—maximal intensity before SHI irradiation

∼780 nm (Fig. 4). This PL band is well consistent with those
usually observed from Si-ncs embedded in SiO2 matrix. The
lowest dose of Xe ions (3 × 1012 cm−2) diminished PL in-
tensity by more than for an order. Further SHI irradiation
quenched the 780 nm peak nearly completely, but simulta-
neously a broad band at about 660–680 nm appeared and
rose in intensity with the ion dose (Fig. 4). The PL spectra
of Si-ncs, damaged by Xe irradiation, after the passivation
were found to be transformed (Fig. 5), akin to the changes
observed after passivation of the first set of samples (Figs. 2
and 3). The peak at 660–680 nm was not seen at all and
the emission at ∼780 nm was found to be restored, how-
ever, not completely. For high SHI doses the passivation was
less effective, and the spectral distributions of PL intensities
looked more flat, as if they consisted of two or more bands
between 600 nm and 900 nm (Fig. 5).

4 Discussion

The obtained results point out that irradiation with 130 MeV
Xe strongly influences the properties of the nanostructures,

Fig. 3 PL spectra of the Si-implanted SiO2 layers after Xe ion bom-
bardments followed by hydrogen passivation

being capable to increase number and size of the nanopre-
cipitates, and to essentially transform PL spectra. Unlike the
previous studies [8–11], where the deposited SiOx layers
have been used, our SHI irradiations followed high dose im-
plantation of 140 keV Si ions. To realize the physical mech-
anisms of the effects observed, one has to compare the nu-
clear (elastic) and electronic (ionization) energies deposited
in the layers by both types of the ions.

According to the SRIM code (www.srim.org), the elastic
losses of Xe ions in the oxide layers were only ∼0.6 dis-
placement/nm. The elastic energy losses of Si were ∼6 dis-
placement/nm, so at the completing stages of implantation
(e.g. <1015 cm−2 is left to implant), when the layers con-
tained nearly full amount of excess silicon, Si ions intro-
duced at least for an order more displacements than Xe.
On the other hand, electronic energy losses of Si ions were
∼0.2 keV/nm, while for SHI they achieved ∼14 keV/nm.
Therefore, Si segregation and growth of the nanoprecipitates
under Xe ion irradiation (dark spots in Fig. 1) were mainly
due to the electronic energy losses of SHI. It should be noted
that the elastic losses may also stimulate phase separation in
Si-rich SiO2 [12].

http://www.srim.org
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Fig. 4 PL spectra of the layers with embedded Si-ncs before and after
irradiation with different doses of Xe ions

The indication of crystallization of the nanoprecipitates
gives the experiments with passivation (Figs. 2, 3), where
the emission at 660–680 nm was substituted by the 780 nm
band, widely observed for Si-ncs embedded in SiO2 lay-
ers (for example, typical emission spectrum of Si-ncs see
in Fig. 4, solid line). Earlier, PL bands between 500 nm and
700 nm were observed in the cases where either the anneal-
ing temperature and time, or the concentrations of excess Si
were insufficient for the formation of perfect Si-ncs [13–16].
Such PL bands were attributed to a lot of different Si nano-
precipitates. The position of PL maximum in [13–16] was
slightly varying, that was supposed to be due to the differ-
ences in size, structure or shape of the precipitates. Our re-
sults of passivation may be interpreted as a healing of dam-
aged Si-ncs. Heating up to 500◦C while having passivation
could not, by itself, lead to crystallization. One can speculate
that PL at ∼780 nm results from the direct recombination of
free excitons in Si-ncs, whereas the PL band at 660–680 nm
is due to the recombination of the carriers on the radiative
recombination centers created by the structural defects. To
the point is that the dark spots were not found by HREM
before SHI irradiation, however, a 660–680 nm band was
seen immediately after Si implantation (Fig. 2). That may
be realized as Si nanoprecipitates were too small to be de-

Fig. 5 PL spectra of the layers with embedded Si-ncs after irradiations
with Xe ions followed by hydrogen passivation

tected by HREM, but they already contained the appropriate
recombination centers.

It is seen in Fig. 2 that an increase in Xe dose from
3 × 1012 cm−2 to 1013 cm−2 decreases the PL band at 660–
680 nm, but subsequent Xe irradiations increase the emis-
sion. The non-monotonous dependence of the PL intensity
on Xe dose we explain by a presence of two processes—
introduction of radiation defects and growth of new Si
nanostructures. The SHI doses needed to cover completely
the sample surfaces with tracks or with damaged areas dif-
fer from each other, because the diameter of SHI tracks is
several nm [5], while that of the displacement cascades for
Xe ions is ∼50 nm, according to the SRIM code. The irra-
diated part of a sample surface S is determined by an ex-
pression: S = S0[1 − exp(−cQ)], were S0 is the full sample
area, c stands for the cross-sections of the tracks and dis-
placements cascades, and Q denotes the Xe ion dose. The
sample surface will be completely overlapped with the dis-
placement cascades at a dose of ∼3×1011 cm−2, whereas to
overlap it fully with Xe ion tracks the dose should be roughly
two orders higher. Therefore, at low doses the contribution
of elastic losses dominates and the defects cause the 660–
680 nm band to diminish. We think the elastic losses (dis-
placement cascades) are responsible as well for the leap of
780 nm PL intensity seen in Fig. 3 after the low doses. The
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effect may be explained by the radiation-induced crystalliza-
tion, which was observed and discussed earlier [17–19]. The
effect was maximal after the lowest Xe dose and further SHI
irradiations lead to accumulation of the defects that hampers
activation of 780 nm PL by the subsequent hydrogen treat-
ment (Fig. 3).

The results of the experiments on Xe ion irradiation of
prefabricated Si-ncs, are in agreement with the idea that the
PL peak in the wavelength range of 660–680 nm belongs to
the defective Si-ncs. Increasing the Xe ion dose decreased
the intensity of Si-ncs PL (∼780 nm) and caused the appear-
ance of PL near ∼660–680 nm (Fig. 4). Subsequent passi-
vation quenches the shortwave emission and restores PL of
Si-ncs, at least in part (Fig. 5). It should be noted that the
main drop of Si-ncs PL intensity occurred after the mini-
mal dose of Xe ions—3 × 1012 cm−2. Such a dose is suf-
ficient to cover the samples area with the displacement cas-
cades. Having the elastic energy losses of ∼0.6 displace-
ment/nm, Xe ions will introduce into Si-ncs only isolated
atomic displacements. According to the experimental data
[17, 20] and theoretical predictions [21] even a single de-
fect in a nanocrystal quenches its PL, provided this defect
represents a non-radiative recombination center. Thus, elas-
tic losses of SHI may be responsible for the quenching of
PL. On the other hand, if we compare the drop of PL inten-
sity after irradiation with SHI and after introduction of the
same dpa by the middle energy ions [20], it will be seen that
quenching by SHI goes faster. Therefore a contribution of
the elastic losses to the structural damage has to be taken
into account. It should be mentioned that our highest Xe
dose of 1014 cm−2 displaced only ∼2% atoms in Si-ncs,
while the experiments [17, 20] and theoretical calculations
[22, 23] show 10–20% of atoms should be displaced to ren-
der Si-ncs amorphous (for bulk Si ∼100%). Restoration of
Si-ncs-like PL by annealing in forming gas after the dose
of 1014 cm−2 pointed to the partial retaining of crystallinity
after all the SHI doses used.

5 Conclusion

Thin thermally grown SiO2 layers, containing either Si im-
planted to the concentrations up to ∼12% or preformed em-
bedded Si-ncs, were irradiated with 130 MeV Xe ions to
the doses ranging between 3 × 1012 cm−2 and 1014 cm−2.
HREM revealed in the SHI irradiated Si-rich layers the
3–4 nm-size dark spots, whose number and size grew with
increase in Xe ion dose. In parallel PL measurements found
the band at 660–680 nm, whose intensity changed with
the dose of SHI. It is established that passivation with hy-
drogen quenches the band and leads to the appearance of
∼780 nm emission, characteristic of Si-ncs. Therefore emis-
sion at ∼660–680 nm may be ascribed to imperfect Si-ncs.
The results obtained on the irradiation of SiO2 layers with

the embedded Si-ncs are in agreement with that assumption.
Electronic energy losses of Xe ions are mainly responsi-
ble for the growth of Si nanostructures in the SHI tracks,
whereas elastic losses of ions introduce defects within their
displacement cascades and quench PL. The observed depen-
dence of PL spectra on Xe ion dose is accounted for by the
difference in the diameters of the Xe ion tracks and of their
displacement cascades.
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