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a b s t r a c t

Mesoporous silicon (PS) samples were processed by anodising p+ Si wafers in (1:1) HF–ethanol solution.
Different current densities were used to obtain three different porosities (41%, 56% and 75%). In all cases
the morphology of the PS layer is columnar with a mean crystallite size between 12 nm (75% porosity)
and 19 nm (41% porosity). These targets were irradiated at the GANIL accelerator, using different projec-
tiles (130Xe ions of 91 MeV and 29 MeV, 238U ions of 110 MeV and 850 MeV) in order to vary the incident
electronic stopping power Se. The fluences ranged between 1011 and 7 � 1013 cm�2. Raman spectroscopy
and cross sectional SEM observations evidenced damage creation in the irradiated nanocrystallites, with-
out any degradation of the PS layer morphology at fluences below 3 � 1012 cm�2. For higher doses, the
columnar morphology transforms into a spongy-like structure. The damage cross sections, extracted from
Raman results, increase with the electronic stopping power and with the sample porosity. At the highest
Se (>10 keV nm�1) and the highest porosity (75%), the track diameter coincides with the crystallite diam-
eter, indicating that a single projectile impact induces the crystallite amorphization along the major part
of the ion path. These results were interpreted in the framework of the thermal spike model, taking into
account the low thermal conductivity of the PS samples in comparison with that of bulk silicon.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

It is well established that single crystalline silicon irradiated
with monoatomic heavy ions accelerated in the GeV range cannot
be damaged via electronic processes. Many experiments, con-
ducted on high energy accelerators at the highest electronic stop-
ping powers (Se) available (i.e. �25 keV nm�1 with 238U ions of
1 GeV), evidenced that the radiation-induced disorder in bulk Si
is only due to nuclear collisions and thus occurs at the end of range
of the projectiles [1,2]. Amorphous latent tracks in Si single crystals
have been only registered when using C60 clusters as projectiles
[3,4]. The insensitivity of bulk Si to irradiation in the electronic re-
gime can be mainly ascribed to its rather high thermal diffusivity
(D = 0.9 cm2 s�1). According to the thermal spike model [5,6], the
prompt energy received by the target electrons after the passage
of the projectile (10�17 s per unit cell) gives rise to a local thermal-
ization of the electron gas within a period of �10�15 s. This step is
followed by an electron–phonon coupling, causing a local temper-
ature increase (thermal spike). For a few 10�12 s, a molten phase
develops around the ion path and produces the so-called track
after ultrafast quenching. Such a scenario does not occur in
materials having a high thermal conductivity, like metals and

semiconductors, as the lattice temperature cannot reach the melt-
ing temperature. The situation should be completely different in PS
samples whose thermal diffusivity is by two orders of magnitude
lower than that of bulk Si. The aim of this work is to investigate
the ‘‘response’’ of such targets to ion irradiation dominated by elec-
tronic slowing-down processes.

2. Experimental procedure

The porous silicon samples were processed by electrochemical
etching of p+ (q � 0.01 X cm) monocrystalline (100) Si wafers.
This was carried out in a Teflon cell, using a (1:1) HF–ethanol mix-
ture. In order to improve uniformity of the PS layers, we used a
pulsed current with a minimum value set at zero to stop periodi-
cally the etching process [7]. Different anodisation current densi-
ties were used to obtain three different porosities: 41%, 56% and
75%. These values were measured by infrared reflectivity using
the Landau–Lifshitz–Looyenga effective medium model [8]. In all
cases the thickness of the porous layer was about 25 lm. PS sam-
ples elaborated in these conditions are mesoporous and consist of
dendritic silicon quasi-columns with mean diameters of 19 ± 1 nm,
16 ± 1 nm and 12 ± 1 nm for 41%, 56% and 75% porosities, respec-
tively [9]. These quasi-columns remain monocrystalline and retain
the crystallographic orientation of the substrate. The PS targets
were irradiated at the SME and IRRSUD beamlines of the GANIL
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accelerator [10], using 130Xe ions (91 MeV and 29 MeV energies) or
238U ions (110 MeV and 850 MeV energies). The fluences ranged
from 1012 to 7 � 1013 cm�2. All the irradiations were performed
at room temperature at quasi normal beam incidence with a flux
limited to 109 cm�2 s�1 in order to avoid any overheating of the
targets. The targets were intentionally tilted by a few degrees in re-
spect with the beam direction in order to exclude any channeling
effect of the incoming projectiles. The main irradiation parameters,
calculated from the SRIM2013 code [11], are listed in Table 1. The
chosen target density was that of bulk Si (qSi = 2.33 g cm�3) as the
expected damage creation process in PS targets will be governed
by the projectile slowing-down along the quasi columnar crystal-
lites whose density is equal to qSi whatever the porosity. The nu-
clear damage cross-sections An indicated in the last column of
Table 1 correspond to elastic displacements induced per one inci-
dent projectile at the target surface. They were calculated assum-
ing a displacement energy of 21 eV [12] for silicon atoms. The
radiation-induced disorder within the PS layers was evidenced by
Raman spectroscopy, using a Renishaw RM 1000 spectrometer
operating at a laser wavelength of 532 nm. The morphology of
the samples was studied by scanning electron microscopy (SEM)
imaging performed on the target cross-section.

3. Results and discussion

Fig. 1 shows the fluence evolution of the Raman spectra re-
corded on 56% porosity PS targets irradiated with 238U ions of
110 MeV energy. The spectrum related to the pristine target exhib-
its an unique sharp peak centered near 521 cm�1 which is charac-
teristic of bulk crystalline Si [13]. Compared to the Raman peak
which would be obtained in bulk c-Si, the peak recorded in pristine
PS is shifted by a few cm�1 and asymmetrically broadened, both to-
wards lower energies. These changes are usually ascribed to pho-
non confinement [14]. As the irradiation fluence increases, one
evidences an additional large peak centered at 480 cm�1 which
can be related to the transverse optical branch of a-Si [15]. Con-
comitantly, the c-Si peak gradually disappears. These features
show that ion irradiation causes the amorphization of porous sili-
con. Transmission electron microscopy observations are planned in
a future work to confirm this structural change. Taking into ac-
count the laser wavelength (532 nm) used in the present work,
the absorption coefficient of Si is about a � 7 � 103 cm�1 [16]
and thus the maximum depth probed by the analysis does not ex-
ceed 2/a � 3 lm. In these first micrometers below the target sur-
face, the inelastic slowing-down processes dominate the elastic
ones by three orders of magnitude (see Table 1) and the atomic dis-
placements via collisional effects can be considered as negligible.
Consequently, the radiation-induced disorder evidenced by Raman
spectroscopy in mesoporous silicon is necessarily ascribable to the
high density of electronic excitations deposited in the crystallites.
In order to determine the amorphous fraction qa in irradiated PS
targets, we have fitted each Raman spectrum with four Gaussian
functions. The first one, centered at 480 cm�1, corresponds to the
amorphous contribution. The second one, centered at 520 cm�1,
corresponds to the c-Si peak. The two last ones, with free maxima

located between 420 and 520 cm�1, account for the asymmetry of
the pristine PS peak mentioned above. We analyzed the area Ia of
the amorphous peak and compared it to the area I of the entire Ra-
man spectrum extending from 400 to 550 cm�1. The amorphous
fraction qa was then calculated from the ratio:

qa ¼
Ia

I
ð1Þ

Note that this procedure assumes that the Raman cross-sections
of the amorphous and crystalline signals are identical [17]. Fig. 2 dis-
plays, for the different studied porosities, the fluence evolution of qa

in PS targets irradiated with 238U ions of 110 MeV energy. In the
three cases, the damage kinetics were fitted using a Poisson’s law:

qa ¼ 1� exp ð�Ad �UÞ; ð2Þ

where U is the fluence and Ad is the amorphization cross-section.
Although not entirely satisfactory to account for the experimental
data at all fluences, these fittings allowed to extract the following
values for Ad: 14 nm2, 26 nm2 and 95 nm2 for 41%, 56% and 75%
porosities, respectively. Such damage cross-sections exceed by
three orders of magnitude the cross-sections An for displacement
events via nuclear processes reported in Table 1. This confirms that
the disorder creation in PS targets is necessarily due to the elec-
tronic slowing-down of the projectiles. The increase of Ad with
the porosity P can be ascribed to the thermal conductivity KPS of

Table 1
Main features of the ion irradiations in Si: incident energy (E), projected range (Rp),
electronic (Se) and nuclear (Sn) stopping powers. An is the cross-section for
disordering the target surface via elastic processes (see text).

Projectile E (MeV) Rp (lm) Se (keV nm�1) Sn (keV nm�1) An (nm2)

130Xe 29 6.8 6.4 0.24 0.032
130Xe 91 13.7 10.9 0.10 0.012
238U 110 14.2 12.3 0.35 0.040
238U 850 47.6 27.0 0.07 0.008

Fig. 1. Fluence evolution of the Raman spectra recorded on 56% porosity PS targets
irradiated with 238U ions of 110 MeV energy. Each spectrum is normalized to the
intensity of its highest peak.
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