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While the electrical conductivity of semiconductors can be easily changed over order of magnitudes (8 in
silicon) by playing on the doping, the thermal conductivity (TC) control is a challenging issue. Neverthe-
less, numerous applications require TC control in Si down to 1 W m�1 K�1. Among them, there are ther-
mal insulation requirements in MEMS, thermal management issues in 3D packaging or TC reduction for
thermoelectric applications. Towards this end, the formation of nanoporous Si by electrochemical anod-
isation is efficient. Nevertheless, in this case the material is too fragile for MEMS application or even to
withstand CMOS technological processes. In this work, we show that ion irradiation in the electronic
regime is efficient for reducing TC in meso-porous Si (PSi), which is more mechanically robust than
the nanoporous PSi. We have studied three different mass to energy ratios (238U at 110 MeV and 130Xe
at 91 MeV and 29 MeV) with fluences ranging from 1012 cm�2 to 7 � 1013 cm�2. The sample properties,
after irradiation, have been measured by infrared spectroscopy, Raman spectroscopy and scanning elec-
tron microscopy. The TC has been measured using scanning thermal microscopy. Although, bulk Si is
insensitive to ion interaction in the electronic regime, we have observed the amorphisation of the PSi
resulting in a TC reduction even for the low dose and energy. For the highest irradiation dose a very
important reduction factor of four was obtained.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Crystalline silicon is the material of choice for fabrication in the
majority of micro-electro-mechanical systems (MEMS) and sen-
sors. Among MEMS, energy harvesting devices are intensively
studied nowadays due to the development of wireless applications.
One of the main issues, to get suitable yields in these devices, is to
be able to separate hot points from cold points. Toward this end,
tuning of Si thermal conductivity (TC) from the high bulk value
of 156 W m�1 K�1 down to the very low values of insulating mate-
rials like glass (1–2 W m�1 K�1) is a challenging issue. One of the
most efficient approaches is to fabricate porous silicon (PSi).
Indeed, (PSi) made by electrochemical etching of single crystal sil-
icon wafers (c-Si), has a TC which is 2–3 orders of magnitude lower
than that of bulk c-Si [1,2]. However, there is a limit to the reduc-
tion in TC which can be obtained by increasing porosity, as porosi-
fication also has a detrimental effect on the mechanical properties
of PSi [3].

A trade-off must therefore be found between TC and mechanical
performance. An approach is to perform a slight oxidation of the
PSi. By this way, a reduction of TC by a factor of two has been
achieved [4,5]. Further oxidation is not useful as, from one hand,
it causes swelling and stress in the PSi layer which are detrimental
for MEMS processing [6,7], and from the other hand, as oxygen
incorporation reduces porosity, TC increases again beyond a given
limit [4,5]. Consequently, alternative techniques for reducing the
TC of PSi without increasing its porosity or damaging it, are desir-
able. One way is to amorphise Si as disorder reduces thermal trans-
port in crystalline solids [8]. In the case of Si this gives a two order
of magnitude reduction with values ranging between 1 and
5 W m�1 K�1 depending on the fabrication process [9].

In this work, we propose to use ion irradiation to render PSi
amorphous in order to combine the TC reduction due to porosity
and amorphisation. As we aim to keep the PSi material structure,
nuclear interactions which are known to cause amorphisation,
are nevertheless not desired. Indeed, in this regime crush down
of the PSi material occurs. For instance, a previous study on the
irradiation of PSi in the nuclear regime showed that irradiation
with 4 MeV 4He+ ions caused a densification of the porous layer
[10]. Consequently we use swift heavy ion irradiation. Indeed, in
most of covalent insulating materials and in given binary semicon-
ductors this irradiation causes the creation of a cylindrical
damaged zone (‘‘latent track’’) along the path of the ions [11,12].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.nimb.2014.06.032&domain=pdf
http://dx.doi.org/10.1016/j.nimb.2014.06.032
http://dx.doi.org/10.1016/j.nimb.2014.06.032
http://www.sciencedirect.com/science/journal/0168583X
http://www.elsevier.com/locate/nimb


A
bs

or
ba

nc
e 

(a
.u

.)

δSiH1,2 δSiO-H δOySiHx

g

f
e
d
c

b

28 M. Massoud et al. / Nuclear Instruments and Methods in Physics Research B 341 (2014) 27–31
In the case of PSi, irradiation with swift heavy ions has also been
carried out in order to improve its photoluminescence efficiency
[13–15] but these studies lacked a structural analysis of the irradi-
ation-induced effects.

In a previous work [16], we have shown amorphisation and TC
reduction of PSi after irradiation with 238U at 110 MeV. In this
work, extended results for different energy and mass ion at various
doses are presented. Toward this end, we fabricated PSi with 56%
porosity and we have irradiated it with 238U and 130Xe ions at dif-
ferent energies and fluences. The samples properties have been
investigated using infrared and Raman spectroscopy, scanning
electron microscopy (SEM) and their TC was evaluated by scanning
thermal microscopy (SThM).

2. Material and methods

The porous silicon (PSi) samples were obtained by electrochem-
ical etching of p+ (q = 0.01–0.02 X cm) monocrystalline (100) Si
wafers. The etching process was carried out in a Teflon cell, using
a (1:1) HF (48%) – ethanol mixture. A pulsed current was used,
with zero-current etch-stop periods (4 s stop for 1 s on) to improve
uniformity of the thick (10 lm) PSi layers [17]. The current density
amplitude during the pulse, was fixed to 150 mA cm�2 which gave
a porosity of 56% for all the samples studied here. This porosity was
measured by infrared reflectivity using an effective medium model
for the refractive index. The PSi targets were irradiated at the SME
and IRRSUD beam lines of the GANIL accelerator (Grand Accéléra-
teur National d’Ions Lourds, CAEN France), using 130Xe ions
(91 MeV and 29 MeV energies) or 238U ions (110 MeV energy). In
all cases, the nuclear stopping power is far below the electronic
one calculated in bulk Si from the SRIM2013 code [18] and the pro-
jected range exceeds the PSi thickness except for 29 MeV 130Xe
irradiation. Considering that the calculation was done for bulk Si
we can assume by simple density consideration that in 56% PSi
the projected range might double. These parameters are listed in
Table 1. The ion fluence ranged between 1012 and 7 � 1013 cm�2.
All irradiations were performed at room temperature with a flux
limited to 109 cm�2 s�1 in order to avoid any overheating of the
targets. The samples composition and surface chemistry were
studied by infrared spectroscopy (Bruker Vertex 80 spectrometer)
in attenuated total reflectance (ATR) mode using a Ge prism (Spe-
cac). Their morphology was evaluated using SEM in cross section
on cleaved samples and Raman spectroscopy (Renishaw RM 1000
spectrometer) in micro Raman mode (objective magnifica-
tion � 50) with a laser excitation at 532 nm. During the Raman
experiment, the laser power was reduced in order to prevent sam-
ple heating by the laser beam. Indeed, as the 56% PSi TC is about
20 times lower than the one of bulk material, usual laser powers
in the 10 mW range cause heating and consequently spectral shift-
ing to lower energies and broadening. Finally, TC was measured
using the SThM technique, which is based on atomic force micros-
copy (AFM). For the measurement, a thermoresistive wire probe
mounted on the AFM cantilever is excited by a DC current. The
probe is then heated by Joule effect. When this probe is brought
to contact with the sample, it locally delivers heat to the sample
and consequently cools down. The electrical power required for
maintaining the probe’s temperature constant while it contacts
Table 1
Main characteristics of the ion irradiations calculated for bulk Si for the different
projectiles and incident energy (E): projected range (Rp), electronic (Se) and nuclear
(Sn) stopping powers at the incident surface.

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

130Xe 29 6.8 6.4 0.24
130Xe 91 13.7 10.9 0.1
238U 110 14.2 12.3 0.35
the sample depends on the sample’s TC. This procedure is exploited
for determining k after calibration with samples of well-known TC
[19].

3. Results and discussion

3.1. Surface chemistry

The infrared absorbance in the middle infrared range is dis-
played in Fig. 1 for 238U irradiation. The same features are observed
in the case of 130Xe irradiation and are summarized below. As the
ion fluence increases:

(i) The SiH and SiH2 bending modes at 625 cm�1 and 660 cm�1

respectively vanish for fluencies higher than 1012 cm�2. The
same is observed for the SiH, SiH2 stretching modes at
2082 cm�1 and 2112 cm�1 (not presented in Fig. 1).

(ii) In the same way a pronounced peak at 880 cm�1 attributed
to OySiHx bending mode in PSi [20] also vanishes quickly. For
the highest fluence, a broad peak with small low energy
shift, which may be due to Si–O–Si bending, seems to
reappear.

(iii) The broad peak at 800 cm�1 attributed to SiO–H bending
slightly increases with irradiation fluence. The same is
observed for the broad stretching mode band of SiO–H
between 3100 cm�1 and 3600 cm�1 (not presented in Fig. 1).

(iv) The well known symmetric and asymmetric Si–O–Si stretch-
ing modes at 1070 cm�1 and 1180 cm�1 respectively are
broadening especially for the highest fluences
(3 � 1013 cm�2 and 7 � 1013 cm�2).

Globally the observed features indicate a reduction but not total
disappearance of the surface H bonding accompanied by a slight
oxidation of the sample for all fluences higher than 1012 cm�2.
The Si–O–Si stretching bands are not growing in intensity as it
would be expected for a volume oxidation of the crystallites but
are broadening due to the formation of Si–O surface modes and
maybe also due to partial amorphisation of the sample. This possi-
ble amorphisation of the sample is most probable for the
3 � 1013 cm�2 and 7 � 1013 cm�2 fluences, for which all of the
spectra peaks are broadened.

3.2. Morphology

Fig. 2a presents SEM image of non-irradiated PSi also in the case
of 238U irradiation. The formed PS is mesoporous (pore width
600 700 800 900 1000 1100 1200 1300 1400 1500
Wavenumber (cm-1)
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Fig. 1. Infrared absorbance spectra obtained in ATR mode for 56% porosity Si
irradiated with 238U at 110 MeV. For easier observation, the spectra have been
shifted vertically starting from the non irradiated sample up to the sample
irradiated with the highest fluence (a: non irradiated; b: 1012 cm�2; c :
3 � 1012cm�2; d: 7 � 1012cm�2; e: 1013 cm�2 ; f: 3 � 1013 cm�2 and g:
7 � 1013cm�2).



Fig. 2. Cross-section SEM images of 56% porosity Si. (a) Non irradiated sample. (b–d) Samples irradiated with 238U at 110 MeV with respective ion fluences of 3 � 1012 cm�2,
1013 cm�2 and 3 � 1013 cm�2.

Fig. 3. Raman spectra of 56% porosity Si irradiated with 29 and 91 MeV 130Xe for
different fluences. The red spectra are for the 29 MeV energy and the blue ones for
the 91 MeV energy. The vertical dashed lines at 480 cm�1 and 520 cm�1 are guide
for the eyes to follow the intensity evolution of amorphous Si Raman peak and
porous Si Raman peak respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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between 2 and 50 nm). It is formed of dendritic silicon quasi-col-
umns, with a diameter on the order of 10 nm, perpendicular to
the wafer surface, and separated by pores. These quasi-columns
remain monocrystalline and retain the crystalline orientation of
the substrate. For the non-irradiated sample, the ramification of
the dendritic structure ends with small spike structures with a
width of few nanometers. As the fluence is increased up to
7 � 1013 cm�2 the PSi skeleton remains unchanged and the sample
porosity does not change. As stated in the experimental part from
the calculated values of Se and Sn (see Table 1), this proves that the
dominant interaction regime is the electronic one. Indeed, in the
case of nuclear interaction with such heavy ions like 238U, the cas-
cade of collisional damages is expected to crush down the porous
structure as was observed for 4 MeV 4He+ irradiation [10]. Never-
theless, for 3 � 1013 cm�2 and 7 � 1013 cm�2 fluences, small rami-
fications are turning into beads. This morphology at the
ramification ending calls to mind solidification of molten Si droplet
which may have been formed during irradiation. Indeed, according
to the thermal spike model [21], the target electrons, previously
excited by the incoming ions in the first 10�15 s following their
passage, transfer their energy to the crystal lattice via electron–
phonon coupling (10�12 s). This in turn can cause the target to melt
locally, if the deposited energy density is high enough. If PSi crys-
tallites are not totally melted, liquid phase epitaxial regrowth
could occur during cooling down. In the opposite case, amorphous
Si will form as it appears in infrared measurement for the highest
fluences. In order to obtain a more accurate evaluation of the
amorphous fraction present in the sample, Raman spectroscopy
was used.

Indeed, Si amorphisation results in selection rules breakdown,
which makes all phonon modes observable in Raman spectroscopy
and not only the optical mode in Brillouin zone center (k = 0). Con-
sequently a complex spectrum in which intensity is mainly propor-
tional to phonon density of states, as all phonons can be seen, is
extending from 0 to 521 cm�1. One empirical way to determine
the amorphous fraction from this spectrum is to compare the Si
crystalline Raman peak area to the area of the TO branch peak
appearing at 480 cm�1 in amorphous material [22]. The amor-
phous fraction can be obtained directly, this way, if Raman cross
sections of amorphous and crystalline (or porous) Si are considered
equal. As the ratio of these cross sections spreads from 0.1 to 1.7 in
the literature [22–27] we have chosen the simple value of 1 as our
goal is more to show a trend with increasing fluence than to obtain
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an absolute value of amorphous fraction. The Raman spectra for
29 MeV and 91 MeV 129Xe irradiation at different fluences are
shown in Fig. 3. As can be observed for the non irradiated sample,
the PS peak is asymmetrically broadened towards lower wave-
numbers. Its position is also shifted by a few cm�1 to lower wave-
numbers in comparison to bulk Si. These changes are usually
ascribed to phonon confinement in the PSi crystallites [28,29].
After irradiation, for an increasing dose, the broad band centered
at 480 cm�1, typical of amorphous Si is clearly increasing. At equiv-
alent fluence, the intensity of this band is higher for the higher irra-
diation energy (higher electronic stopping power, see Table 1). The
evolution of the amorphous fraction with ion fluence is shown in
Fig. 4 on a logarithmic scale. The linear trend of these curves shows
that the damage creation kinetics follows a classical Poisson’s law.
In the case of 238U irradiation at 110 MeV, the electronic stopping
power (12.3 keV nm�1) is higher, and full amorphisation (disap-
pearance of the PS Raman Peak) is observed at 3 � 1013 cm�2 flu-
ence. Nevertheless we have to notice that in the case of bulk Si
the only known method for creating amorphous tracks is to irradi-
ate the sample with fullerenes [30], which have a much higher
electronic stopping power than uranium and other single ions
[31]. Comparing PS properties to the bulk material ones, it appears
that the main reason for amorphous track creation by swift heavy
ions irradiation is the considerably lower TC of the porous material.
Indeed, in the case of 56% porosity, the TC (6–7 W m�1 K�1) is
approximately 25 times lower than the one of bulk Si. With this
TC approaching the one of dielectric materials, according to the
thermal spike model, the target temperature after electron–pho-
non coupling reaches the melting temperature thus inducing
amorphous track formation along the projectile path. In order to
verify this low TC value and to study the impact of ion irradiation
on this material property we have measured this parameter.
1,5

2,5

3,5

10 20 30 40 50 60 70 80 90

T
he

rm
al

co
nd

uc
ti

vi
ty

Amorphous fraction (%)

Fig. 5. Thermal conductivity as a function of amorphous fraction. The straight lines
are linear fits to the data. As in Fig. 4, black lines with filled symbols stand for
91 MeV energy ions, while gray lines with open symbols correspond to the 29 MeV
energy.
3.3. Thermal conductivity

The samples’ TC was estimated from the SThM measurements,
as exposed in Section 2, using interpolation between well-known
TC of calibrated samples. Note that the surface state of these bulk
reference materials can be different from the PSi one. Conse-
quently, the real TC values may depart slightly from the estimated
ones. The results are presented in Fig. 4 (right hand axis) as a func-
tion of the fluence on a logarithmic scale. As can be observed, the
TC for both irradiation energies decreases almost linearly with
the logarithm of the fluence down to a very low value of
1.7 W m�1 K�1. This represents a 4 times reduction in comparison
to the non-irradiated sample. On the same figure (left hand axis)
is represented the evolution of the amorphous fraction with the
fluence which clearly demonstrates that damage caused by irradi-
ation in the electronic regime causes amorphisation. Additionally,
FTIR measurements have shown that irradiation results in a sur-
face oxidation of the nanocrystallite. This oxidation occurs at the
lower doses (between 1012 cm�2 and 3 � 1012 cm�2). Consequently
both surface oxidation and amorphisation (as amorphous Si has
lower TC than crystalline Si) can explain the strong reduction
observed in TC for the irradiated samples. Since H related peaks
in FTIR measurements disappear for all fluences higher than
1012 cm�2, we can consider that the surface oxidation is the same
for all the fluences higher than 1012 cm�2 and, consequently, that
the role of surface oxidation is also the same. The main factor of
TC reduction with increasing the irradiation fluence, is then the
amorphisation. This is confirmed by the linear dependence
between TC and amorphous fraction as can be observed in Fig. 5.
From an applicative point of view, this graph shows the possibility
to adjust the TC by varying the amorphous fraction (i.e. by varying
the fluence for a given ion and energy). Towards this end, it will be
interesting in future work to reduce both the ion irradiation energy
and the ion mass in order to investigate if amorphisation by elec-
tronic interaction still occurs in PSi for more usual irradiation con-
ditions than the one used in this work.
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4. Conclusion

We have shown that swift heavy ion irradiation with 110 MeV
238U ions and also 91 MeV and 29 MeV 129Xe ions can create an
amorphous phase in mesoporous silicon, while no effect is
observed in bulk material. Combined with a partial surface oxida-
tion observed in FTIR, this amorphisation results in a considerable
reduction of the PSi TC. This amorphisation is assumed to result
from the following mechanism: the PSi small ramification melt
due to electronic interaction, as can be explained by the thermal
spike model, and lose their crystallinity during re-solidification.
Nevertheless, the PSi keeps its global structure with no change in
porosity. As a consequence, it is possible to adjust the amorphous
volume fraction and therefore the TC by varying the ion fluence.
We have shown that this value can be reduced by a factor of 4 in
comparison to the non-irradiated PSi, down to 1.7 W m�1 K�1 for
a porosity of 56%. To obtain such a low value without irradiation,
processes involving much higher porosity and/or an oxidation step
would be needed. In these cases, the sample mechanical properties
are degraded which makes it less suitable for micro-technological
processing. From this applicative point of view, we plan to try more
conventional irradiation with lighter ions at lower ion energy. As,
partial surface oxidation also occurred after irradiation, the pore
chemical stability with time and consequently the TC value stabil-
ity (i.e. aging of the sample) is also an issue to be addressed in
future work regarding device application.
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