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Abstract: Optical emission resulting from sputtered species during ion bombardment

of porous and oxidized porous silicon targets has been studied. Samples were

bombarded with 5-keV Krþ ions at an incidence angle of 70 degrees, and the light

emitted was analyzed over the wavelength range 200–300 nm. The surface mor-

phology was investigated, and the micrographs revealed grooves parallel to the

plane of incidence when the porosity was surprisingly observed in the grooves under

each pore. The results are discussed as a function of the incidence angle and the

porosity of the silicon targets.
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INTRODUCTION

In recent years, porous silicon (PS) has received considerable attention due to

its interesting properties.[1 – 7] Some studies focused on the emission of light

from sputtered and scattered excited particles as well as from the solid

under energetic ion bombardment.[8,9] However, to our knowledge, no

studies on PS layers morphology were performed after ion bombardment.

In this work, we present some light emission results from PS and oxidized

PS surfaces during 5-keV Krþ ion bombardment at room temperature. The

experiment was performed with an optical emission spectrometer installed

at the Cadi Ayyad University in Marrakech. The light emission caused by

the ion–surface interaction is technically referred to as the beam-induced

light emission (BLE) or sputtered ions photons spectroscopy (SIPS).[10,11]

In our team, this optical emission method is developed under the acronym

ASSO (Analyse de Surfaces par Spectroscopie Optique).

After ion bombardment, scanning electron microscopy (SEM) was used

to study the surface morphology of ion-irradiated PS at oblique incidence.

An attempt was made to understand the observed morphology in terms of

various processes that occur during ion bombardment.

MATERIALS AND METHODS

Porous silicon was obtained by an electrochemical anodization of (100)-

oriented single crystalline silicon in 20% hydrofluoric acid solution in

ethanol. The anodization was carried out at room temperature on highly

doped p-type silicon wafers (r ¼ 3 to 7 mVcm). The imposed anodic

current density was 100 mAcm22, and under these conditions the porous

layer is 10 mm thick after 240 s with 80% porosity.[12] The samples were

rinsed with distilled water several times, then with ethanol before drying

and subsequently treated for few seconds in NaOH or in SF6 plasma.

Oxidized silicon was obtained by double oxidation at very high temperatures

following the receipt reported by Guendouz et al.[13]

The targets were mounted inside a high vacuum chamber on a sample

holder that can rotate to change the angle of incidence and also permit a trans-

lation of samples. The ion beam was incident at 70 degrees with respect to the

sample surface normal. The target chamber was pumped separately by a

500 L/s turbomolecular pump backed by a diaphragm pump. The gas

pressure was measured by a Penning gauge (Balzers TPG 300)and the

residual pressure was about 1027 mbar. The emitted light was analyzed

through a R320 Jobin-Yvon monochromator equipped with an 1800 grooves

holographic grating. The analyzed light was transmitted to a Hammatsu

R4220P photomultiplier, and the experiment was controlled by a microcom-

puter. A more detailed experimental setup has been described earlier.[14]
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The beam-induced light emission method was recently used in a study

of the surface of the binary alloy AlMg.[15] Its particularly adapted to

follow the oxide coatings that are formed on the samples after introduction

of the O2 gas under controlled pressure. Ghose et al.[16] studied the effect of

the layers of SiO2 that are formed in the presence of oxygen on silicon sub-

strates. In our experiments, the single-crystalline silicon, PS, and oxidized

PS samples are placed in a vacuum enclosure with a pressure better than

1027 mbar. The light signal is studied as a function of the energy of the

incident ions and the angular position of the sample-target relatively to the

incident beam. The wavelength range explored in this study extends from

200 to 300 nm with spectral resolution of 3 Å.

Samples are initially bombarded to eliminate the surface oxide layers that

can be formed after their fabrication. The stabilization of the visible signal

is obtained after a few minutes. After this step, the emitted particles reflect

the chemical composition of the volume of the sample. The experimental

conditions under which we recorded our spectra are summarized in Table 1.

The photon yield or intensity was measured in photon counts per second.

The morphology of treated PS and oxidized PS surfaces before and

after ion beam bombardment was observed by SEM. In a detailed SEM

investigation, we will show that ion beam bombardment at oblique

incidence u ¼ þ70 degrees results in significant modifications of the struc-

tures of the surfaces. The SEM experiments were performed at the Jean

Rouxel Materials Institute (Nantes, France).

RESULTS AND DISCUSSION

Figures 1, 2, and 3 show typical emission spectra obtained from 5-keV Krþ

ion-beam bombardment of silicon, PS, and oxidized PS, respectively. All

the spectra were recorded at a base pressure of �1027 mbar. The light

intensity first rises sharply and then declines exponentially. For our

samples, it takes a few minutes (�10 min) to settle down to steady value as

shown in Ref. 17. For PS (Fig. 2) and oxidized PS (Fig. 3), 10 atomic lines

Table 1. Experimental conditions for recording the ASSO luminescence

spectra

Angular position 70 degrees

Pressure ,1027 mbar

Monochromator fonts 400 mm

Spectral range 200–300 nm

Resolution 0.30 nm

Time 1 s

Current sample 0.5–0.6 mA

Ions energy 5-keV
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are observed under these experimental conditions and attributed to neutral Si I.

Some of these atomic lines are totally absent in the silicon target spectra

(Fig. 1). The attribution of wavelengths and intensities of principal atomic

lines observed are reported in Table 2. The corresponding atomic transitions

are also presented.

The measured wavelength values are in perfect agreement with those

found in the literature when a correction of approximately 0.2 nm is taken

into account. This systematic shift is due to the calibration of the stepper

motor that controls the wavelengths of the monochromator.

Figure 2. Photon spectrum after 5-keV Krþ ion bombardment of PS.

Figure 1. Photon spectrum after 5-keV Krþ ion bombardment of Si.

K. Berrad et al.756

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
2
:
5
3
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



The absolute intensity (counts per second) of the Si I lines is higher in the

case of PS (Fig. 2) and oxidized PS (Fig. 3) samples than in the silicon (Fig. 1)

substrates. However, it is more pronounced in the oxidized PS substrates. The

results suggest that both porosity and oxidation result in an increase of the

signal. Oxidation is responsible for increase in the intensities of the lines

when one passes from silicon to oxidized silicon as observed in our

previous work.[8] It also seems that the porosity reinforces the fast oxidation

of the pores on the surface and increases the intensity of the signal.

The change in the intensities of the spectral lines as a function of the

nature of the sputtered surface can be explained by the interaction of this

surface with the excited species formed in its vicinity. In the framework of

the electron exchange model,[18] this interaction leads to a competition

between the radiative and nonradiative transitions of the excited species.

Figure 3. Photon spectrum after 5-keV Krþ ion bombardment of oxidized PS.

Table 2. The strongest identified lines in PS, under 5-keV Krþ impact, in the 200–

300 nm range

lmes llit Dl Transition

(nm) (nm) (nm)

221.2 221.0 0.20 Si I: 3s 3p3 3D0
2–3s2 3p2 3P1

221.8 221.66 0.14 Si I: 3s 3p3 3D0
3–3s2 3p2 3P2

243.7 243.51 0.19 Si I: 3s2 3p 3d 1D0
2–3s2 3p2 1D2

250.9 250.69 0.21 Si I: 3s2 3p 4s 3P0
2–3s2 3p2 3P1

251.8 251.61 0.19 Si I: 3s2 3p 4s 3P0
2–3s2 3p2 3P2

252.6 252.41 0.19 Si I: 3s2 3p 4s 3P0
0–3s2 3p2 3P1

288.4 288.16 0.24 Si I: 3s2 3p 4s 1P0
1–3s2 3p2 1D2
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Clearly, the porosity and the oxidation of silicon targets lead to significantly

higher line intensities, suggesting an increased number of radiative transitions

in this case. The role of the oxidized surface in PS is not completely under-

stood. There have been some attempts made to explain this effect in terms

of an inhibition of possible radiation-less de-excitation, due to the band gap

in the SiO2 porous oxide.[16]

The microstructure of PS was investigated using SEM. Figure 4 shows

micrographs of PS (a) and oxidized PS (b). The anisotropic structure of the

porous layers can be clearly seen. The porosity is presented in the form of a

network of pores separated by single-crystalline silicon. Particularly

oxidized PS shows well-defined pore structure and pore distribution. In our

Figure 4. (a) Morphology after anodization of p-type substrate as reported for the

experimental conditions of PS. (b) Morphology after anodization of p-type substrate

as reported for the experimental conditions of oxidized PS.
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conditions, the pore diameter ranges from 20 to 50 nm and the porous layer is

10 mm thick after 240 s.[19] On the other hand, electron diffraction showed that

the walls of the pores keep the orientation of single-crystalline silicon.[2]

The pore structure on the surfaces after ion beam bombardment is shown on

the SEM micrographs of Fig. 5 (for PS with a magnification �20,000) and Fig. 6

(for oxidized PS with a magnification�60,000). Experiments were realized at an

incidence angle u ¼ þ70 degrees with respect to the sample surface normal. For

the SEM image shown in Fig. 5, it can be clearly seen that the new orientation of

Figure 5. A typical micrograph of the PS surface after 30-min ion bombardment

(�20,000).

Figure 6. A typical micrograph of oxidized PS surface after 30-min ion bombard-

ment (�60,000).
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the pores on the surfaces of the porous layers is in the direction of the incidence

angle of the ion beam. Particularly, it appears that the pore structure is oriented in

the plane of incidence of the ion beam. Needle-like features oriented in the

direction of the incidence was observed by Fournier et al.[20] on smooth

surfaces of beryllium targets under 5-keV krypton beam. In our case, it seems

that the ion beam reoriented the columns structures of the PS surface in the

direction of incidence of the ion beam. To our knowledge, such an effect has

never been observed or reported on PS layers before.

The ion-beam sputtering has also revealed the internal structure of the PS

pores. What has surprised us in these observations is the presence of pores on

the internal surface of the long porous columns that form on the surface of

the substrates. To our knowledge, no published works have observed such

features on PS using ion-beam sputtering. This result, which is obtained using

oblique incidence ion-beam abrasion of porous surfaces, could have a repercus-

sion on the preceding studies carried out on porous silicon substrates such as the

estimation of the specific surface areas from the pore diameter and pore depth

only. The origin of the observed pores within the columns is not yet understood.

It may be due to the initial attack by HF or induced by ion-beam sputtering.

Further analysis by SEM of cross sections of the sputtered areas of PS

substrates could be used to determine the penetration depth of the ion beam

in the surfaces of porous layers. The study by SEM of PS and oxidized PS

silicon surfaces after attack by ion beam will allow one to follow the

internal morphology of the pores.

CONCLUSIONS

Light emission under 5-keV Krþ ion bombardment of PS and oxidized PS

layers was analyzed in the 200–300 nm wavelength range. The results

suggest that the enhancement of intensity of the spectral lines is caused by

the oxidation of the pores. For PS, the photon yield increases instantaneously

to a high value as in the case of the sputtering of oxygen-rich surfaces.

The structure and morphology of the pores were followed by SEM. We

have shown that after ion bombardment at oblique incidence, the PS layers

take an orientation following the plane incidence of the ion beam.

Thanks to ion bombardment, we also observed porous structure inside the

column pores. This result makes it possible to increase specific surface at the

time of the filling of the pores by active materials necessary to the fabrication

of composites.
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