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Summary

We report on local photo-induced oxidation of porous silicon in
water at room temperature. Starting from a nonluminescent
sample, the oxidation process induces luminescence which
was found to first increase and then decrease as a function
of the oxidation time. A clear blue shift is also observed. This
effect is believed to be owing to size modification of silicon
nanocrystallites and thus is explained in terms of quantum
confinement. Optical near-field images and spectrum are
used to monitor the photoluminescence modifications after
oxidation. As the photoluminescence can be widely tuned in
wavelength and intensity, this method offers a way to pattern
the emission properties of the sample.

Introduction

The photoluminescence (PL) of porous silicon (PSi) has been
widely studied during the last decade. Several models were
proposed to explain this property. The most extensively used
is the quantum confinement model initially proposed by
Canham (1990). This model takes into account quantum
size effect on the silicon band gap and the momentum
conservation rules. Although a wide range of experiments
can be explained with this model it appears clearly that the
surface and more especially the native oxidation has to be
also taken into account. This was confirmed in 1999 by
the experiment conducted by Wolkin et al. (1999). They
show that, by simple chemical dissolution in hydrofluoric
solution (HF), the luminescence can be tuned from Neon
infrared (NIR) to the ultraviolet (UV) as long as the sample
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has never been exposed to air (not oxidized). Often expected,
this effect has only been observed in the past in situ in liquid
phase in HF (Bsiesy et al., 1993). Although in both cases
the size reduction of the nanocrystallites and thus quantum
confinement explains the blue shift of the emission, Wolkin
et al. shows that for a nanocrystallite size typically smaller than
2 nm, the emission is no longer size dependent but is fixed by
the native oxide layer. In addition to surface effects, the relation
between the nanocrystallite size and PL is further complicated
by the fact that in PSi, the nanocrystallite are linked together
forming a network and that carrier tunnelling between the
crystallites can also occur (Vial et al., 1992).

As already mentioned, PL can be tuned chemically
by dissolution in HF. Depending on the intrinsic carrier
concentration this effect can be strongly influenced by light
(photo dissolution). To minimize this effect, PSi is usually
anodized in the dark. However combined with well-defined
illumination patterns it has been shown that photo dissolution
can be used to selectively modify PSi properties such as
porosity, refractive index and PL (Lerondel et al., 1997a,b).
First demonstrated on the micrometre scale by holography in
the visible, PS photo-induced patterns have later been obtained
at the submicrometre scale using near-field optics (Diesinger
et al., 2002), however, with the difficulty of using glass fibre in
HF. Beside photo dissolution in HF, it is also well known that PSi
photoluminescence can be drastically modified when exposed
to air. The oxidation process is believed to be responsible
for these changes. Thus, various environmental parameters
and their effects on the ageing of the material have been
investigated. To mention one, the illumination during ageing
induces strong modification of the PL spectrum. For example
samples stored in dark show a slight modification of their
emissions properties compared with those stored under light
(Canham, 1990). These results suggest that PL can be widely
modified by photo oxidation (Koropecki et al., 2004). We
recently reported on local photo oxidation of PSi in water (Juan
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et al., 2007). Compared with photo-induced dissolution (in
HF atmosphere), photo oxidation can be performed in ’inert’
atmosphere (air; water) and thus, can be seen as a soft process.

In this paper, we investigate further the mechanism at the
origin of the photo-induced pattern and perform near-field
characterization. The use of water as oxidation medium rather
than air was mainly motivated by the oxygen concentration.
PSi samples are immersed in water and exposed under
various illumination patterns. Both scanning near-field optical
microscopy (SNOM) and atomic force microscopy (AFM) have
been used to image the obtained photo-generated structures.
The SNOM offers a way to locally investigate the emission
properties of the PSi after oxidation. Moreover, we used a
spectrometer coupled to the SNOM to analyse local spectrum
of the PL. In addition, AFM provides information on the
topographic modification of the sample.

Materials and methods

PSi substrate preparation

PSi samples have been prepared by electrochemical etching
in HF. The back face of the silicon substrate is gold coated
to be conductive. The second electrode is circular shaped,
immersed in the electrolyte. The current density is maintained
constant using a current generator. Depending on formation
parameters, pore size, porosity and layer thickness can be
adjusted. PSi substrates have been classified depending on
the pore size of the porous layer: microporous or nanoporous
(<2 nm), mesoporous (2–50 nm) and macroporous (>50 nm)
(Cullis et al., 1997). P-doped silicon substrates are used for the
formation of nanoporous silicon layer. Because the main point
of this study is the PL of the PSi sample and its modification
after oxidation, only p-doped silicon substrates (1.5–2 ohmcm)
have been used here. Experiments have been conduced on two
main different types of samples. Type A samples were anodized
for 20 s in a 35 : 30 : 35 HF : ethanol : H2O solution using a
16.6 mA/cm2 current density. Type B samples were anodized
in the same condition but for 3 min. The porosity of type A
and B sample is 51%. Further details about anodization can be
found elsewhere (Lerondel et al., 1996; Setzu et al., 1998).

Illumination setup

Two kind of illumination have been used for photo-induced
oxidation of PSi; a focused Gaussian laser beam (120-m-wide
spot) and an interferometric pattern produced by
overlapping two coherent laser beams. Because of wettability
consideration, the PSi sample was immersed in water and
ethanol rather than only water during the exposition. In
both cases, the λ = 514 nm line of Argon laser was used as
illumination source.

Scanning probe microscopies

SNOM has been used to investigate PL modification after
oxidation. The SNOM is based on a tuning fork configuration.
Images were obtained in collection mode with a polymer
tip grown on a fibre (Bachelot et al., 2001). The tip was
metallized and the apex opened using a focus ion beam
setup to obtain a 50-nm aperture. SNOM photoluminescence
images were obtained through a photomultiplicator associated
to a high pass filter to reject the exciting laser wavelength
(405 nm), the image obtained is an integral over the
whole luminescence spectrum above the exciting wavelength.
Moreover, a spectrometer was coupled to the SNOM to get
local spectrum of the sample PL. In addition to the tuning fork
topographic images, AFM in tapping mode was used with ultra-
sharp silicon tip (POINTPROBE® PLUS, by NANOSENSOR,
Nanosensor Technology, Boston, MA, USA cantilever length:
225 μm and force constant: 48 N/m, tip radius <7 nm).

Results and discussions

Focused laser beam

A ’type A’ sample has been exposed under a focused beam
during 15 min. As the illumination profile was Gaussian
shaped, this single exposition allows us for the study of the
influence of the incident dose on the PL. The spot was expected
to be 120 μm wide. Figure 1 shows topographic and PL
images of the photo-induced structure. The focusing system
induced strong diffraction phenomena leading to the observed
annular fringes. The configuration provides a topographic

Fig. 1. (A) tuning fork image, (B) SNOM image of a photo-generated structure obtained using a focalized laser beam after 15 min exposure time at 1 mW.
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Fig. 2. (A) Raw photoluminescence spectra (black) and Gaussian fit (red), (B) SNOM image, and (C) fitted local photoluminescence spectrum obtained
on several points of the pattern [materialized on (B) by the squares]. The arrows in (B) and (C) are guide for the eye to emphasize the evolution of the
photoluminescence spectra as we move from the edge to the centre.

image (Fig. 1A), and in the same time a PL image (Fig. 1B).
These images show qualitatively the modification induced by
the oxidation on both topography and emission properties of
the sample. The oxidation has similar effect on both topography
and PL of the sample. Moreover, the pattern observed is
consistent with the illumination geometry (beam profile of
the illumination is not represented here for the sake of
clarity).

In addition to these images, a spectrometer has been used
to retrieve local PL spectrum on different points (13 points) of
the obtained structure (Fig. 2). A raw spectra and its Gaussian
fit are presented (Fig. 2A), the other spectrum have been fitted
using different parameters, only the fits are presented. The
fit error is around 2% for each spectrum. The PL spectra
taken on different points along the photo-generated structure
show strong modification of emission properties (Fig. 2C). Both
the maximum intensity and the wavelength at maximum
are modified. Considering that the PSi sample was initially
nonphotoluminescent, oxidation is thus believed to modify the
PSi layer enough to induce PL.

To get a closer look on the emission properties modification,
PL parameters have been plotted as a function of the position
on the structure (Fig. 3). As expected with the SNOM image,
the PL peak shows a maximum on the edge of the structure
(Fig. 3A). At the same time, the peak gets blue shifted from
the edge to the centre (Fig 3B). More precisely, this evolution
can be decomposed in two phases. On one hand, the peak is
blue shifted from 687 to 672 nm. On the other hand, in the

central zone (from –20 to 0 μm) the peak wavelength reaches
a saturation (at about 672 nm).

Although no structural and morphological observations
were performed in situ, the PL behaviour is fully consistent with
the quantum confinement model (Cullis & Canham, 1991;
Cullis et al., 1997; Cooke et al., 2004) together with Wolkin
et al.’s (1999) observations. Nanoporous PSi structure can
be approximated as a collection of silicon nanocrystallites
behaving as quantum dots. During the illumination, the
silicon nanocrystallites size decreased owing to the oxidation
of Si which is replaced by SiO2 or SiOx. As a consequence
one expects the PL to be strongly modified both in intensity
and in wavelength. Let us try now to figure out in more
details the process at the origin of these modifications. Recent
works (Martı́n-Palma et al., 2002, 2005) confirm that the
nanocrystallite size distribution is well described by a Gaussian.
The prepared PSi samples were initially nonphotoluminescent,
meaning that the nanocrystallites are not small enough to
induce PL. Under illumination, faster oxidation can be locally
induced. As previously observed (Cooke et al., 2004) the size
modification of the nanocrystallites have drastic effects on
the PL. Thus, during the first stage of the oxidation, the
size reduction would have been enough to turn few (the
smaller ones) nanocrystallites photoluminescent, leading to
a low PL signal. As the oxidation occurs, more and more
nanocrystallites reach the critical size, the global PL then
increases. On the other hand, if the oxidation is too strong
the silicon nanocrystallite will be fully oxidized leading to the
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Fig. 3. (A) Maximum intensity and (B) wavelength at the maximum intensity of the photoluminescence versus the position. Curves are guide for the eye,
and the arrows used in Fig. 2 are reminders.

extinction of the PL, this phenomenon took place at the centre
of the spot where the intensity was maximum. According to
the quantum confinement, besides the intensity modification,
the size reduction of the nanocrystallite must induce a blue
shift of the PL (if there is any). However this blue shift can only
be observed to some extend. For oxidized PSi both quantum
confinement and surface passivation have to determine the
electronic states of the silicon quantum dots. For the smaller
crystallites, localized states associated to Si = O bonds have
been evoked (Wolkin et al., 1999).

To summarize, during the oxidation process, together with
a blue shift, one expect the PL intensity first increases up to a
maximum and then decreases. This behaviour is in qualitative
agreement with the experimental observations (Figs 2 and 3).
Both intensity and blue shift suggest that the oxidation must
have been stronger in the central zone, which is consistent with
the intensity distribution.

Concerning the oxidation depth, previous works on
absorption of PSi (Lerondel et al., 2000) give a typical value
of the absorption (0.3–0.4 μm−1) for a ’type A’ sample,
corresponding to penetration depth of light of 2.5–3.3 μm.
As the porous layer thickness (200 nm) is small compared
to penetration depth, the material is thus homogenous and
the photo-induced oxidation occurs thorough the layer. At
the same time it is difficult to analyse the oxidation rate after
15-min exposure time. Based on previous work on passive
oxidation (without illumination) of ’type B’ samples, we have
anapproximationoftherequiredtime(30min)tofullyoxidizea
200-nm-thick PSi layer. We believed that the oxidation rate is
higher than 50% at the centre of the exposed area. Yet, work
is in progress to specify the evolution of the oxidation rate with
exposure time.

AFM images of the photo-generated structure are presented
Fig. 4, they present better resolution compared with shear
force images. The topographic modifications of the sample

are quite similar to the illumination pattern, as previously
observed. The height profile of the photo-generated structure,
presented Fig. 4(B), shows height shift between exposed
and nonexposed area. The oxidation process relying on the
oxidation of Si to SiO2 the global volume of the nanocrystallite
is believed to increase inducing the observed topographic
modifications.

Interferometric pattern

The aim was to achieve large-scale photo structuring of PSi
in water with better control of illumination geometry, thus we
used an interferometric setup. As seen before, the oxidation
kinetics can be locally enhanced with illumination, but for
the interferometric illumination the incident power density is
lower than in the case of the focused beam. Exposure time are
then hours long. Pattern stability was thus critical.

After oxidation on ’type B’ samples, the sample was
imaged by SNOM (Fig. 5A) and AFM (Figs 5B and C). The
topography was too smooth to be visible by our shear force
microscopy. According to the AFM image the topographic
pattern is approximately 10-nm deep, and the period is
7.3 μm. The photo oxidation can be driven with large-
scale illumination pattern. Moreover, the oxidation induces
topographic modification, in particular the size enhancement
of Si–SiOx cluster with the oxidation. For strong oxidation rate,
the pore size can be locally modified consequently to the strong
topographic modification and especially the swelling of the
Si–SiOx cluster.

Concerning the resolution, our setup is for the moment not
stable enough to lead experiment on the minimal theoretical
value of the spatial period of (λ/2n) where n is the water
refraction index. Indeed, for submicrometreic spatial value,
the exposition duration (approximately 2 h) and the stability
are not compatible. Nevertheless, a new approach based on a
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Fig. 4. (A) AFM image, and (B) height profile of the photo generated structure. The profile was retrieved along the white line in (A).

near-field illumination is under consideration to work on the
oxidation process at the nanoscale.

Conclusions

In summary, oxidation process induces both topographic
and PL modification. This oxidation can be driven by the
illumination conditions. Local tuning of the PL is then
achievable. Near-field imaging (both topographic and PL
imaging) of photo-generated structures shows strong local
modification of the topography and the PL spectra. Previous
work shows the feasibility of structuring PSi at the nanoscale

by photo etching (Diesinger et al., 2002). Photo oxidation of
PSi in water offers an alternative method to pattern PSi sample
at the nanoscale.
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