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PhotoluminescencéL) and Raman spectra were measured along a cross section of porous silicon
films at different oxidation times after application of anodic current transients. The average
crystallite size was determined from the Raman spectra with the standard phonon confinement
model. Before oxidation, the PL emission energy and crystallite size were found to be independent
of the layer depth. Also, the integrated PL emission was larger for the middle layers. The effect of
oxidation was a blueshift of the PL band and a decrease in the integrated emission for the outer
layers. The crystallite size increases for all layers, particularly the outer one§99® American
Institute of Physicg.S0003-695(97)03641-3

The study of porous silicofPS has attracted the atten- man measurements have been reported only for as-formed
tion of many researchers since the discovery in 1990 by-type porous silicort! In this paper we study depth-
Canham of its strong photoluminescenc¢BL) properties at resolved micro-Raman and PL spectra along the cross sec-
room temperature. Although many studies have appearebn of p-type porous silicon films at different oxidation
trying to give an interpretation for the PL emission mecha-states.
nisms, some fundamental questions remain unexplained and Porous silicon structures were obtained by anodization
the exact origin is still controversiar® of boron-dopedp-type) (100 silicon wafers with a resistiv-

Porous silicon is currently being considered as a materiaty of 0.1-0.5Q cm. The electrolyte consisted of a 2:1 HF
for Si-based optoelectronics devices. However, its ex- (48% wt/ethanol(98%) mixture. Samples were etched gal-
treme reactivity and fragility limit the processing by conven-vanostatically at a current density of 50 mA&ifior 5 min
tional silicon integration technologies. Recently, it has beerunder illumination, because samples etched in the dark
shown that partial oxidation enhances its thermal and chemishowed no luminescence emission. Porous silicon films were
cal stability™® The interface between silicon and silicon ox- 12 um thick and had a porosity of ca. 75%. After formation,
ide has very few of the undesirable surface states that quenghe samples were rinsed with ethanol and immersed in a 0.1
light emission. M Na,SO, aqueous solution. Anodic oxidation of the PS was

Porous silicon has pore diameters varying from a fewthen carried out under constant curreh&@ mA), using a
micrometers to several nanometers depending on the formanercurous sulfate reference electrode and a Pt counterelec-
tion conditions}'~**as observed by high resolution scanningtrode. Electrochemical measurements were made with a
and transmission electron microscoptédhe extreme fra- computer driven PAR Mo. 273 electrochemistry system.
gility of porous silicon makes the use of these characterizagpecial care was taken to ensure that the PS remained wet
tion techniques very complicated, and no information can bjuring the transit of solutions. Otherwise, a superficial crack-
gained about PL properties and their relation with crystalliteing can be producetf
size along the PS cross section. Therefore, Raman spectros- Three samples have been studied in this work. Sample A
copy has been extensively used to characterize the poroggnsists of fresh PS, i.e., not subjected to anodic oxidation.
silicon samples. When the crystallite size becomes vergample C was anodically oxidized until a rapid and signifi-
small, quantum confinement of phonons inside the particlegant potential increase was observed, indicating that, SiO
relax theq=0 selection rule, and phonons g# 0 become  formation had broken the electric contact. Finally, sample B
Raman activé™® The phonon peak broadens towards loweryas subjected to a partial oxidation, as the anodic current
energies and shifts slightly. The Raman lineshape and thgas stopped when only half the time needed for the elec-
shift can be related with the average size of nanocrystalgqoxidation of sample C had elapsed.
within the standard phonon confinement model. However, Raman and PL spectra were measured with a Renishaw
most studies have limited to the surface. Depth-resolved Raramascope 2000 spectrometer and afi laser at different
points along a PS cross section, yielding information at dif-
dElectronic mail: far@icmm.csic.es ferent layer depths. The spatial resolution was arougpainl
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g FIG. 3. Average silicon nanocrystal diameter vs depth for samples A, B, and
O C. Sizes were obtained with the standard phonon confinement model from
pzd the Raman spectra, measured at different points along the cross section of
the porous silicon films.

1.4 1-6, _1-8 2.0 2.2 2.4 state progresses, the intensity maximum moves to deeper
Emission energy (eV) layers. The bottom layer does not show any PL in sample A;

however, as samples are oxidizedmples B and I a weak
FIG. 1. Photoluminesceng®L) spectra measured along the cross section ofPL emission can be noticed

the porous silicon film at the bottofalose to the bulk silicon substratehe . h h . i |
middle, and the top surface layers, for a fresh santple a partly oxidized Figure 3 shows the average size of silicon nanocrystals

sample(B), and a sample oxidized till electric contact is broken. versus depth, obtained from the Raman lineshape with the
standard phonon confinement modfeThe crystallite diam-
eter in sample A is about 5 nm throughout the porous layers,

The laser power density on the sample was kept below o
24 W cn? to avoid excessive heating. except for the lowest gim where it increases gradually. In

Photoluminescence spectra were taken at three differer?tccordance’ the PL intensity is nearly constant for the top 8

locations for each sample: at the t@xternal surface at the ’OL trr?éfﬂg:éais:csi% ﬂicﬁ?sei)'?h?%:?geégfﬁg ;;Zeat
middle and at the bottorttlose to the bulk Siof the porous X P 9. I e P . ) .
layer (Fig. 1). For sample A, the wavelength of the PL maxi- the top and at the middle are similar, but the intensity maxi-

mum is the same at the top and at the middle, but shiftgnum shifts to the red close to the bulk, where the crystallite

towards the red at the bottom. For sample B, a blueshift wit Size increases. All these data are in agreement with the quan-

! um confinement model for the PL.
respect to sample A takes place at the middle and at the In sample B(Fig. 3 the Raman signal disappeared for

bottom. Finally, for sample C, the blueshift is observed at the[he top 1.5em-wide layer. Thus, we assume that most of the

three locations. Si crystallites in this region have been removed during oxi-
Figure 2 shows the normalized integrated PL intensity; .. .
throughout the cross section of the PS layer. As the oxidatiorqatlon' H_owe_ver, a small amount must remain, as a very
weak PL is still observed. In sample C the top layer in which
the Raman signal disappears is wider, caur3. As the oxi-
Si dation state of the PS increases, the crystallite size also in-
| creases, and it is ca. 9 nm for sample C at the uppermost site
where size can still be determined. Deeper inside the porous
layer, the size diminishes, but it is always greater than for
sample A.

At first sight, the average crystallite size and the PL
spectra seem to be in disagreement in the case of the oxi-
dized sample$B and Q. A size decrease would be expected
due to silicon oxidation, with a corresponding blueshift in
the PL emission. However, although such blueshift is actu-
ally observedFig. 1, samples B and)Cthe average crystal-
lite size is largerFig. 3). This fact could be explained if we

T take into account that samples were formed under illumina-

5 10 tion. Photoetching results in the formation of an additional
Depth (pnm) population of small size crystallitd§”° Thus two different
size ranges of crystallites are expected. As the oxidation in-
FIG. 2. PL integrated intensity vs depth for samples A, B, and C.  creases, the smaller size nanocrystals are almost completely
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