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Raman scattering, reflectivity and photoluminescence measurements of
the porous silicon layers prepared on (001) p/p+ silicon epitaxial wafers
by anodization method are presented. We have studied dependence of the
frequency shift and halfwidth of LO mode in Raman spectra and shift of the
luminescence peak in photoluminescence spectra vs. anodization conditions.
PACS numbers: 78.30.Hv, 78.66.—w

There has been a considerable interest in the physical properties of porous
silicon prepared by anodization method [1-6]. In particular, porous silicon layers
are attractive for the possible efficient light-emitting applications in the visible
region. It opens the door for silicon as a possible material for optoelectronic applications. In the present time the basic requirement for the preparation of porous
silicon layers is to obtain a good quality, stable layer on Si subStrate emitting
efficient luminescence.
In this paper the Raman scattering (RS), reflectivity (R), photoluminescence
(PL) and photoluminescence excitation (PLE) measurements of the porous silicon
layers prepared on (001) p/p+ silicon epitaxial wafers by anodization method are
presented.
*This work is supported in part by the State Committee for Scientific Research (Republic
of Poland) under grant No. 8S501 00 605 (Warszawa), grant UMK 378F (Toruń), and Research
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The porous silicon samples were prepared by the electrochemical anodization of p-type epitaxial layer deposited on low resistivity p+ substrate (0.01 Q cm)
under a current density of 10 mA/cm 2 . As an electrolyte the HF acid (40% in
H20) diluted in isopropyl alcohol was used. The HF concentration was changed
in the range of 45 wt.% to 10 wt.% [7]. All measurements (RS, R and PL) were
carried out at room temperature. Near backscattering Raman measurements were
performed using 457.9 nm line of an Ar+ laser as an excitation source. The laser
power was 10 mW and spot size on the samples was about 200 pm. The thermal
effect due to laser heating of the sample was negligible. Reflectivity measurements
were performed in backscattering geometry by using a 100 W tungsten-halogen
lamp as a light source and SPM-2 monochromator equipped with R-1333 photomultiplier and photon counting system. Photoluminescence was excited with
325 nm radiation from He—Cd laser or a high pressure mercury lamp. Corrected
PLE spectra were recorded on a single-photon spectrofluorometer working in the
ratio mode and consisting of two monochromators (SPM-2), xenon arc and a photomultiplier (R-928). Time-resolved PL experiments were carried out by excitation
of the samples with a pulse nitrogen laser. The proper band of the emission was
selected by a double grating monochromator and registered by a combination of
photomultiplier (EMI 9558). and boxcar averager (162/164 PAR).

Figure la shows representative PL and PLE spectra of the samples A and
B preparing from the same wafer under different anodization conditions (with
porosity 68% (sample A) and 75% (sample B)). The PL spectra under mercury
(or xenon) arc excitation reveal the structure which is not seen under laser illumination (low and high excitation, respectively). For the same samples at low level
excitation the PL spectra exhibit multipeak luminescence. For all our samples the
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spectrum can be fitted as a sum of few gaussians. The width and the position of
the luminescence peaks are determined by the relative intensity of the individual
components which depends on anodization conditions [7]. The relative intensity of
the luminescence peaks strongly depends on the temperature, while their position
remains almost constant. As can be seen in Fig. la, the PL spectra are dominated
by three peaks (2.06, 1.86 and 1.72 eV). Energetical positions of these peaks do
not exhibit a blue-shift with decreasing temperature. Figure la shows the PLE
spectra from the samples A and B measured at 2.06 eV. A significant increase in
the PLE signal in these samples occurs at 2.95 eV and 3.4 eV (sample A) and at
4.1 eV (sample B).
Figure lb shows the example of the measured PL decay curves D(i) fitted
by biexponential model M(i) together with the recovered decay parameters. In
this way at least two decay times which depend on the wavelength of observed
light have been found [8]. Residuals R(i) = M(i) — D(i) are plotted across the
picture. The PL decay at 2.06 eV of p-Si samples show a biexponential decay
with lifetimes of 43 ps and 164 ps (sample A) and 32 ps and 83 ps (sample B).
The multiexponential PL decay times may be associated with phonon assisted
transitions from nanocrystallites with different particle sizes.

We have also studied dependence of the frequency shift and halfwidth of
LO and TO modes in Raman spectra vs. anodization conditions. The typical Raman spectrum (experimental data are shown as dots) for the freshly prepared
sample A (porosity 68%) is presented in Fig. 2a. Using computer simulation, the
Raman spectra were fitted using two gaussians (526 cm -1 , FWHW 4 cm -1 and
525 cm -1 , FWHW 7.2 cm -1 , shown as solid lines). As it can be seen from Fig. 2a
the calculated line Shape agrees well with the experimental Spectrum of porous Silicon. The Raman shift to lower energy and line broadening have been obServed in
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porous silicon samples and were attributed to the confinement of optical phonons
in nanocrystallites [9].
In Fig. 2b we show a reflection spectrum taken on the sample A. To interpret
the PLE spectra (Fig. la) we assumed that the number of emitted photons is
proportional to the number of absorbed excitation photons in small size crystallites
of Si. Absorption bands at about 3.4 eV and 4.1 eV in our PLE spectra shift to
lower energies with an increase in size crystallites (also see Fig. 2b). In porous
silicon samples the crystallites with wide band gap separate the bulk Si regions and
the quantum wells are formed with depth and width determined by a crystallites
size. The optical energy gap depends on the size of the crystallites D and varies
from 1.6 eV to 5 eV [2, 10]. Because of the small distance between quantum wells
the energy levels are broadened due to the coupling and the energy bands are
formed. When the size of crystallites decreases the energy gap increases and PLE
as well as PL spectra move to the higher energy (Fig. la).
The luminescence bands and their relative intensities in the visible region
depend also on the preparing conditions. We observed the shift of the PL emission
band towards larger photon energies due to the increase in the silicon layer porosity [7]. As the luminescence peak increases in photon energy, the Raman LO mode
shifts to lower energy, remaining sharp, and developing into TO and LO modes.
If it is assumed that in porous silicon layers the multi-barrier structure is
formed by Si skeleton surrounded by Si nanocrystallites, our Raman scattering,
luminescence and reflectivity results can be interpreted in terms of nanocrystallites
and related quantization effects.
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