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ABSTRACT

A porous silicon (PS) layer prepared with boron doped p-Si substrate was investigated by photolumincscence (PL),
ellipsometric and micro-Raman spectroscopies. Using a microscope objective to focus the laser beam on the sample, two
different surface micro regions were characterized by PL and Raman spectroscopy. Within the quantum confinement model
the results showed that this microscopic regions are different due to different particle size distribution, with average sizes of
3.5 and 5 nm. This difference in the average size of the particles is responsible for the surface inhomogenei of the PS layer.
This inhomogeneity has its origin on the inhomogeneous distribution of the electric field on the surface during the
anodization of the p-Si substrate.




I. Introduction

Porous silicon (PS) layers can be formed on the top of single crystalline silicon by electrochemical ctching, e.g., by
anodization in HF/Ethanol electrolvte solution. Canham' observed that this kind of material presents photoluminescent
propertics, with remarkable quantum cfficiencics. It scems to be a consensus that PS layers, with porosities ranging from 20
to 80%?2, consist of arrays of sub-micron pores formed by isolated nano-crystalline silicon particles whose size range from 2
to 50 nm®*. Therefore. the pore size and morphology are strongly dependent on the preparation condition. ¢.g., type of
silicon substrate andj anodization parameters’. Since the first report on the PL properties of this kind of material by
Canham', several experimental and theorctical works have been done with the aim to explain the origin of this light
emission process. Despite these efforts, controversies still exist whether the photoluminescence (PL) from PS layers ariscs
from the nano-crystalline Si particles or from defects like SiH, or SiO, species™.

The controversy sometimes also extends to experimental results. As an example, let us mention two recent
publications, one by Guha et al.” and another by E. Ribeiro et al.* In the first report’ the authors observed that the line
shape of the phonon Raman spectra of their PS layer changes with the wavelength of the exciting radiation. On the other
hand, in the second report* the authors did not obscrve any change in the line shape of the phonon Raman spectra of their
samples by changing the excitation wavelength.

The aim of this work is to show that PS layers electrochemically prepared arc not homogeneous, i.c., due
to inhomogeneous electrical field distribution during anodization, the same PS film can present microscopic
inhomogeneitics that can lead to diffcrent experimental observations from those reporied above. To achicve this goal, we
selected a p-PS layer prepared from p-Si and investigated it by photoluminescence (PL), ellipsometric and micro-Raman
spectroscopies.

II. Experimental Part

Porous silicon (PS) samples were prepared by the electrochemical anodization method. A (100) oriented p-Si wafer
(10 -20 Qcm resistivity) was used. Before anodization the back side of a wafer was doped with Boron in 925 °C in an N,
0., BBr; environment. Ohmic contact was made by evaporating an aluminum film (0.5 pm of thickness) and subsequently
annealing in the N, environment at 450 °C for 30 minutes. The anodization was performed at 20 mA/cm’® for 5 minutes.
The PS sample was maintained at room temperature and normal environment for 6 months before spectral characterization.

The PL and Raman spectra were obtained on a Raman System 3000 from Renishaw equipped with an Olympus
microscope and a Peltier cooled CCD detector. The laser spot on the sample has a diameter of ca. 2 pm using the 80x
objective of the microscope which also collects the back scattered light. The spectral resolution is 1 cm” at 632.8 nm
excitation. The Raman and Luminiscence spectra were excited by HeNe (632.8 nm) and Ar" (488.0 nm) air cooled lasers
from Spectra Physics. The power density on the sample was of ca. 400 W.cm™ or less. The data reported here were obtained
at room temperature.

The ellipsometric spectra were obtained on a Rudolph Elipsometric Research model S - 2000 equipped with xenon
lamp of 75 Watts and double grade monocromator. The spectrum was recorded with 10 nm of resolution in the visible
region (250 nm - 850 nm). The ellipsometric spectrometer system has a software program to analyze the data using
Marquadt® iteration method.



IT1. Results and Discussion

Photoluminescence and Elipsometric Data.

The optical microscope image of the PS samples showed that it is non homogeneous. Therefore we performed PL
measurcments in two different micro-regions. Areas on the sample surface that look darker under the white light
illumination are labeled PS1 micro-region and those that look brighter are labeled PS2 micro-region.

Figurcs 1a and 1b present the PL spectra of thesc two micro-regions, PS1 and PS2, respectively. The maxima
emission peaks are at 1.688 eV (FWHM = full width at half maximum = 0.268 €V) and 1.751 eV (FWHM = 0.255 V), for
PS1 and PS2 regions, respectively. Notc that the PL peak of PS2 region is blue shifted in ~ 63 meV relative to the PL peak
of PS1 region. It is worth mentioning that a similar shift in the emission maxima was observed by Guha et al.” by changing
the laser excitation from 632.8 nm to 488.0 nm.

The PL spectra of both regions present an interference pattern due to the multiple reflection of the exciting laser
light in the silicon-porous silicon interface. As an insct of Figures 1a and 1b the interference pattern of cach PL spectra
obtained after background subtraction is presented. The film thickness in both regions was estimated using the expression
n.d = N/vi-vs, where n is the real part of the refractive index, v;-v; is the frequency interval that contains the N peaks in the
interference pattern and 4 is the film thickness. The results gave optical film thickness of 24 pum and 23 um, for PSI and
PS2 regions, respectively.

Considering the quantum confinement as responsible for the PL emission’, the crystallite sizes were estimated as ~
5.70 nm and 5.40 nm , for the PS1 and PS2 rcgions, respectively. The broad width of PL lines in both regions and the
significant difference in the PL peaks reveal that the PS layer is non homogeneous with a large range of crystallite sizcs.
The interference pattern observed in the PL spectra suggests that the PS/Si and PS/air interfaces are smooth boundarics
relative to the PL light. This characteristic of the PS film recommends its use as an optical resonator.

The results obtained in the cllipsometric measurements are displayed in Figures 2a and 2b. In this case it was not
possible to characterize PS1 and PS2 regions independently since the light spot on the sample is larger than these micro-
regions. Figure 2a shows the A and ‘¥ function spectra of the PS layer. In order to estimate the real part of refractive index
“n” and the imaginary part of refractive index “k”, the PS layer was considered as a thin film on the silicon substrate. The
spectral response of “n” and “k” is displayed in Figure 2b.

Index “n” presents values ranging from 1.45 to 1.8. The mean value is 1.59. The spectral response of “k™ shows a
broad band centered at ~ 2.48 eV (485 nm). The estimated thickness of the PS layer is ~ 13 um and remains constant in the
visible range.

Using the mean value of “n” obtained above and the optical thickness obtained from the interference pattern in the
PL spectra, the PS1 and PS2 thickness are then evaluated as being ~ 15.0 um and 14.4 um, respectively. Note that these
values differ from that estimated by ellipsometry by a factor of 10 to 15%.

The ellipsometric data were fitted considering the Bruggeman'® effective model and the PS layer as composed by a
two-phase system with the following configurations: Si - voids, Si - a-Si and SiO, - voids. Only the last configuration gave
good results with 72% of SiO, and 28% of voids (porosity) while the gravimetric data gave 50% of porosity. The difference
in the porosity can be due to the model used in the ellipsometric evaluation and to the fact of considering the PS layer as a
two phase system. In fact, PS layer has at least three phases with Si - (SiOx and Si-H,)- voids. On the other hand, we suggest
that the quantum confinement in the nano-crystallites in the PS layer induces a change in the charge distribution and
consequently in the refractive index with a tendency toward the optical constants of the SiO,.




2.48 eV (485 nm). Ferrieu et al."! reported these peak for PS(p") and not for PS(p). They suggested that this peak is
duc to Rayleigh cffect with the limiting condition of 27ms/A, where n is the refractive index. A the wavelength and s is the
size of diffusion center (average distance between voids). For the PS sample investigated in this work s was estimated as
being ~ 9 nm.(using the model proposed by Jaimes'?). This value of s gives a peak due to the Rayleigh effect at ~ 6 eV.
Therefore we suggest that the peak at 485 nm should be assigned to a resonant absorption effect of interband transition in p-
PS layer. In order to confirm this hypothesis an investigation of the PS layer by resonant PL spectroscopy is under way
Raman Spectra ‘

The PS1 and PS2 regions were investigated by Raman spectroscopy using two different laser excitations, 632.8 and
488 nm. The Raman spectrometer was calibrated using the LO Raman active phonon of the silicon substrate centered at 520
cm” . Two different spectra were recorded for each region. The first spectrum, labeled (1) was obtained with the laser beam
being focused on the PS surface and the second, labeled (2) was obtained with the laser beam being focused inside the
sample, on the silicon substrate. The spectra displayed in Figure 3 were baseline corrected due to the strong luminescence
presented by the samples upon 632.8 nm excitation.

In the PS1 region, the first order optical phonon Raman scattering spectra present peaks at 518 and 520 cm’, for
the laser beam focused at the surface and into de substrate, respectively. The FWHM value for the peak at 518 cm™ is as the
same order as that of the peak at 520 cm”. Note that the intensity of the line obtained with laser focused on the surface is
five times larger than the intensity of the line obtained with laser focused on the substrate.

In the PS2 region, the first order optical phonon Ramaa scattering spectra peaks are the same as in the PS1 region.
The FWHM value for the peak at 518 cm™ is three times as large as that of the peak at 520 cm™. Note that the intensity of
the line obtained with lascr focused on the substrate is twice the intensity of the line obtained with laser focused on the
surface.

It is difficult to assign such small variations in peak position or FWHM values to differences in the structure of the
PS film in these regions. The reasons for this are: i) the signal to noise ratio is very poor and ii) it is difficult to obtain the
same focus from one measurement to the other, mainly in the experiments where the laser beam is focused on the substrate.
Since the Raman peaks observed in both regions differ only within 1 cm’, we believe that _tEe nature of silicon crystallites
being sampled in each case have the same dimensions, or one could also say that at the 632.8 nm the Raman spectra are
sampling crystallites with the same dimensions, since we are far from the resonance condition for PS films. Note that any
electronic transition within the porous film is below 500 nm (see Fig. 2 b).

Figures 4(a) and (b) display spectra obtained with the same conditions as those presented in Fig.3, but with laser
excitation at 488 nm, i.e., close to resonance. When the laser beam is focused on the surface of the PS film (spectrum (1)),
marked differences can be observed between the spectra of PS1 and PS2 region. In the PS1 region, the first order optical
phonon Raman scattering peak is at 518 cm” with a FWHM of ~ 15 cm™ while the spectrum of PS2 region presents a broad
peak centered at 510 cm” with a FWHM of ~ 52 cm”. Assuming that the scattering geometry is the same in both
measurements (same laser focus), then the spectrum of the PS2 region is more intense than that of the PS1 region. This
means that at 488 nm excitation the crystallites giving origin to the peak at 510 cm’ are closer to the resonance condition
for a resonance Raman enhancement than those responsible for the peak at 518 cm™. Note that only the Raman spectra of
PS2 region present peak at 635 cm’. This peak has been assigned to the Si-H, rocking mode'*. The Infrared Spectra of all
kind of PS layer always show the existence of the Si-H, bonds'*, consequently the Raman peak at 635 nm should appear for
the PS1 and PS2 regions. However this peak is well correlated with downshift of pick and FWHM increase of the first order
optical phonon Raman scattering line. This fact suggests that the peak is a consequence of the Raman enhancement effect



because of a quantum confinement of crystallites. The peak at 635 cm™ is assigned to the LA(O) +TA(A) modes in c-Si as
reported by Tanino'*,

Considering the results of Figure 4 and within the quantum confinement approach for treating PS films'*"’, the
average size of the particles for these two regions were estimated as ca. 5 and 3.5 nm for the PS1 and PS2 regions.
respectively. These results confirm the tendency observed by PL measurcments, i.c., the PS2 region has crystallites with
smaller dimensions than those in the PS1 region. Thercfore we assign the differences in the spectroscopic (PL and Raman)
response of thesc two micro regions on the PS layer to inhomogeneities in the clectrical field distribution during the
anodization of the silicon substrate.

Based on the above results, we belicve that in performing PL or Raman measurements one nceds to pay attention to
surface inhomogeneities on electrochemically prepared PS layers, since they can be responsible for different experimental
obscrvations. Shifts on the PL peak or different linc shapes in Raman measurements obtained by changing the laser
excitation energy may be due to different surface sites being sampled at diffcrent excitations. This could be a reasonable
cxplanation for the different results obtained in references 4 and 7. '

V. Conclusion

Based on the results presented in this work, the following conclusions can be drawn:

1) Inhomogeneities in the distribution of the electric field during the anodization of p-Si substrates can generate

surface inhomogeities, i.c., different micro-regions can be visualized by optical microscopy.

il) Different microscopic regions give different PL spectrum.

iii) Different microscopic regions give different Raman phonon spectra if the excitation energy approaches the

resonance condition.

1v) Within the quantum confinement model, the crystallite sizes estimated by PL spectroscopy show small

diffcrences (5.4 to 5.7 nm) while those obtained from rcsonance Raman measurements present significant
variations in the crystallite sizes (3.5 to 5 nm).
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Figure 1. Photoluminescence spectra excited at 632.8 nm of a) PS1 region and b)PS2 region. The insets are the interference
patterns obtained after background subtraction.
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