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ABSTRACT

A porous silicon (TS) layer prepared with bonn doped p-SI subsüate was investigated by photolumincsccnce (PL),
enipsometHc and micro-Raman spectroscopies. Using a microscope objcctive to focus the laser beam on the sample, two
different surface micro regions were characterized by PL and Raman specXroscopy. Within the quantum confinement m(xlel
the results showed that this microscopic regions are diRerent due to different particle size distribution, with average sizes of
3.5 and 5 nm. This diaerence in the average size of the parücles is responsible for the surface inhomogenei of the PS layer.
This inhomogeneity has its origin on the inhomogeneous disüibution of the electric field on the surface during the
anodization of the p-SI substrate.



1. Introduction

Porous silicon (PS) layers can be formed on the top of single crystalline silicon by electrochemical etching, e.g., by

ulodization in HF/Ethanol electrol\le solution. Canham1 observed that this kind of material presents photoluminescent

properties. with remarkable quantum cfficiencies. It seems 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<rystalline silicon parücles whose size range from 2

to 50 nm24. Therefore. the pore size and morphology are strongly dependent on the preparaüon condition. e.g., t)w of

silicon substrate and anodization parameters3. Since the first report on the PL properties of this kind of material by

Canham1, several experimental and theoretical works have t»en done with the aim to explain the origin of this light

emission process, Despite these eKorts, controversies still exist whether the photoluminescence (PL) from PS layers adses

from the nano{rystalline Si parücles or from defects like SiH„ or SiO„ spccies5-6,

The controversy sometimes also extends to experimental results. As an example, let us mention two r«ent

publications, one by Guha et al.7 and another by E. Ribeiro et aI.4 in the first report7 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'1 the authors did not observe 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 pnpared are not homogeneous, i.e., due

to inhomogeneous electrical field distribution during anodizaüon, the same PS ülm can present microscopic

inhomogcneitics that un lead to different experimental observaüons from those reported atx>ve. To achicvc this goal, we

selected a p-PS layer prepared from p-SI and investigated it by photoluminescence (PL), ellipsomeüic and micro-Raman

spectroscopies.

II. Experimental Part

Porous silicon (PS) samples were prepared by the electrochemical anodizaüon method. A (100) oriented p-SI wafcr

(10 -20 acm resisüvity) was used. Before anodization the back side of a wafer was doped with Boron in 925 '’C in an N2,

O2, BBr3 environment. Ohmic contact was made by waporating an aluminum film (0.5 Km of thickness) and subsecFrently

annealing in the N2 environment at 450 'C for 30 minutes, The ancxti7ation was l»rformed at 20 InA/cm2 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 Bm using the 80x

objecüve of the microscope which also coHects the back smttered light. The specüal resolution is 1 cm-1 at 632.8 nm

excitaüon. The Raman and Luminiscence spectra were excited by HeNe (632.8 nm) and Ar* (488.0 nm) air cmled lasers

from Specüa Physics. The power density on the sample was of ca. 400 W.cm'2 or less. The data reported here were obtained

at room temperature.

The ellipsomeüic spectra were obtained on a Rudolph Elipsomeüic 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 spec-trometer system has a software program to analyze the data using

Marquadt8 iteraüon method.



III. Results and Discussion

Photoluminescence and Elipsometric Data

The optical microscope image of the PS samples shoxred that it is non homogeneous. Therefore we performed PL

measurcments in two different micro-regions. Areas on the sample surface that kx)k darker under the white light

illumination are lat»led PS 1 micro-region and those that look brighter are lat»led PS2 microngion.

Figures la and lb present the PL spectra of these two micr@nÜons, PSI and PS2, nsWtivcly. The maxima

emission peaks are at 1.688 eV (FWHM = full width at half ma\imum = 0.268 eV) and 1.751 eV (FWHM = 0.255 eV), for

PSI and PS2 regions, rcspectively. Note that the PL peak ofPS2 region is blue shifted in - 63 meV nlative to the PL Wk

of PS 1 region. It is worth rnenüoning that a similar shift in the ernission maxima was observed ty Guha et aI.7 by chan®g
the laser excitation from 632.8 nm to 488.0 nm.

The PL spectra of tx)th regions present an interference pattern due to the multiple reflwüon of the excüing laser

light in the silicon-porous silicon interfacc. As an insct of Figures la and lb the interfennce wttcrn of each PL swaa
obtained after background subtracüon is presented. The ãlm thickness in both regions was estimated using the expression

n.d = N/vI-vI, where a is the real part of the refractive index, Vr-rz is the frequency intcrval that contains the Npcaks in the

interfercncc pattern and d is the film thickness. The results gave optical film thickness of 24 Km and 23 Fm, for PSI and

PS2 regions, nspwtively.

Considering the quantum conãnement as responsible for the PL ernission9, the crystalhte sizes were esümated as -

5.70 nm md 5.40 nm , for dre PSI and PS2 regions, nsl»aively. The broad width of PL lines in both regions and the

signiãcant diaerence in the PL peaks reveal that the PS layer is non homogeneous with a large range of aystallite sizes.

Thc interference pattern observed in the PL spectra suggests that the PS/Si and PS/air interfaces are smooth boundaHcs

relative to the PL light. This characterisüc of the PS film rwommends its use as an optical resonator.

The results obtained in the ellipsometric mmnwments are displayed in Figures 2a and 2b. In this case it was not

possible to characterize PSI and PS2 regions independently since the light spot on the sample is larger than these micro-

regions. Figure 2a shows the A and Y hmcüon spectra of the PS layer. In order to estimate the mal part ofrefractive index

“n” and the imaginary part of refractive index “k”, the PS layer was considered as a thin film on the silicon subsaate. The

specüal 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 pm and nmains 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 PSI and PS2 thickness are then evaluated as txing - 15.0 Km and 14.4 Bm, respeçtively. Note that these

values diEer from that estimated by ellipsometry by a factor of 10 to 15%.

The ellipsometric data were fitted considering the Bruggemanlo eEntive m(xiel and the PS layer as composed by a

two-phase system with the following configuIations: Si - voids, Si - a-SI and SiO2 - voids. Only the last configuration gave

g(xxi results with 72% of SiO2 and 28% ofvoids (porosity) while the gravimetHc data gave 50% of porosity. The dinennce

in the porosity can be due to the model used in the ellipsometric evaluation and to the fact of considedng the PS layer as a

two phase system. In fact, PS layer has at least three phases with Si - (SiO„ and Si-H„)- voids. On the other hand, we suggest

that the quantum conânement in the nano<rystallites in the PS layer induces a change in the charge distribution and

consequently in the refractive index with a tcndency toward the optical çonstants of the SiO2.



2.48 eV (485 nm). Ferrieu et aI.11 reported these peak for PS(p) and not for PS(p). ThW suggested that this mk is

due to Rayleigh effect with the limiting condition of 2 lats/l. where n is the refTacüve index, 1 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

t»ing - 9 nrn.(using the model proposed by Jaimes12). This value of s gives a Bak due to the Rayleigh eRect at - 6 eV.

Therefore we suggcst that the peak at 485 nm should be assigned to a resonant absorption eRect of interband transition in p

PS layer. In order to confirm this hypothesis an investigation of the PS layer by nsonant PL speçtmswDÍ is under way

Raman Spectra

The PSI and PS2 regions were investigated by Raman spcctroscopy using two diaerent laser excitations, 632.8 and

488 nm. The Raman spaüometer was calibrated using the LO Raman active phonon of the silicon subsüate centered at 520

cm-1 . Two diRerent spectra were remrded for each region. The first speclrum, lat»led (1) was obtained with the laser beam

t»ing foçused on the PS surface and the swond, labeled (2) was obtained with the laser &am t»ing focused inside the

sample, on the silicon substrate. The spectra displayed in Figure 3 were baseline conected due to the strong luminesccnm

presented by the samples upon 632.8 nm excitation.

In the PSI region, the first order optical phonon Raman scattering spectra present peaks at 518 and 520 em-1, for

the laser bam Rx:used at the surface and into de substrate, respeçüvely. The FWHM value for the peak at 518 cm-1 is as the

same order as that of the peak at 520 cm-1. Note that the intensity of the line obtained with laser fcx:used on the surface is

ãve times larger than the intensity of the line obtained with laser fwused on the subsüate.

In the PS2 region, the first order optical phonon Rama,1 smttcring spectIa peaks are the same as in the PSI region.

The FWHM value for the peak at 518 cm-1 is three times as large as that of the peak at 520 cm'1 . Note that the intensity of

the line obtained with laser 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 ãlm in these regions. The reasons for this are: i) the signal to noise ratio is very pc>or and ii) it is di8icult to obtain the

same focus from one measurement to the other, mainly in the experiments where the laser beam is foc;used on the substrate.

Since the Raman peaks observed in tx>th regions diRer only within 1 em-1, we t»lieve that the nature of silicon crystallitesV

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 8om the resonance condition for PS films. Note that any

electronic transition within the porous film is t»low 500 nm (sw Fig_ 2 b).

Figures 4(a) and (b) display specüa obtained with the same conditions as those presented in Fig.3, but with laser

excitaüon at 488 nm, i.e., close to resonance. When the laser &am is focused on the surface of the PS alm (spectrum (1)),

marked diBerences can be observed between the spectra of PSI and PS2 region. In the PSI region, the first order optical

phonon Raman scattering peak is at 518 cm-1 with a FWHM of - 15 ml-1 while the spectrum ofPS2 region presents a broad

peak centered at 510 cm'1 with a FWHM of - 52 em-1. Assuming that the smttering geometry is the same in tx)th

measurements (same laser fwus), then the spectrum of the PS2 region is more inten= than that of the PSI region. This

means that at 488 nm excitaüon the çrystallites giving origin to the peak at 510 em-1 are closer to the resonance condition

for a rcsonance Raman enhancement than those responsible for the peak at 518 cm-1. Note that only the Raman specüa of

PS2 region present peak at 635 cm-1 . This peak has been assigned to the Si-H2 rocking mcxie13. The InÊared Spectra of all

kind of PS layer always show the existence of the Si-H, tx)nds12, oonsequently the Raman peak at 635 nm should appear for

the PSI and PS2 regions. However this peak is well cornlated with downshift of pick and FWHM increase of the ant order

optical phonon Raman scattering line. This fact suggests that the peak is a consequencc of the Raman enhancement eRect



because of a quantum confinement of crystallites. The peak at 635 cm-l is assigned to the LA(O) +TA(À) modes in c-SI as

reported by Tanino14.

Considering the results of Figure 4 and wIthin the quantum çonünement approach for treaüng ps nlmsls-19, the

a\erage size of the panicles for these two regions were estimated as ca. 5 and 3.5 nm for the PSI and PS2 regions.

respecti\cly. These results confirm the tcndency observcd by PL measurement& i.e., the PS2 region has crystallites nlth

smaHer dimensions than those in the PSI region. Therefore we assign the diaerences in the specüosçopic (PL and Raman)

response of these t#o micro regions on the PS layer to inhomogeneities in the electrical field distribution during the

anodization of the silicon substrate.

Based on the atx>ve results. lve believe that in performing PL or Raman measurements one needs to pay attention to

surface inhomogeneities on elecüochemically prepared PS layers, since they an be responsible for diaerent experimental

obscrvations. Shifts on the PL peak or different line shapes in Raman measuremcnts obtained by changing the laser

excitaüon energy may be due to diaerent surface sites being sampled at diBcrent excitations. This could be a reasonable

explanaüon for the diaercnt results obtaincd in references 4 and 7.

V, Conclusion

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

i) Inhomogeneiües in the distribution of the electric field during the ancxüzation of p-SI subsüates can generate

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

ii) DifFerent microscopic regions give difFerent PL spectrum.

iii) Diílerent microscopic regions give difFerent R2man phonon spectra if the excitaüon energy approaches the
resonance condition,

iv) Within the quantum confinement model, the crystallite sizes estirnated by PL specüoscopy show small

difFcrenccs (5.4 to 5.7 nm) while those obtained from rcsonancc Raman measurements present significant

vaúations in the crystallite sizes (3.5 to 5 nm).
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Figure 1. Photoluminescence spectra excited at 632.8 nm of a) PSI region and b)PS2 region. The insets are the interference
patterns obtained after background subüaction.
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