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ABSTRACT —_

The polarization effect on Raman scattering and photoluminescence (PL) spectra of porous
silicon(PS) layer shave been investigated. The Raman depolarization mesurements in the 100 cm’
- 1200 cm™ spectral range have shown that the anisotropy presented by the PS layer remains that
‘prese.med by the c-Si. This effect is discussed from a critical point of view on both quantum
confinement and surface effect. The PL shows a shift of its peak which is attributed to polarization

dichroism effect




INTRODUCTION

Silicon has been the dominant material in microelectronics for several decades. The technology and
fabrications of Si-based electronic devices had been developed and refined in their ways and
com;ne:rcial applications. However, crystalline silicon is an indirect semiconductor with very low
efficiency for radiative recombination at room temperature. This is true for commonly available
bulk Si samples so, in the past, crystalline Silicon has never been a good candidate for active
optoelectronic devices.

About six years ago Caham reported the observation of a strong photoluminescence (PL) in porous
Si (PS) under UV illumination at 300K’ Independently, Lchmann and Gosele’ observed a
pronouriccd shift of the fundamental absorption cdge of self-supporting porous silicon layer.
Porous Si, obtained by electrochemical anodization of c-Si in electrolytes containing hydrofluoric
acid (HF), was first obtained in the 1950s during the electrolytic smoothing of Si surfaces’, but it
was not realized until 1990 that this material shows unexpected strong room temperaturc

luminescence in the visible range. Even though many groups have confirmed the existence of

strong luminescence in PS layers, the origin and mechanics of the luminescence remain

+

controversial*’. .

Raman scattering studies of this material give us information aba;xt structure, bonding and
disorder. The PL intensity has different behavior to polarization effect from Raman spectra
because a different selection rule governs the Raman scattering and the PL spectra. Many
researchers report the polarization effect in the Raman Spectra®™® and in general the results are
_controversial. However, except for the work of Tanino et al®®, literature ignored the anisotropic
behavior of second order Raman scattering. Since the selection rule plays an imth role on the

Raman and PL spectra, in this work the polarization effect on spectra results is analyzed



discussing the anisotropic behavior of second order Raman scattering and photoluminescence
behavior concerning to polarization arrange.

EXPERIMENTAL PROCEDURE

Porous silicon (PS) was prepared by the electrochemical anodization method in a P-type Si (100)
oricnted wafer with a resistivity of 10-20 Qcm. Before anodization, the back side of the wafer was
doped with Boron at a temperature of 925°C in N, 0,, BBr; environment. Ohmic contact was
made by evaporating an aluminﬁm film (0.5 pm) and subsequent annealing in N environment at
450°C. The anodization was done under DC current density of 20 mA/cm® and 40 mA/cm’® with a
5 min step for 20 min. The PS was maintained at room ambient for 6 months before its structural
characterization.

The Raman and Photoluminescence (PL) spectra were obtained on a Renishaw Raman system
3000 equipped with CCD detector. The measurcments were made in the back scattering geometry
using a microscope objective for focusing the laser beam in order to analyze micro regions. The
data reported here were obtained at room temperaturc. The laser source was the 488nm line of Ar”
laser from Spectra Physics. SOpWatts laser power was used

RESULTS

We have performed polarization measurements in two ways:

(i) Not cleaved sample: The sample was placed under the microscope in order that the excited and
scattered beams have the direction normal to the surface, that is, the same direction of the Z axis,
here assumed as the (100) direction of the c-Si single crystal. The incident laser light is polarized
_parallel to the surface in the X direction and the spectra were recorded with the analyzer at 0 and

90 degrees, corresponding to Z(XX)Z (E//E;) and Z(XY)Z (E.LE,) configuration, respectively.




Then the sample was rotated 90 degrees and spectra recorded with the analyzer at 0 and 90
degrees corresponding to the Z(YY)Z (E//E,) and Z(YX)Z (E.LE,) scattering configurations

(i1) Cleaved sample: The cleaved sample was placed under the microscope in order the incident
and scattered beams Were normal to the cleaved surface, i.e., normal do the Y axis, assumed as the
(100) crystal orientation. Since c-Si has cubic Symmetry, the relation Y(ZX)Y = Z(YX)Z is valid.
The direction of the cleavage is the X direction and the incident and Scattering directions are that of
Z axis. The laser beam was polarized parallel to the X direction and the spectra were recorded
with the analyzer at 0 and 90 degrees, corresponding to Z(XX)Z (E//E,) and Z(XY)Z (E.LE.)
configuration, respectively. Then the sample was rotated 90 degrees and spectra recorded with the
analyzer at () and 90 degrees corresponding to the Z(YY)Z (E//E.) and Z(YX)Z (E,LE,) scattering
configurations, respectively. It is worth mentioning that for the cleaved sample two regions in the
PS film were investigated, a region close to the surface (labeled Region I) and the other region is
close to the interface PS/c-Si substrate (labeled Region IT). Figure 1 shows an optical microscopic
image of the cleaved sample indicating the two investigated regions.

It is worth to mention that the unit cell of the c-Si is Oy’ and the LO phonon of c-Si at (100)
oricntation of I™** or T;, symmetry is polarized and therefore, wﬂl be forbidden at Z(XX)Z (F) and
Z(YY)Z (F") and allowed for the Z(XY)Z (A) and Z(YX)Z (A”) conﬁgt_xr;ﬁons.

The Raman spectra obtained for a beam normal to the surface of the sample (the non cleaved
sample) for different Scattering configuration, are shown in Figure 2.

The Raman spectra of the Cleaved sample recorded for the different scattering configuration in
regions I and II are displayed in Fi gures 3 and 4, respectively.

The photoluminescence Spectra were recorded using the same optical configuration used to record

the Raman spectra and the same labels used to indicate the scattering geometry were also here



adopted in order to maintain a geometry correspondence, i.e., the PL spectra recorded with EJ//E.
is labeled as “F and the PL spectra obtained with E,LE. is labeled as “A”. The PL spectra in
regions I and II, with different polarization arrangements are shown in Figures 5 and 6,
respectively.

DISCUSSION

It is observed that the Raman spectra of Z(XY)Z and Z(YX)Z configuration are as intense as that
of ¢-Si in the same configurations.

The 510 cm’ line can be assigned to the downshifted first order Raman phonon (LO) of c-Si. The
other features, at 636 cm™ and 970 cm™ can be due to the second order Raman effect or to some
phonon scattered at the PS surface. Note that the first order phonon signal has a full width at half
maximum (FWHM) value, much larger than that observed for c-Si.

Table [ shows the Raman shift and the FWHM value for each feature observed in the Raman
scattering spectra in the two different regions of the cleaved sample and of the not cleaved sample.
The shift and broadening of the Si-Si Raman line has been explained as a result of phonon
confinement in silicon nanocrystals inside the PS layer produced during electrochemical etching'™
*. The effects of spatial confinement of phonons in small Si particles has been studied theoretically
and experimentally'*"”, The breakdown of the K-selection rule leads to a broadening of the optical
phonon. This broadening is correlated with the size and shape of the small particles. The
confinement of a phonon wave function inside the nanocrystallite is presented by weighting the
phonon amplitude as a consequence of directions'®!’

The corresponding phonon confinement function can be expressed in a Fourier series and the
Raman spectrum is then described by integration over phonon lorentzians weighted b} the square
of the Fourier transform of the confinement function The choice of the weighting function is

determined mainly by physical assumptions'’. In most cases a Gaussian is used as the weighting




function. However, the spectra obtained in many studies’™® do not match the theoretical

predictions. These discrepancies can not be eliminated by the choice of nanocrystallite shape. The

assumption of the phonon amplitude being exactly equal to zero, i.e. a “sin” weighting function at

the boundary does not change the relationship between the peak shift and FHMW significantly and

leads mainly to a decrease in the diameter of spherical nanocrystallites®,

Samples obtained in this work show a downshift, Aw, of ca. 10-11 cm? for the first order Raman
line relative to optical phonon line of the c-Si. Using a quantum confinement model as discussed

above, the estimated average size of the crystallites in the PS layer is ca. 3.1 nm. This particle size
corresponds to a FWHM value of 15 cm”. However, our measurements show FWHM values of
ca. 43 cm’, ie., a large difference berween theoretical predictions and experiment.

Some attention should be given to the comparison of the spectral lines observed in our experiments
with Raman lines observed in other Si containing materials that present photoluminescence
propertics comparable to that of PS. The polysilane, for instance, prepared through the reduction
of dichlorosilane, SiH,Cl; with granular lithium®, shows a Raman peak centered at 480 cm” with
a FWHM of ca. 62 cm”. This peak is assigned to Si-Si chain backbone vibrations (o mode)*.
On the other hand, polysilane shows other Raman features at 636 cm™ and 909 cm” with FWHM
of ca. 106 cm” and 45 cm”, respectively. These peaks have been assigned to the Si-H, rocking and
bending modes respectively*. Similar peaks are also observed in the Raman spectra of PS.
However, for PS, the 630 cm™ and 970 cm™” lines have FWHM values of ca. 54 cm™ and 197 cm’,
respectively.

Another interesting material, with the same PL behavior as that of PS layers, is the siloxene>%.

In this case, the 515 cm™ line is assigned to the Si-Si vibration in the plane of siloxene. The line at
495 cm™ - 470 cm” is assigned to Si-Si ring vibrations in siloxene. The PL effect in siloxene is

attributed to the Si-Si ring structure™*, However, for the siloxene”, the peaks at 630 cm™ and



970 cm'" are not reported despite the existence of the lines at 2130 cm” and 2250 cm” assigned
Si-H stretching modes.

Confronted with these comparisons, it is not possible to assign the 630 cm” line only to the Si-H
bending mode. It is well known that the LO(A) +TA(A) mode, in c-Si'®% lies at 636 cm”. The
intensity of this mode at room temperature is close to zero. We suggest that the 630 cm™ line in PS
can be assigned to a combination of the LO(A) and TA(A) modes. The intensification of this mode
in the PS is due to the relaxation of selection rules and surface assistance as it was suggested by
Tanino ct al'’’. However, the contribution of Si-H bending mode to this Raman lines not be
disrcgarded since we have observed the Si-H stretching mode in the Raman spectra of the PS layer.
The same explanation given above for the observation of the 630 cm™ feature can be suggested to
explain the broadening of linc at 970 cm™ in the Raman spectra of PS relative to the same line on
the spectra of c-Si.

At this point it is difficult to say if the quantum confinement effect or surface effect is responsible
for the PL characteristics observed in PS layers. In this sense it is necessary to evaluate the
selection rules in more details,

From Figures 2, 3 and 4 it can be observed that the lines of sectond order Raman scattering in ‘A’
configuration are more intense for the cleaved sample than for non El‘eaved ope. In the ‘F’
configuration all these lines have their intensities within the noise level. This fact reveals the strong
anisotropy of these lines,

To analyze first order Raman line anisotropy, the depolarization factor, p, is defined as p=IJTs,
i. e. the ratio of vertical polarization to parallel polarization. Table II presents the depolarization
fa&ors for the experiments described in this paper and those reported by other rasea.rcﬁ- groups.
Table II shows a large dispersion value of p’. However it is worth mentioning that our sample

presents low value of p” which reminds those of the c-Si. In order to compare these values, we




consider an extreme case for Si. i.e., Si crysuallites randomly oriented. In analogy with liquids or

powders’' and for our Raman scartering configuration, we can express the depolarization ratio as:

p = (Axy/Axx)’?

where X, Y, Z represent the laboratory coordinates system and x, ¥, z those of the crystal unit cell.
Ay is the Raman tensor component of the fluid or powder as a whole in the coordinate systcm
XYZ which is fixed in the laboratory concerning the scattering experiment. On the other hand a;; is
the Raman tensor component of the N oriented particles of the scatterer in a xyz coordinate
system.

If the oricntation of Si crystallites is random, the Ay value is determined by averaging over all
oricntations of crystallites. In this condition the p™ value is ~ 1.33 that is very different from the p’
! valuc experimentally obtained for our sample. Finally it can be observed that the depolarization
value of our sample is in the mid range between a-Si and c-Si, but very close to c-Si. Therefore we
suggest that our PS sample has a c-Si-skeleton like structure.

The PL spectra was recorded at regions I and II of cleaved saILpplc. The labels A and F have the
same meaning as described for Raman spectra. Table III summarizes the photoluminescence
results. The depolarization factor is defined as in the Raman experiments.

From Table III it can be observed that the PL intensity in region I is larger than the PL intensity in
region II. If we assume that Si-Si rings (present in siloxene) are responsible for the PL effect in the
PS, the high intensity PL emission should be correlated with high density of Si-Si rings so the
Raman line at 495 cm™ - 470 cm! should be intense. As a resuits, r.he first order Raman line in PS

should present a shoulder or have a large FWHM value.



It is observed in Table I that the FWHM corresponding to region [ is larger than the FWHM
corresponding to region II and both are larger than that observed for c-Si. Despite this
correspondence, it is not possible to say that the presence of Si-Si rings as in siloxene is the origin
of the PL in PS layer once the 630 cm™ Raman feature is not observed in the siloxene spectra but
it is observed in the PS layer as stated above.

In Table III one can see that the maximum PL emission in region I is blue shifted in relation to
region IL. It is not possible to correlate this shift with the shift of the first order Raman peak
because in the latter the shift is close to the experimental error (2 cm™). Note that in both regions
the PL cmission maximum presents a red shift (~ 130 cm™) when changing the polarization from
parallel to perpendicular. These facts suggest a polarization dichroism effect in the PS. An
explanation for this observationcan be the splitting of degencrate levels caused by symmetry
reduction.

The different PL spectra at these regions can be due to structural differences.

Summary

The PL phenomena in PS is still causing controversy. The Raman scattering spectra presented in
this work do not show a complete correspondence with Lhe'f_ Raman spectra in Polisilane or
Siloxene. Contrary to other polarization studies’*'°%", The results here presented show that the PS
layer investigated has an anisotropy behavior similar to that of c-Si. This fact suggests a Si-
skeleton as the structure for the porous silicon.

The PL emission band of the PS layer presents a polarization dichroism effect that is assigned to
splitting effects caused by symmetry reduction on the PS layer.

bespite we were able to observe the Si-H stretching mode in the PS layer we were not able to

separate the contribution of quantum confinement from surface effects to PL behavior of PS layer.
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Table I Results obtained from Raman scattering spectra.

Optical phonon line of ¢-Si and PS

peaki{cm-) Intensity{a.u.) FHMW(cm-)
A F A’ F’ A F A’ F’ A F A’ F
Si_ 520 519 522 519 5778 134 6047 87 7 11 7 11
N 511 509 511 472 36 492 17 43 76 35 73
I 509 509 1035 144 1613 137 52 33 41 45

I__S511 S11 513 509 1027 146 1514 138 39 24 34 39

Note: N: not cleaved sample; |, II: cleaved sample at region I and II respectively; A, A’, F.
F’ : configurations Z(XY)Z, Z(YX)Z, Z(XX)Z, Z(YY)Z respectively.

Table II: The depolarization factors as obtained in this work and reported in the literature,

o1 = {lafis) p™t = {{arlm}t

PS not cleaved sample in this work 0.08 0.03
cleaved sample region I in this work 0.12 0.09
cleaved sample region II in this work 0.14 0.09
c-Si(100) in this work 0.02 0.01
Siloxene* 5
PS Si(111)"° 2-04
c-Si(111)" 0.3
PS P*-Si(100)’ : 1.25
randomly oriented p-crystal of Si 1.33

_p-crystal of Si*° 2 *

Table III: Results obtained from the PL spectra of the cleaved sample at regions I and II.

Region | Re}_;ian i
F B A F A
Peak(eV) 1.781 1.762 1.747 1.744
FWHM(eV) 0.241 0.222 0.238 - 0.223
Intensity(a.u.) 362120 217730 14260 - 16873
p=L/Is 0.6 1.2
10
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Caption to the Figures

Fig. 1.- Optical microscopic image of the cleaved sample
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Fig. 2: Raman spectra for not cleaved sample at different scattering configurations.
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Fig. 3: Raman spectra for cleaved sample at region I at different scattering configurations.
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Fig. 4: Raman spectra for cleaved sample at region II at different scattering configurations.
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Fig. 5: PL spectra in region I for polarizer parallel to analyser (F) and for polarizer perpendicular
to analyzer (A)
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Fig.6: PL spectra at region II for polarizer parallel to analyser (F) and for polarizer perpendicular
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