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Symmetry-forbidden Raman scattering from porous silicon quantum dots
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~Received August 21 2001; published 2 January 2002!

We report on the observation of symmetry-forbidden Raman~SFR! scattering modes from porous silicon
structures at room temperature. The intensity of SFR lines is significantly enhanced by optimizing the thickness
of porous silicon layers attached to thec-Si substrates. X-ray diffraction analysis and scanning electron
microscopy provided significant information on the structural orientation of PS layer to understand the sym-
metry violations in the Raman selection rules. A combination of various mechanisms such as crystallite size
effects, lattice mismatch induced micromisorientations of crystal planes, and multiple reflections and refraction
within the porous silicon nanostructures explains our results.
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Ease of formation of electrochemically anodized poro
silicon ~PS! has proliferated the studies of quantum size
fects in nanocrystalline silicon structures.1 Small crystallite
sizes in the range of few nanometers lead to thr
dimensional confinement of electrons and holes as wel
phonons. Raman scattering~RS! being sensitive to crysta
potential fluctuations and local atomic arrangements, p
vides useful information on crystal symmetry and size
fects. In the back scattering Raman configuration, the
order RS from the~100! surface ofc-Si represents scatterin
by LO phonons having momentumq50 at Brillouin zone
~BZ! center. All other features are normally forbidden a
hence their intensities are very weak.2 However, other acous
tic or optical phonons may be observed in the Raman spe
due to violation of symmetry rules and /or from multiphon
processes under certain experimental conditions.3 On the
other hand, PS layers comprise of nanocrystallites with in
connecting micropores.1 Consequently, PS lattice does n
possess infinite translation symmetry, leading to relaxatio
momentum conservation at BZ center. The phonons w
momentum away from BZ center~i.e.,qÞ0!, decided by the
crystallite size, are allowed to contribute to the first ord
RS.4 RS profiles from Si nanostructures have been explai
by phonon confinement effects in crystallites.5–7 The effect
of symmetry relaxation on the first-order optical phonon
has been widely used to characterize the nanocrystalline
effects in PS.8–13

Recently, attention has been paid to the Raman scatte
from higher order multiphonon effects14,15 or acoustic
phonons16 due to the size confinement effects in Si. Ho
ever, despite the fact that PS offers exciting possibilities
symmetry breaking due to its microstructure, very few a
thors have reported on phonon modes other than op
phonons in PS layers.14,17 Tanino et al.14 reported weak
symmetry-forbidden Raman~SFR! modes only at low tem-
perature~10 K! from free standingPS layers. We carried ou
a detailed study of symmetry-forbidden Raman scatter
modes in the first-order RS on PS layers attached to thec-Si
substrates. We report on the enhancement of SFR mod
room-temperature under commonly used backscattering
figuration. X-ray diffractometry~XRD! is employed to un-
derstand the structural variations in PS layers leading to s
metry violations of Raman selection rules.
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PS layers were prepared by electrochemically anodiz
boron doped~100! single crystal Si wafers~;500mm thick!
of 6–10 V cm resistivity in a Teflon cell using HF~40–48
wt. %! and C2H5OH ~99.9%! ~1:1 by volume!. A current den-
sity of ;10 mA cm22 was used for anodization times vary
ing from few minutes to several hours. A tungsten halog
lamp ~50 W and 12 V! at a distance of 20 cm was used f
white light illumination during anodization. Sample micro
structure and thickness were determined using scanning e
tron microscopy~SEM!. CuKa and CrKa lines were used for
x-ray diffraction ~XRD! in standard powder geometry. Un
polarized photoluminescence~PL! and RS from thesame
sampling spot were measured in back scattering config
tion at room temperature in a Spex micro-Raman setup u
the 514.5 nm line from Ar1 laser source. Laser power wa
optimized to minimize laser induced heating effects on
profiles. The diameter of the microprobe beam on the sam
was;3 mm. All samples reported in this study showed roo
temperature PL.13

Figure 1 shows room-temperature Raman spectra
tained fromc-Si substrate and a PS layer~;50 mm thick on
c-Si!. In the unpolished~100! silicon substrate, a strong an
sharp LO phonon line at;521 cm21 is present. In addition
to this main peak, two very weak phonon frequencies
also seen in the RS profile fromc-Si on a magnification of
40 times. These RS lines are centered at;305 and 635 cm21

having relative intensity ratios of 1.131022 and 5.531023

to the main Raman peak. These peaks are assigned to su
assisted 2TA ~X! and LO1TA phonon modes,
respectively.18,19 These peaks are hardly observable on
polished side. On the other hand, we see several Ra
peaks in the measured RS profile from the anodized por
silicon. For clarity, the measured spectrum is amplified o
1.4 times and various peaks have been deconvoluted u
Gaussian line shapes in Fig. 1~b!. The main LO Raman line
in anodized PS sample is broadened and shifted tow
lower frequencies. It can be decomposed into two peaks
curring at 514.4 and 497.5 cm21, having full width at half
maximum~FWHM! of 18.5 and 62 cm21, respectively. Such
features in RS from PS are the characteristics of nanoc
talline nature and have been understood in terms of pho
confinement effects.5,6 The presence of asymmetric Rama
intensity tail towards low frequencies in the main pe
©2002 The American Physical Society14-1
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~manifested by a peak at 497.5 cm21 in deconvolution! may
make one to believe that an amorphous Si phase exists in
PS structure. This actually may not be the case as discu
later. In fact, it has been found that a broad and asymme
Raman peak in PS is a signature of crystallite size distri
tion in PS.13 Anodized PS samples consist of a bimodal cr
tallite size distribution with smaller crystallites leading
quantum confinement effects reflected in RS and
spectroscopies.10,13 Considering a Gaussian size distributio
in crystallite sizes, our analysis reveals a mean crysta
size L053.5 nm with a standard deviations50.76 nm for
this sample. Figure 1~b! also shows the enhanced relati
intensities of RS lines at;307 and 625 cm21 as compared to
thec-Si case. Furthermore, the RS profile from the PS la
contains new features at;256, 392, and 780 cm21. In the
present experimental configuration, only LO phonon mo
are allowed and all other phonon modes are symmetry
bidden.

The microstructural effects can be strongly influenced
varying the layer thickness~anodization times! of PS. The
Raman spectra on several PS layers are illustrated in Fi
All spectra were measured under identical conditions~laser
power, substrate temperature, etc.! and intensity of main LO
peak was normalized. The intensity of SFR peaks relativ
the main LO peak increases with increasing anodiza
times. However, for very long anodization times~.240 min!
when thickness of the PS layer becomes comparable to
substrate thickness, the intensity starts decreasing. The
tive intensities of SFR lines as compared to the main
peak are strong in;90 mm thick PS layer@spectrum~e! in

FIG. 1. Raman spectra from unpolishedc-Si and porous Si lay-
ers measured at room temperature. The Gaussian deconvoluti
various Raman peaks are shown as dotted lines~b!.
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Fig. 2#. The arrow marks on the upperX axis of Fig. 2 show
the positions of dominant SFR lines. Based on experime
observations and theoretical calculations,14,18–20 the assign-
ments of various peaks to the acoustic and optical phon
are also marked in Fig. 2. Phonon dispersion curves provi
by Tubinoet al.19 show that the effect of reduction in crys
tallite sizes~i.e., moving away fromq50! would be opposite
on the shifts in optical and acoustic phonon frequenc
While optical phonon frequencies shift towards lower wa
numbers on decrease in crystal size, they should increas
acoustic phonons. Further, presence of compressive strai
expected to increase the optical phonon frequencies and
crease the same for acoustic phonons.18 Therefore, exact as
signment of various SFR lines observed in PS is difficult

Fenget al.11 have observed acoustic phonons RS lines
around 300 and 600 cm21 at 80 K. Taninoet al.14 studied
multiphonon modes from free standing PS samples at 10
These features of multiphonon Raman scattering in PS h

of

FIG. 2. Room-temperature Raman spectra from various por
Si layers grown at different anodization times, and having differ
film thicknesses:~a! 10 min, 5mm; ~b! 30 min, 10mm; ~c! 60 min,
30 mm; ~d! 120 min, 50mm; ~e! 240 min, 90mm; ~f! 420 min, 150
mm; and ~g! 600 min; 200mm. The mean crystallite sizes an
standard deviations~in brackets! deduced from the LO Raman
peaks using a Gaussian size distribution~Ref. 13! are also shown.
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been attributed to relaxation of symmetry rules and surf
assisted phonon scattering. Munderet al.10 reported such a
symmetry violation using a special 100~010,010!100 scatter-
ing configuration. They observed SFR lines towards hig
frequencies, which have been attributed to the finitenes
the nanocrystallites and termed as surface-assisted
tiphonon processes in PS.

The presence of enhanced SFR lines from PS layer
room temperature is clearly established~Figs. 1 and 2!. To
understand the origin of these SFR lines and probe the
of microstructural inhomogeneities, we carried out XR
measurements on the samples corresponding to Fig. 2. X
spectra obtained using CuKa radiation are shown in Fig. 3
As expected, thec-Si shows a sharp characteristic~400!
x-ray peak at 2u569.2° which corresponds to the lattic
constanta55.43 Å. In contrast, XRD from PS layers sho
broad and weak peaks corresponding to~400! plane. XRD
patterns from PS do not indicate any features associated
amorphous silicon, which shows a broad diffuse scatterin
around 28°. Interestingly for thick PS samples, peaks co
sponding to~111!, ~220!, and~311! Si planes also appear i
the diffraction spectra@e.g., see curve~f ! in Fig. 3#. These
peaks could arise due to randomly oriented nanocrystal
in the thicker PS layers. Misoriented columns would a
contribute to the XRD spectra. Further,~400! peak in thick
PS layers consist of a diffused broad scattering base du
the nanocrystallites and a relatively sharp peak correspo
ing to ~400! oriented silicon skeleton having larger gra
sizes. The average crystallite sizes were determined f
FWHM of diffused peaks using Debye-Sherrer formula a
match well with those determined from Raman analysis~Fig.
2!.

An expansion of porous silicon lattice has been seen u
double crystal x-ray diffractometer.21 It is difficult to observe
the two separate XRD peaks corresponding to PS andc-Si in
powder diffractometer, because of very high broadening
the PS peak~Fig. 3!. However, in an appropriately designe
XRD experiment, it may be possible to observe the sepa
x-ray peaks due toc-Si substrate and strained PS layer. W

FIG. 3. The x-ray diffraction patterns fromc-Si substrate and
porous Si layers having different film thicknesses correspondin
samples shown in Fig. 2.
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indeed observed such a clear split in XRD peaks using CKa

radiation for relatively thinner~;10–15mm! PS layers.22

Based on the XRD measurements, lattice strain up
;0.4% was estimated for different PS samples. The lat
dilation obtained from splitting of~400! XRD peaks is found
to be larger by;50% compared to that for an identical pow
dered PS samples.22 For symmetric biaxial stain («5) paral-
lel to c-Si/PS interface and neglecting shearing strains,
lattice dilation in perpendicular direction can be given
«'5«5(112n), wheren is the Poisson’s ratio.21 From the
measured values of«' and«5 , the value ofn is estimated to
be varying from 0.05 to 0.25, which is relatively large
compared to the reported values.21 The larger value ofn
indicates the existence of asymmetry in lattice strain. T
may be explained by considering the origin of lattice dilati
in small crystallites. It is believed that lattice dilation in cry
tallites is caused by the distortion of surface atoms due
oxide and/or various add-atoms coverage.23,24

Raman peaks at around 300 and 380 cm21 are observed in
a-Si also and have been attributed to LA and LO phon
modes, respectively.25,26 However, combining our x-ray and
Raman TO mode analysis, the presence of significant am
of a-Si giving rise to enhanced SFR lines is ruled out. F
thermore, low frequency RS signal from oxidized PS
found to be much less compared to that from oxide remo
PS after a brief dip in diluted HF.10 Therefore assumption o
a-Si and/or oxygen induced surface disorder in PS lay
cannot account for the observed enhancement of SFR s
tering from PS layers.

There could be a combination of effects giving rise
enhanced SFR scattering from PS layers. For example,
effects, anisotropic strains in the PS layers attached to
substrates, misorientations of the PS, and randomly orie
PS nanoparticles could all lead to the symmetry violations
the Raman selection rules. Bond polarizability model cal
lation of RS from nanocrystallites gives rise to lower fr
quency RS lines for smaller crystallites.27,28 The intensity of
these lines increase gradually as the crystallite size
creases. With increase in anodization time, the porosity
creases and relative proportion of smaller crystallites
creases. Further, our XRD data have shown the presenc
strain at PS/c-Si interface. However, such a lattice distortio
would not be present in free standing PS layers.10,15 This
could explain relatively weak multiphonon RS lines fro
free standing PS samples even at low temperatures.

In addition, with increasing anodization time, the thick
PS columns would enhance the multiple reflections and
fractions~MRR! of the probe beam. This in turn, would in
crease the effects of misorientations. On the other hand
one moves away from the PS/substrate interface the s
caused by lattice mismatch relaxes. As the incident la
beam has limited penetration depth, SFR intensities wo
decrease. The reverse is true for the effects of MRR. Th
fore there will be compensatory effects of lattice strain a
MRR in enhancing the SFR lines from thick PS layer
tached to substrate Si. Indeed, the relative intensities of S
lines in Fig. 2 go through a maximum for sample~e! and
then decrease with further increase in anodization time

to
4-3
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may be mentioned here that the PL intensity profiles ver
anodization time also follow the same behavior as SFR li
~results not shown!.

We have studied symmetry-forbidden Raman modes fr
PS layers grown onc-Si ~100! substrate. Systematic micro
Raman study on PS layers prepared under different prep
tion conditions and anodization times has been carried ou
enhance the intensity of SFR modes. The presence of ne
ci

in

.

om
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amorphous silicon nor oxidation induced surface disor
can account for our results. A combination of mechanis
such as crystallite size effects, lattice mismatch induced
cromisorientations of crystal planes, and multiple reflectio
and refraction within the PS nanostructures explains
strong SFR lines from porous silicon. Our explanation
observed behavior of SFR modes is supported by a car
x-ray diffraction analysis on the same samples.
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