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We have measured Raman spectra of free-standing porous silicon at 10 K. Porous silicon samples were
prepared in aqueous and ethanoic electrolytes and the scattering was measured in the range of one- through
four-phonon processes. A quantum size effect is clearly observed in the spectral change of the first- and
second-order scattering from optical phonons but the scattering of higher orders is much more sensitive to the
decrease of nanocrystallite size. The microscopic morphological changes from Si single crystals are discussed.

INTRODUCTION

It has been determined that when crystalline Si is anod-
ized in dilute aqueous HF solutions at moderate current den-
sities, a porous Si~PS! layer is uniformly formed on the Si
substrate.1,2 The PS layer consists a great number ofmi-
cropore arrays, and can be prepared with porosities in the
range 20–80 %. The pore morphology and width~2–50 nm
in mean diameter! vary with the anodization variables, the
substrate resistivity, and the conduction type. Studies of PS
to date have focused on structural,3–11 material,12–17

mechanical,18 interfacial,19–23 and photoelectrochemical24–28

properties. Information about the electronic and optoelec-
tronic properties of PS is very important, since there is a
possibility that quantum size effects appear in PS. Some evi-
dence of quantum size effects in Si-based materials was re-
ported recently by several authors.29–32For PS, in particular,
Canham31 has demonstrated emission of visible~red! photo-
luminescence from high-porosity Si which was prepared by
chemical dissolution~immersion in a HF solution for several
hours! of anodized PS. Systematic studies are required to
determine the microscopic mechanism of electronic and pho-
tonic properties in PS.29

Raman-scattering studies of materials give us information
about structure, bonding, and disorder. Room-temperature
Raman spectra from porous Si films on silicon
substrates33–37 and from free-standing layers38,39 have been
reported. Micro-Raman-scattering spectra at room tempera-
ture have also been reported.40,41 However, except for the
work of Münderet al.,42 and extensive higher-order Raman
study of free-standingPS has not been performed. In this
paper, we report the experimental Raman study of free-
standing PS films at low temperature. Without the overlap-
ping Raman signal from the Si substrates, as reported in
Refs. 34 and 38, good quality Raman spectra can be easily
observed.

EXPERIMENTAL

The silicon wafers used in these experiments were nonde-
generatedp-type ~10–20V cm! single crystals with a~111!

mirror surface. Before anodization, the wafers were cleaned,
an Ohmic contact was formed on the back side, and then the
parts of the wafers not to be anodized were covered with an
acid-proof wax. The samples were formed by anodization of
these wafers in a 50% HF solution using Pt as a counter-
electrode at a constant current density of 10 mA/cm2 for 60
min. At the end of the process the anodization current was
increased abruptly up to 300–400 mA/cm2 to separate the
porous layer from the substrate. The porous Si films were
then rinsed in pure ethanol and dried in a vacuum chamber.
Aqueous 50% HF was used for sample 1, and ethanoic 50%
HF was used for sample 2. The porosity and thickness of
both resulting PS films were about 65% and 60mm, respec-
tively. Prior to the Raman-scattering experiments the samples
were stored for several weeks at ambient atmosphere. The
details of the experiment are presented elsewhere.43,44 The
thickness of the probed layer was estimated to be 6mm after
correcting the absorption coefficient45 for the decrease in
density and temperature.46 Measurements of the spectra from
porous Si were performed with the incident laser beam col-
limated to a spot 20mm in diameter at the sample surface,
which resulted in a maximum power density of about 1300
W/cm2.

RESULTS

Figures 1 and 2 show the Raman spectra of porous Si
samples 1 and 2, respectively, at 10 K for~a! polarization of
the incident lightEi and polarization of the scattered lightEs
parallel to each other,Ei iEs ; and ~b! perpendicular to each
other,Ei'Es . The labels of peaksA,B,C, etc. correspond to
the notations of the features in the Raman spectra of bulk
Si~111!.47 For spectral features which were not paid much
attention in previous studies, we introduced Greek lettersg,
h, i, etc. Raman spectra taken from the initial Si~111! sub-
strates are presented for comparison in Fig. 3. Assignment of
the spectral features to multiphonon modes is shown in Table
I and discussed in detail elsewhere.44 The Raman signal from
PS is much stronger than from the initial substrate. The in-
tensity of the first-order scattering which is due to the optical
(O) phonons at the centerG point of the Brillouin zone~BZ!,

PHYSICAL REVIEW B 15 JANUARY 1996-IIVOLUME 53, NUMBER 4

530163-1829/96/53~4!/1937~11!/$06.00 1937 © 1996 The American Physical Society



O(G) ~peakD!, is much stronger in comparison with that
from the initial Si wafer. Intensification of the scattering is
extremely high for sample 2. Table II summarizes data on the
enhancement of scattering from porous silicon samples. Be-
sides the intensity, there are a number of readily apparent
differences between the spectra of the PS samples and that of
the c-Si~111! sample.

In Fig. 4~a! we compare in detail the first-order scattering
with Ei iEs . Spectral parameters are summarized in Table III.
The spectra of the porous Si samples can be characterized by
a shift of this peak from its bulkc-Si positionDw and also
by a broadening described by full width at half maximum
~FWHM!. The peak from sample 1 is very asymmetric, with
a tail on the low-energy side extending to 420 cm21. The
peak for sample 2 is more symmetric, but a shoulder on its
low-energy side extending to a relatively flat and wide pla-
teaus is also present. In theEi'Es configuration@Fig. 4~b!#,
the shape and spectral characteristics of the first-order peak
from sample 1 are very similar to that ofEi iEs . In contrast,
sample 2 exhibits bulklike characteristics with a small shift
to low energy and only a slight broadening. However, a very
tiny shoulder on its low-energy side at around 470 cm21

could also be observed@Fig. 2~b!#.
For bulk Si, the first-order scattering consists of only

G 258 irreducible symmetry component.48 A variation in the

intensity ratio introduced for peakD, rD , of the scattering in
theEi'Es configuration to that in theEi iEs thus can serve
as a measure of the change of the relative contribution of this
symmetry component in the measured spectra. For nanocrys-
talline materials the symmetry selection rule of first-order
Raman scattering does not hold, and the change in polariza-
tion of scattered light may instead indicate the extent of dis-
orientation of the nanocrystallites. The values ofrD for the
initial silicon wafer and PS samples are shown in Table II.

The second-order spectrum of transverse~T! acoustical
~A! phonons for sample 1~Fig. 1! is much different from that
of c-Si~111! ~Fig. 3! at both polarizations. PeakA, peakC,
and a sharp minimum at its right side are no longer clearly
observed. Near 300 cm21, the position of peakB, two ex-
tremely wide peaks with centers at about 305 and 335 cm21

are present. We assume that the former is due to TA over-
tones atX andS critical points as in the case ofc-Si, and the
latter comes from an amorphous phase. For sample 2~Fig.
2!, peakA appears to be at itsc-Si position and is more
enhanced at both polarization configurations. PeakB
emerges above a humplike structure and forEi iEs exhibits a
large low-energy shift and much less broadening than for
sample 1. WithEi'Es it has about the same position and
width as forc-Si @Fig. 3~b!#.

In Fig. 5 we show a detailed view of the second-order
scattering arising from overtones of optical phonons~peak
H! at the critical pointX, which forms its left side, at points
W, Q, S, andSI , which form its left shoulder; at pointL,

FIG. 1. Raman spectra of porous silicon prepared in an aqueous
electrolyte obtained at 10 K for~a! polarization of the incident light
Ei and polarization of the scattered lightEs parallel to each other,
Ei iEs ; and ~b! perpendicular to each other,Ei'Es . Open circles
indicate features arising from crystalline material, and closed circles
show those characteristic of amorphous material.

FIG. 2. Raman spectra of porous silicon prepared in an ethanoic
electrolyte obtained at 10 K for~a! Ei iEs and ~b! Ei'Es . Nota-
tions are the same as in Fig. 1.
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which forms its right shoulder, and atG, which is responsible
for the spectral shape at the bottom of its right side~feature
I !, for porous Si and initialc-Si. Relevant spectral param-
eters are presented in Table III. In the spectra at both polar-
izations for sample 1 this peak completely lost its initial
characteristic form, and is much broader than forc-Si. Its
center is close to the position of the left shoulder of this peak
for c-Si. Though its shape can be well described by a Lorent-
zian, small discontinuities of the slope at about 920 and 970
cm21 are seen which points to contributions having topologi-
cal natures of 2TO~X! and 2TO~L! modes,48 respectively. For
sample 2 peakH shows a similar low-energy shift when
Ei iEs @Fig. 5~a!#, but its shape resembles that of the initial
c-Si and the broadening is less. For theEi'Es configuration
it is barely detectable above the background, and located at
about the same position as inc-Si.

The scattering between peaksD andH is composed of
contributions from combinations and also from overtones of
longitudinal (L) phonons~Table I!. For sample 1, in the
region wherec-Si exhibits two distinct peaksE andF ~with
the main contribution to the latter one in the form of a sharp
maximum coming from accidental critical points!, a wide
feature which we designated here asE, F arises with a maxi-
mum at 632 cm21, the position between peaksE andF for
the initial c-Si. PeakG seems to have an intensity dimin-
ished to the level of a weaker structureg on its left side. This
results in a shoulderlike feature at 795 cm21 with Ei iEs , and

at 781 cm21 with Ei'Es . For sample 2, contributions from
peaksE andF do not overlap, and the latter has a weaker
intensity. Both peaks are notably low energy shifted for
Ei iEs with centers at 601 and 642 cm21, respectively, and
for Ei'Es they remain at approximately thec-Si positions of
619 and 680 cm21, respectively. PeakG for theEi iEs con-
figuration transforms in the way described for sample 1. For
Ei'Es the structure on its left sideg weakens as well, and
peakG appears as a small feature at about 810 cm21; the
value is again close to itsc-Si frequency.

The neighboring bulk of scatteringh arising from around
850–920 cm21 originates from many two-phonon combina-
tions atS, L, andX critical points, together with those from
three-phonon combinations atX andW andY andL critical
points, Table I; note that three-phonon scattering is much
intensified for porous Si!, and from the overtone 2TO2~S! is
strongly increased in comparison withc-Si. The intensity of
the resulting scattering have become comparable to that from
the 2O~G! mode~featureI ! as most easily seen in Fig. 5.

A strong enhancement of multiphonon features occurs for
porous silicon, especially for sample 1. Results of a compari-
son of the spectra in Figs. 1 and 2 with corresponding spectra
in Fig. 3 are summarized in Table II. The intensities of peaks
H and E, F are normalized to those of peakD there. A
strong intensification of peakE, F takes place. It is ex-
tremely enhanced for the perpendicular scattering configura-
tion, and has become even more intense than peakH. For
sample 2 intensification of peaksE andF in both polariza-
tions is rather insignificant, as well as that of peakH, which
occurs only forEi iEs .

The third- and fourth-order scattering intensifies and
transforms as well. For both porous silicon samples the fea-
tures broaden to form wider bands, especially for the fourth-
order scattering~featuresM –O). There is a strong polariza-
tion dependence of their enhancement as shown in Table IV.

In addition to the peaks which can be attributed to the
scattering from crystalline material and were described
above, all spectra of our porous silicon samples, although to
different extents, exhibit broadbands which are characteristic
of an amorphous phase. For sample 1, features that resemble
the spectrum of pure amorphous silicon consisting of wide
bands of TA, LA, LO, and TO phonons49 ~labeled in Figs. 1
and 2 by black circles!, respectively, are as follows: the rise
in scattering at frequencies lower than 200 cm21, the wide
band centered at around 335 cm21, shoulders of the first-
order peak at around 400 and 470 cm21, and a minima or
breaks in the slope of scattering between the above features
and bands from 2LA and 2TO phonons~they are of weaker
intensity in comparison with other bands,49 and are hidden
by peaksE, F, andH, respectively! at around 240, 370, 450,
570, and 750 cm21. In both scattering configurations the
amorphouslike component is present to an approximately
equal extent. For sample 2 this component is enhanced for
Ei iEs , resulting in clear bands at 340, 420, and 470 cm21.
However, the bands are very weak forEi'Es .

DISCUSSION

The first-order spectrum from bulk Si single crystal rep-
resents scattering by optical phonons with quasimomentum
q50 because of its conservation in an infinite lattice. Studies

FIG. 3. Raman spectra of the initial Si~111! single-crystal wafer
used for preparation of porous silicon samples obtained at 10 K for
~a! Ei iEs and ~b! Ei'Es ~Ref. 44!.
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TABLE I. Phonon assignment of multiphonon Raman features for the initial bulk Si substrates used for preparation of porous Si samples.
Denotions of the modes are explained in the text.

Spectral
feature

designation

Position of
featurea

~cm21!

Critical-point assignment according to:
Calculated
frequencyb

~cm21!

Previous studies Present work
Ref. 47 Ref. 48 Ref. 68

a 229 2TA~L! 2TA~L! 2TA~L! 2TA~L!

b 303 2TA~X! 2TA~X! 2TA~X! 2TA~X!

306 2TA2~S! 2TA2~S!

c 435 2TA~W! or 2TA~S! 2TA~W! and 2A2~W!

2TA~S! 2A1~Q! 2A1~Q!

460 2TA~S! 2A1~S! 2TA1~S!

2A1~L-K! 2A1~L-K!

d 525 O~G! O~G! O~G! O~G!

e 618 TO~X!1TA~X! O~S!1A~S! TO~X!1TA~X! 617
624 LO~S!1TA1~S!

636 LO~D!1TA~D!

f 675 TO~S!1TA~S!, accidental accidental critical points 675
TO~W!1TA~W! critical TO2~S!1TA1~S! 690
or points O1~W!1A2~W! 691
LO~X!12TA~L! 2O2~W! 698

TO1~S!1TA1~S! 705
g O~G!12TA~L! 754

TA~X!1TA~L!1TO~L! 763
2TA~X!1TO~X! 768
2LO~S! 788

g 822 TO1LA or O1~W!1O2~W! 823
O~G!12TA~X! 2L(X) 824

O(G)12TA~X! 828
h 850–920 2LO~L! 852

TO2~S!1LO~S! 854
TO1~S!1LO~S! 869
TO~L!1LA ~L! 870
TO~X!1L(X) 877
L(X)12A2(W) 847
TA~X!12A1(W) 850
TA~X!12LA(L) 900
TO~X!12A2(W) 900
L(X)1LA ~L!1TA~L! 901

920 2TO2~S!

h 930 2TO~X! 2TO~X! 2TO~X! 2TO~X!

947 2TO~W! 2TO~W! 2O1~W!

2O~Q! 2O(Q)
950 2O(SI) 2O~SI!

2TO1~S!

991 2TO~L! and 2TO~S! 2TO~L! 2TO~L! 2TO~L! 991
i 1050 2O(G) 2O(G) 2O(G) 1050
i 1110 L(X)12O2(W) 1110
w 1245 L(X)1O1(W)1O2(W) 1235

3L(X) 1236
L(X)12LO~L! 1264
O(G)12LA~L! 1273

j 1300 2LO~L!1TO~X! L(X)1TO~L!1LA ~L! 1282
TO~X!1O1(W)1O2(W) 1288
TO~X!12L(X) 1289
TO1~S!1O1(W)1O2(W) 1298

l 1335 L(X)1LO~L!1TO~L! 1334
TO~X!1LA ~L!1TO~L! 1335
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of the morphology and structure of porous Si by transmission
electron microscopy~TEM! has revealed the presence of
crystalline structures with dimensions on a nanometer
scale.39,40,50–54The limitation of the translation symmetry
leads to relaxation of this selection rule, and phonons with
quasimomentum out of the region around theG point deter-
mined by the size of the crystallite can contribute to the
scattering.55 Due to the decrease in the frequency of optical
phonons withq in the vicinity of the BZ center, the Raman
line of a spectrum from nanocrystalline material is shifted to
lower energies and broadened.

A theory has been developed56,59 in which confinement of
the phonon wave function inside a nanocrystalline is repre-
sented by weighting the phonon amplitude as a function of
direction. The corresponding phonon confinement function
can be expressed in a Fourier series, and the Raman spec-

trum is described by integration over phonon Lorentzians
weighted by the square of the Fourier transform of the con-
finement function. The choice of the weighting function is
determined mainly by physical assumptions. Different types
of weighting functions have been probed.59 This model has
been used by most workers to describe quantitatively the
Raman spectra from porous Si.38,39,41,42,60–62In most cases a
Gaussian was used as the weighting function. However, the
spectra obtained in a series of studies36,63–66do not match
with theoretical predictions. In all these cases the peak shift
is about twice or more than that required to fit the predicted
relationship with the FWHM. This discrepancy cannot be
eliminated by the choice of the nanocrystalline shape. The
adoption of the phonon amplitude to be exactly equal to zero
at the boundary~with sinc as a confinement function! does
not change the relationship between the peak shift and

TABLE I. ~Continued!.

Spectral
feature

designation

Position of
featurea

~cm21!

Critical-point assignment according to:
Calculated
frequencyb

~cm21!

Previous studies Present work
Ref. 47 Ref. 48 Ref. 68

k 1377 TO~L!1LO~L!1TO~X! O(G)12LO~L! 1377
or 3TO~X!

m 1417 O(G)1TO~X!1L(X) 1402
L(X)12TO~L! 1403
TO~X!12O1(W) 1412
3TO1~S! 1425

l 1456 2TO(L)1TO(X) TO(L)12O1(W) 1443
or 3TO~S! O(G)12TO(X) 1455

TO(X)12TO(L) 1456
O(G)12O1(W) 1472
LO~D!1TA~D!12LO(L) 1488

n 1515 O(G)12TO,(L) 1516
mc 1550 2LO(L)1A2(W)1O1(W) 1543

2TO(X)1TO(X)1TA(X) 1547
2LO(L)12O2(W) 1550

p 1570 LO~D!1TA~D!12TO(X) 1566
LO~D!1TA~D!12O1(W)/2TO1~S! 1583/1586
3O(G) 1575

n 1600 2LA(L)12LO(L) 1600
TA(X)1TO(X)12TO(L) 1603

r 1627 2L(X)12LO~S! 1612
LO~D!1TA~D!12TO(L) 1627
4L(X) 1648

o 1660 2LO(L)12LO~S! 1640
2O1(W)/2TO1~S!1O1(W)1A2(W) 1638/1641
2O1(W)/2TO1~S!12O2(W) 1645/1648
2TO2~S!12LA(L) 1668
2L(X)12LO(L) 1676
2TO(X)12LA(L) 1678
2TO(L)1O1(W)1A2(W) 1682
2TO(L)12O2(W) 1689
2O1(W)/2TO1~S!12LA(L) 1695/1698

aThe data are quoted for the parallel scattering configuration.
bThe frequency of theO2(W) phonon was estimated from theoretical data of Ref. 57, and for frequencies ofL(X), LO(L), and LA(L),
phonon data of infrared measurements of Ref. 58 were used.
cFor featuresm–o, which reflect four-phonon processes, only the most probable processes are selected.
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FWHM significantly, and leads mainly to a decrease in the
diameter of spherical nanocrystallites for a given shape of
the spectrum.42 This theory also does not explain experimen-
tal data for Si nanocrystallites covered by hydrogen atoms
prepared by magnetron rf sputtering in hydrogen gas.30 It
seems that no broadening of the first-order spectrum oc-
curred for spherelike nanocrystallites with an average diam-
eter of about 25 Å. The low-frequency shiftDv56 cm21 of
the sharp line was explained by a 2% lattice expansion with
a decrease in the size of the nanocrystallites.30

In addition, the theory worked well for describing line
widening with a decrease of the size of Ge nanocrystallites
grown in SiO2 by rf cosputtering.

67 But no coincidence with
experimental data for the peak position, which showed a
small blueshift, was found. The authors explained this dis-
crepancy by the exertion of a compressive stress on the
nanocrystallites, possibly originating from a mismatch of the
lattice constants of Ge and SiO2. The bulklike character of
the first-order line in the topmost layer of porous Si was
explained by relaxation of the increased lattice parameter as
a result of the replacement of hydrogen by oxygen.41 An
excellent agreement between the fit and the spectrum was
achieved by considering the shift due to a uniaxial strain
perpendicular to the surface of the porous Si layer, a distri-
bution of nanocrystallites diameters between 20 and 150 Å,
and an amorphous background which represents nanocrystal-
lites smaller than 20 Å.42

We can assume that the nanocrystallites in sample 1 pre-
pared in aqueous solution have a spherical shape, as was
established by electron microscopy studies of porous Si pre-
pared in aqueous-containing solutions.39,40,50–54Then, using
theoretical data of Ref. 54 and the value for the FWHM of
the first-order spectrum for sample 1, we can estimate the
characteristic diameter of the nanocrystallites to be about
41 Å. The predicted peak shift for this value of the FWHM is
Dv>6 cm21, and is 3–4 cm21 smaller than observed experi-
mentally. The incident power density used by us could lead
to an additional low-frequency shift of about 2 cm21 because
of sample heating.41 The insignificant remaining discrepancy
of about 1–2 cm21 we explain by lattice expansion of the
nanocrystallites.7,30,55The signature of this expansion is also
the high-frequency shift of peakB with an upper estimate of
about 5 cm21. This could be interpreted as>0.08% lattice
expansion in comparison with bulk Si, using data for the
pressure dependence of the 2TA~X! mode.68 Thus the main
reason for the low-frequency shift of the first-order peak for

sample 1 anodized in aqueous solution is the phonon con-
finement effect.

For sample 2 prepared in ethanoic electrolyte, the spectral
characteristics of the first-order peak depend strongly on po-
larization. To fit the theoretical relationship between the
FWHM and peak shift for the perpendicular scattering con-
figuration, one should assume that the shape of the nanocrys-
tallites is a narrow rod or even a thin slab, rather than a
sphere;59 again this takes into account a possible slight shift
and broadening of the line from laser heating.41 The estimate
of the nanocrystallite size through the FWHM gives two dif-
ferent values forEi'Es andEi iEs . In the case of columnar
structure they are of about 120 and 45 Å, respectively, while
the thin-film structure gives 100 Å and less than 30 Å, re-
spectively. The extremely large low-energy shift of the first-
order peak in the parallel configuration,Dw517 cm21, in
comparison with the theoretically predicted value of about
1–2 cm21, cannot be accounted for by laser irradiation or the
effects of tensile stress. The latter should also shift peaksA
andB upward,68 which is clearly not the case@Fig. 2~a!#. We
consider that this excessive shift could occur due to a low-
ering of the phonon frequencies for vibrations in the direc-
tion perpendicular to the plane of a thin crystalline slab.69 If
we assume that the peak from first-order scattering is caused
atEi iEs by the out-of-plane vibrations, and atEi'Es by the
in-plane vibrations, for its shiftDw517 cm21 in the former
case, a calculation~Fig. 3 of Ref. 69! gives a difference
between the frequency of in-plane and out-of-plane modes of
about 11.5 cm21, a value close to 13 cm21, the difference
between positions of this peak in our spectra with different
polarizations. These explanations are supported by the results
of an x-ray-diffraction study, that nanocrystallites composing
porous silicon prepared in ethanol containing electrolyte
have in general two quite different dimensions, the larger one
being oriented perpendicular to the surface@~100!-oriented
silicon wafers were used#.7

Relative enhancement of the multiorder scattering also
can serve as a measure of the size of nanocrystallites. The
intensification of scattering from porous silicon in the region
of 630 cm21 was attributed in Ref. 66 to the same origin as
in microcrystalline silicon, i.e., to relaxation of the symmetry
selection rules,70 and to a surface assistance in Ref. 42. For
sample 2, a weaker intensification of peakH and especially
of peakE ~Table II! in comparison with sample 1 supports
the above conclusion of a larger average size of nanocrystal-
lites in this sample obtained from the FWHM of the first-

TABLE II. Enhancement of the Raman scattering from porous silicon in comparison with the initial silicon substrate and depolarization
ratio for the first-order scattering.

Peak
polarization

First-order scattering
O(G)

Second-order scattering normalized to the
intensity of the first-order scattering: Intensity ratior(D) of theO(G)

scattering in the perpendicular
polarization to that in parallel

polarization

D E, F H

parallel perpendicular parallel perpendicular parallel perpendicular

Porous Si
sample 1

15 2.4 17 60 4 4 0.5

Porous Si
sample 2

90 65 1.5 1.5 1.8 2.4

Si~111! 1 1 1 1 1 1 3.3
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order scattering. However, the present explanations are ten-
tative, and require further experimental proof, including the
use of other imaging techniques like TEM.

The composition of an electrolyte also has strong effect
on the morphology of the resulting porous silicon films.

X-ray studies6,10 have shown that the microcrystallites in po-
rous Si have a coherent lattice though the whole thickness of
the layer, so that they can be viewed as a single crystal. This
can be due to the specific mechanism of the anodic etching,

FIG. 4. Detailed view of the Raman spectra in the region of the
first-order scattering from porous silicon~PS! samples prepared in
aqueous electrolyte~PS sample 1! and ethanoic electrolyte~PS
sample 2! compared with that fromc-Si for ~a! Ei iEs , and ~b!
Ei'Es . Notations correspond to those of Fig. 1.

FIG. 5. Detailed view of the Raman spectra in the region of the
second-order scattering from overtones of optical phonons from po-
rous silicon~PS! samples prepared in an aqueous electrolyte~PS
sample 1! and an ethanoic electrolyte~PS sample 2!, compared with
that fromc-Si for ~a! Ei iEs , and~b! Ei'Es . Notations correspond
to those of Fig. 3.
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which results in the propagation of pores along^100& crys-
tallographic directions, as was shown by TEM, and it is pro-
posed that this is ‘‘a universal property of the formation mor-
phology of porous silicon, independent of dopant type,
concentration, or anodization conditions.’’71 Recent high-
resolution TEM studies revealed that lattice planes inside
microcrystallites of porous silicon prepared in aqueous
electrolyte,53 as well as in an ethanoic electrolyte52 having in
general the same orientations as in the underlying substrate,
are misoriented slightly with respect to each other. The de-
gree of misorientation of microcrystallites in our samples

manifests itself in the depolarization ratiorD of the first-
order scattering. For sample 2 anodized in ethanoic electro-
lyte, its value is much closer to that of the initialc-Si sub-
strate in comparison with sample 1~Table II!. For sample 1
prepared in an aqueous solution, the value ofrD is close to
that of randomly oriented crystallites, which is equal to
0.75.72 This fact implies a better orientation of nanocrystal-
lites in sample 2, and is in accordance with the extreme rise
of the absolute intensity of the Raman scattering from
sample 2 in comparison with sample 1. An intensification of
the first-order scattering from porous Si has been observed

TABLE III. Full width at half maximum~FWHM! and energy shiftD(w) of the first- and second-order scattering from overtones of
optical phonons for porous silicon and the initial silicon substrate.

First-order scattering~peakD!: Second-order scattering~peakH!:
Polarization parallel perpendicular parallel perpendicular

FWHM D(w) FWHM D(w) FWHM (Dw) FWHM D(w)
~cm21! ~cm21! ~cm21! ~cm21! ~cm21! ~cm21! ~cm21! ~cm21!

Si~111! 3.5 0 3.5 0 62 0 64 0
Porous Si
sample 1

20 9 20 10 85 23 92 22

Porous Si
sample 2

12 17 5 2 72 15

TABLE IV. Changes in the relative intensity of third- and fourth-order Raman scattering from porous silicon in comparison with the
initial silicon substrate.

Polarization Feature

Porous Si sample 1: Porous Si sample 2:

Position
~cm21!

Intensity
~qualitatively!

Position
~cm21!

Intensity
~qualitatively!

Parallel i 1110 larger 1110 larger
w 1246 same 1245 same
J 1290 smaller 1300 smaller
l 1337 larger
K 1380 much smaller
m 1417 same
L 1460 much smaller 1460 much smaller
n 1510 larger 1510 larger
M 1530 larger 1530 larger
p 1575 smaller 1570 same
N 1600 larger 1590 larger
r 1615 same 1615 same
O 1660 larger 1660 same

Perpendicular i 1110 larger 1090 larger
w 1238 much larger 1245 same
J 1310 much larger 1290 same
l 1337 same 1343 larger
K 1377 little larger
m 1417 larger 1417 larger
L 1460 larger 1460 larger
n 1510 larger 1510 larger
M 1537 much larger 1536 much larger
p 1580 much larger 1575 much larger
N 1610 much larger 1600 much larger
r 1640 larger 1620 much larger
O 1690 larger 1690 much larger
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previously, and credited to surface enhancement or resonance
effects.36 This extreme enhancement is easily seen for the
first-order scattering~Table II!,and can be explained by the
effect of multiple reflections of incident light from better-
ordered interfaces inside the porous structure. The above dis-
cussion is consistent with the fact that the addition of ethanol
to the electrolyte results in better crystallinity and also in a
decrease in the strain induced on the substrate from the po-
rous layer.6 We can associate this decrease in strain with the
diminishing of the lattice expansion of porous Si, in accor-
dance with larger dimensions of nanocrystallites7,30,55 in
comparison with samples prepared in aqueous electrolyte.

Assuming that the average size of the nanocrystallites in
sample 1 is smaller than in sample 2, we can speculate on the
evolution of the phonon density of states, which is reflected
by the second-order spectrum with the diminishing of nano-
crystallites size. In the region of overtones of acoustical
phonons a contribution from the scattering characteristic of
amorphous material is present, and complicates the interpre-
tation. The most notable changes there are the disappearance
first ~Fig. 2! of the scattering from overtones which lead to
featureC, and then~Fig. 1! a strong diminishing of peakA.
PeakF loses part of its intensity due to accidental critical
points at 675 cm21, as seen in the spectra for sample 2~Fig.
2!. That is why we consider that the main contribution to
peakE, F of sample 1 actually comes from peakE ~Fig. 1!.
The weakly resolved structure on its left side at 614 cm21 in
Fig. 1 corresponds to TO~X!1TA~X!. For this combination
no notable deviation from the position forc-Si at 612 cm21

is expected because the frequencies of the TA~X! and TO~X!
phonons change in opposing directions, as can be seen from
the shifts of peaksB andH, respectively. The central peak at
632 cm21 then probably corresponds to the combination
LO~D!1TA~D!, and the break in the slope between these
features at 627 cm21 to the combination LO~S!1TA1~S!
~Figs. 1 and 4!.

The region of overtones of optical phonons~peakH! for
sample 2 resembles its initial form forc-Si, and, as in a
previous study,42 a relative decrease of scattering from over-
tone 2TO~L! ~right shoulder! as well as of scattering from
overtones 2O(Si) and 2TO1~S! ~the sharp peak at the left
shoulder!, takes place@Fig. 5~a!#. A relative contribution
from numerous two- and three-phonon modes, which leads
to featureh at the left side, and from overtone 2O~G!, which
results in featureI at the right side, increases. Further dimin-
ishing of crystallite size@the middle spectrum in Figs. 5~a!
and 5~b!# leads to a drastic relative decrease of scattering
from the 2TO~L! mode and an extreme relative increase of
scattering from the modes which forms featuresh and I .
These changes are in general agreement with a decrease of
the frequencies of overtones of optical phonons and a broad-
ening of the resulting peakH, as has been shown to occur for
silicon crystallites of nanometer size.70

Our spectra of porous silicon samples show that the relax-
ation of the symmetry selection rules occurs not only for the
first-42 and second-order70 Raman processes, but for scatter-
ing of higher orders as well. The main contribution to the
third- and fourth-order scattering for bulkc-Si comes from
theG1 irreducible symmetry component@this conclusion can
be inferred from polarized spectra~Fig. 3! considering that
theG1 component dominates in the scattering from acoustical

and optical overtones48,68 and is discussed in details
elsewhere.44 In the porous silicon spectra withEi'Es @Figs.
1~b! and 2~b!#, where the signal of acoustical and optical
overtones is diminished, the third- and fourth-order scatter-
ing is rather strong, and for sample 2 even exceeds the in-
tensity of the two-phonon spectrum. In addition to the en-
hancement of theG1 component, this intensification could
also be caused by enhancement of the scattering associated
with other possibleG 258 andG12 symmetry components~for
four-phonon processes in Table I we list only those which
contain optical overtones!. We should also note that the
three- and four-phonon spectrum is much more sensitive to
the effects of nanocrystallinity than the scattering of lower
orders, as especially seen in the spectra of porous silicon
sample 2, which has larger nanocrystallites~Fig. 2!. While
the peaks of the one- and two-phonon spectrum are still rela-
tively narrow and resemble their shape for bulkc-Si, the
form of the three- and four-phonon spectrum changes drasti-
cally.

Now we will briefly discuss the contribution of the amor-
phouslike component. The amorphouslike shoulder at 480
cm21 is seen in all spectra of our porous silicon. The similar
broadband with a FWHM of about 20–70 cm21 centered
around 470–500 cm21 has been observed on the low-energy
side of the first-order peak in several studies of porous
silicon.62,63,65,73,74It has also been seen in silicon nanocrys-
tallites prepared by plasma-enhanced chemical vapor
deposition,75 in a hydrogen plasma,55,76 and by a gas-
evaporation technique.77–79 Several explanations have been
proposed. For nanocrystalline silicon this component in-
creases in integrated intensity,75,77,78shifts to lower frequen-
cies with decreasing crystallite size,55,78 and has been attrib-
uted to a surfacelike shearing mode of silicon clusters.55

The Raman spectra of germanium nanocrystallites prepared
by a rf cosputtering method67 and gas-evaporation
technique77,79–81 also showed an analogous amorphouslike
peak, but this was explained as a signal from the disordered
layer at the surface of the nanocrystallites. A weaker relative
contribution of this peak to the spectrum in the former case
was accounted for by trapped surfaces of nanocrystallites
embedded in the SiO2 matrix.

67 Decomposition of the Raman
spectra of silicon particles prepared by the gas-evaporation
technique even required, introducing a surface mode located
at 435 cm21.78 The other amorphous bands at lower frequen-
cies are present in a different proportion to this one. In com-
parison with sample 1 they are notably enhanced in the
Ei iEs spectrum of sample 2. It was shown for freshly pre-
pared porous silicon that hydrogen atoms are present in the
surface layer of the crystallites.8,9,52 A lattice expansion
found for sample 1 can be the result not only of the small
crystallite size,7,55 but of such coverage by hydrogen atoms
as well.30 This passivation may prevent the surface layer
from disordering. The nanocrystallites in sample 2 have a
larger average size than in sample 1, and hence the pore size
should be larger to keep the same value of porosity. This can
lead to a faster replacement of hydrogen by oxygen, as our
samples were kept at an ambient atmosphere. The insertion
of oxygen atoms leads to a relaxation of the lattice
expansion41 and to its distortion,61 which could result in the
relaxation of the Raman selection rules and the appearance
of an enhanced amorphouslike component of the spectrum.
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However, its strong dependence on polarization~this compo-
nent is extremely weak in theEi'Es spectrum of sample 2!
suggests that for thin slablike nanocrystallites it may rather
represent the distributions of phonon out-of-plane and in-
plane modes sensitive toEi iEs andEi'Es polarizations, re-
spectively.

CONCLUSIONS

In summary, we have observed the low-temperature Ra-
man spectra of free-standing porous silicon. The use of dif-
ferent types of electrolytes for etching silicon substrates,
keeping other conditions fixed, resulted in porous films with
different morphologies and dimensions of constituent nano-
crystallites. When an aqueous solution was used, nanocrys-
tallites with a smaller average size and a spherelike shape
were produced. The porous silicon film anodized in an etha-
noic solution consists of nanocrystallites which exhibit a spa-
tially dependent confinement of phonons. The differences of

the spectra obtained at parallel and perpendicular scattering
configurations point to a thin slablike shape of nanocrystal-
lites. The ordering of the porous structure is better in this
case. The sensitivity of the third- and fourth-order scattering
to the diminishing of the crystallite size is much higher than
that of the lower-order scattering.
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