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Raman study of free-standing porous silicon
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We have measured Raman spectra of free-standing porous silicon at 10 K. Porous silicon samples were
prepared in agueous 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 mirror surface. Before anodization, the wafers were cleaned,
: . - an Ohmic contact was formed on the back side, and then the
. I has_ been determined that_ when crystaliine Si is anod: arts of the wafers not to be anodized were covered with an
ized in dilute aqueous HF solutions at moderate current de Scid-proof wax. The samples were formed by anodization of
sities, a porous SiPS layer is uniformly formed on the Si- yhese wafers in a 50% HF solution using Pt as a counter-
substraté:” The PS layer consists a great numbernof  ejectrode at a constant current density of 10 mA/éon 60
cropore arrays, and can be prepared with porosities in thenjn. At the end of the process the anodization current was
range 20—80 %. The pore morphology and wit®r50 nm  increased abruptly up to 300—400 mAfto separate the
in mean diametgrvary with the anodization variables, the porous layer from the substrate. The porous Si films were
substrate resistivity, and the conduction type. Studies of P$hen rinsed in pure ethanol and dried in a vacuum chamber.
to date have focused on structutal’ materiali>’  Aqueous 50% HF was used for sample 1, and ethanoic 50%
mechanical? interfacial}®*~**and photoelectrochemi¢dr®®  HF was used for sample 2. The porosity and thickness of
properties. Information about the electronic and optoelechoth resulting PS films were about 65% and @@, respec-
tronic properties of PS is very important, since there is &ively. Prior to the Raman-scattering experiments the samples
possibility that quantum size effects appear in PS. Some evivere stored for several weeks at ambient atmosphere. The
dence of quantum size effects in Si-based materials was retetails of the experiment are presented elsewfiEteThe
ported recently by several authdrs®?For PS, in particular, thickness of the probed layer was estimated to herbafter
Canhari! has demonstrated emission of visililed) photo-  correcting the absorption coefficiéhtfor the decrease in
luminescence from high-porosity Si which was prepared bydensity and temperatuf& Measurements of the spectra from
chemical dissolutiotimmersion in a HF solution for several porous Si were performed with the incident laser beam col-
hourg of anodized PS. Systematic studies are required téimated to a spot 2Qum in diameter at the sample surface,
determine the microscopic mechanism of electronic and phowhich resulted in a maximum power density of about 1300
tonic properties in P& W/cn?.
Raman-scattering studies of materials give us information
about structure, bonding, and disorder. Room-temperature
Raman spectra from porous Si films on silicon RESULTS
substrate§ ™" and from free-standing layefs™ have been Figures 1 and 2 show the Raman spectra of porous Si
reported. Micro-Raman—scatterilng spectra at room temper%‘amples 1 and 2, respectively, at 10 K fay polarization of
ture have also been4£eport@d“. However, except for the 4 incident lightg; and polarization of the scattered lighg
work of Munder et gl., and extensive higher-order Ramqn parallel to each otheE;|Es; and (b) perpendicular to each
study of free-standingPS has_ not been performed. In this other,E, L E,. The labels of peaka,B,C, etc. correspond to
paper, we report the experimental Raman study of fréege notations of the features in the Raman spectra of bulk
s;andmg PS fllms at low temperature. Without the overIap_-Si(lll)_zw For spectral features which were not paid much
ping Raman signal from the Si substrates, as reported '_?ttention in previous studies, we introduced Greek letiers
Refs. 34 and 38, good quality Raman spectra can be easily , eic. Raman spectra taken from the initia({131) sub-
observed. strates are presented for comparison in Fig. 3. Assignment of
the spectral features to multiphonon modes is shown in Table
| and discussed in detail elsewhéfdhe Raman signal from
EXPERIMENTAL PS is much stronger than from the initial substrate. The in-
The silicon wafers used in these experiments were nonddensity of the first-order scattering which is due to the optical
generated-type (10—-20() cm) single crystals with §111)  (O) phonons at the cent&rpoint of the Brillouin zongBZ),
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FIG. 1. Raman spectra of porous silicon prepared in an aqueous FIG. 2. Raman spectra of porous silicon prepared in an ethanoic
electrolyte obtained at 10 K fdgr) polarization of the incident light electrolyte obtained at 10 K fofa) E;lIEs and (b) E; L E5. Nota-
E; and polarization of the scattered light parallel to each other, tions are the same as in Fig. 1.
E;llIEs; and (b) perpendicular to each othef; L Eg. Open circles
indicate features arising from crystalline material, and closed circle
show those characteristic of amorphous material.

intensity ratio introduced for pedR, pp , of the scattering in
the E; L Eg configuration to that in th&;llE4 thus can serve
as a measure of the change of the relative contribution of this
O(I') (peakD), is much stronger in comparison with that symmetry component in the measured spectra. For nanocrys-
from the initial Si wafer. Intensification of the scattering is talline materials the symmetry selection rule of first-order
extremely high for sample 2. Table Il summarizes data on th&aman scattering does not hold, and the change in polariza-
enhancement of scattering from porous silicon samples. Beion of scattered light may instead indicate the extent of dis-
sides the intensity, there are a number of readily apparerdrientation of the nanocrystallites. The valuespgf for the
differences between the spectra of the PS samples and thatieftial silicon wafer and PS samples are shown in Table II.
the c-Si(111) sample. The second-order spectrum of transve($e acoustical

In Fig. 4(a) we compare in detail the first-order scattering (A) phonons for sample (Fig. 1) is much different from that
with E;lIE5. Spectral parameters are summarized in Table Illof ¢-Si(111) (Fig. 3) at both polarizations. Peak, peakC,
The spectra of the porous Si samples can be characterized byd a sharp minimum at its right side are no longer clearly
a shift of this peak from its bulk-Si positionAw and also  observed. Near 300 c, the position of pealB, two ex-
by a broadening described by full width at half maximum tremely wide peaks with centers at about 305 and 335'cm
(FWHM). The peak from sample 1 is very asymmetric, with are present. We assume that the former is due to TA over-
a tail on the low-energy side extending to 420 ¢mThe tones atX andy critical points as in the case 0fSi, and the
peak for sample 2 is more symmetric, but a shoulder on it$atter comes from an amorphous phase. For samplei@
low-energy side extending to a relatively flat and wide pla-2), peak A appears to be at its-Si position and is more
teaus is also present. In ti® L E, configuration[Fig. 4(b)], enhanced at both polarization configurations. PeBk
the shape and spectral characteristics of the first-order pe@merges above a humplike structure andEgIE, exhibits a
from sample 1 are very similar to that BfIEs. In contrast, large low-energy shift and much less broadening than for
sample 2 exhibits bulklike characteristics with a small shiftsample 1. WithE; L E it has about the same position and
to low energy and only a slight broadening. However, a verywidth as forc-Si [Fig. 3(b)].
tiny shoulder on its low-energy side at around 470 ¢m In Fig. 5 we show a detailed view of the second-order
could also be observddrig. 2(b)]. scattering arising from overtones of optical phondpsak

For bulk Si, the first-order scattering consists of onlyH) at the critical pointX, which forms its left side, at points
I' ;< irreducible symmetry componefft. A variation in the W, Q, 3, andS,, which form its left shoulder; at poirit,
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(a) at 781 cm* with E;L E. For sample 2, contributions from
Si(111) peakskE andF do not overlap, and the latter has a weaker
Exc. 2.41eV intensity. Both peaks are notably low energy shifted for
Eil/Es E,IIE with centers at 601 and 642 crh respectively, and

for E; L E¢ they remain at approximately tleSi positions of
619 and 680 cm', respectively. Pealé for the E|IE4 con-
figuration transforms in the way described for sample 1. For
E;L E4 the structure on its left sidg weakens as well, and
peakG appears as a small feature at about 810 trthe
value is again close to its-Si frequency.

The neighboring bulk of scattering arising from around
850-920 cm? originates from many two-phonon combina-

0 200 400 600 800 1000 1200 1400 1600 1800 2000 tions at¥, L, andX critical points, together with those from
RAMAN SHIFT (cm™) three-phonon combinations AtandW andY andL critical

v points, Table I; note that three-phonon scattering is much
(b) intensified for porous $iand from the overtone 2T@2) is
] N Si(111) strongly increased in comparison withSi. The intensity of
523 952 991 Exc.2.41eV the resulting scattering have become comparable to that from

EilEs the 20(I") mode (featurel ) 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 Il. The intensities of peaks
H and E, F are normalized to those of pedk there. A
2236 strong intensification of peak, F takes place. It is ex-
tremely enhanced for the perpendicular scattering configura-
) M L , , , . tion, and has become even more intense than peakor

0 200 400 600 800 1000 1200 1400 1600 1800 2000 sample 2 intensification of peals andF in both polariza-
RAMAN SHIFT (cm™) tions is rather insignificant, as well as that of p¢dkwhich
occurs only forE|llEs.

FIG. 3. Raman spectra of the initial($11) single-crystal wafer The third- and fourth-order scattering intensifies and
used for preparation of porous silicon samples obtained at 10 K fotransforms as well. For both porous silicon samples the fea-
(@) EjlIEs and (b) E; L Eg (Ref. 49. tures broaden to form wider bands, especially for the fourth-
order scatteringfeaturesM —0). 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
l;3bove, 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

he spectrum of pure amorphous silicon consisting of wide

INTENSITY (arb. units)

INTENSITY (arb. units)

which forms its right shoulder, and Bt which is responsible
for the spectral shape at the bottom of its right dif#sature

1), for porous Si and initiat-Si. Relevant spectral param-
eters are presented in Table Ill. In the spectra at both pola
izations for sample 1 this peak completely lost its initial
characteristic form, and is much broader than de®i. Its
center is close to the position of the left shoulder of this pea 4
for c-Si. Though its shape can be well described by a Lorent> ands of TA, LA, LO, and TO phonoff§(labeled in Figs. 1

zian, small discontinuities of the slope at about 920 and 976md Zt?y .blath (%‘II’C|©$ respe(;,tlvely,tﬁre azsogo_l(lgowr?: th(_adrlse
cm ! are seen which points to contributions having topologi—In scattering at frequencies lower than mhe wide

; band centered at around 335 ¢t shoulders of the first-
cal natures of 2TQX) and 2TAL) modes*® respectively. For 4 o
sample 2 peakd shows a similar low-energy shift when order pgak at around 400 aqd 470 tmand a minima or
E,IE, [Fig. 5@)], but its shape resembles that of the initial breaks in the slope of scattering between the above features

c-Si and the broadening is less. For thg. E configuration and bands from 2LA and 2TO phono(they are of weaker

o intensity in comparison with other bantfsand are hidden
gt:zutﬁrhe;ysgﬁgcgizlﬁi oibg\s/i:nfgie background, and located y peaksE, F, andH, respectivelyat around 240, 370, 450,

The scattering between peaRsand H is composed of 570, and 750 cm®. In both scattering configurations the

contributions from combinations and also from overtones of"MrPhouslike component is present to an approximately
longitudinal (L) phonons(Table . For sample 1, in the equal extent. For sample 2 this component is enhanced for

region wherec-Si exhibits two distinct peakB andF (with EillE,, resulting in clear bands at 340, 420, and 470 tm
the main contribution to the latter one in the form of a SharpHowever, the bands are very weak L E,.

maximum coming from accidental critical poihtsa wide

feature which we designated hereEsF arises with a maxi- DISCUSSION

mum at 632 cm?, the position between peal&sandF for

the initial c-Si. PeakG seems to have an intensity dimin-  The first-order spectrum from bulk Si single crystal rep-
ished to the level of a weaker structuy®n its left side. This  resents scattering by optical phonons with quasimomentum
results in a shoulderlike feature at 795 chwith E,|IEq, and  q=0 because of its conservation in an infinite lattice. Studies
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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.

Critical-point assignment according to:

Spectral Position of Calculated
feature featuré Previous studies Present work frequenc}t)
designation (cm™)  Ref. 47 Ref. 48 Ref. 68 (cm™Y
a 229 2TAL) 2TA(L) 2TA(L) 2TA(L)
b 303 2TAX) 2TA(X) 2TA(X) 2TA(X)
306 2TAZS) 2TA2(S)
c 435 2TAW) or 2TARS) 2TAW) and  2A2(W)
2TAR) 2A1(Q) 2A1Q)
460 2TAZ) 2A1(3) 2TALZ)
2A1(L-K) 2A1(L-K)
d 525 o) o) o) o)
e 618 TAX)+TA(X) O()+AR) TO(X)+TA(X) 617
624 LOS)+TALS)
636 LOA)+TA(A)
f 675 TA2)+TAS), accidental accidental critical points 675
TO(W)+TA(W) critical TO2AZ)+TALR) 690
or points O1(W)+A2(W) 691
LO(X)+2TA(L) 202(W) 698
TO1Z)+TAL(Z) 705
y O +2TA(L) 754
TAX)+TA(L)+TO(L) 763
2TA(X)+TO(X) 768
2LO(2) 788
g 822 TO+LA or O1(W)+02(W) 823
o) +2TA(X) 2L(X) 824
O(I) +2TA(X) 828
7 850-920 2LQL) 852
TO2(Z)+LO(Z) 854
TO1(2)+LO() 869
TO(L)+LA(L) 870
TO(X)+L(X) 877
L(X) +2A2(W) 847
TA(X)+2A1(W) 850
TAX)+2LA(L) 900
TO(X)+2A2(W) 900
L(X) +LA(L)+TA(L) 901
920 2TOZ3)
h 930 2TQX) 2TO(X) 2TO(X) 2TO(X)
947 2TQW) 2TO(W) 201W)
20(Q) 20(Q)
950 206) 20(S))
2TO1X)
991 2TAL) and 2T@3)  2TO(L) 2TO(L) 2TO(L) 991
i 1050 20() 20() 20(T) 1050
' 1110 L(X) +202(W) 1110
@ 1245 L(X) +O01(W)+02(W) 1235
3L(X) 1236
L(X)+2LO(L) 1264
O(I') +2LA(L) 1273
j 1300 2LAL)+TO(X) L(X)+TO(L)+LA(L) 1282
TO(X)+01 (W) + 02(W) 1288
TO(X)+2L(X) 1289
TOL(3)+01(W)+02(W) 1298
A 1335 L(X)+LO(L)+TO(L) 1334
TO(X)+LA(L)+TO(L) 1335
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TABLE I. (Continued.

Critical-point assignment according to:

Spectral Position of Calculated
feature featuré Previous studies Present work frequency
designation (em™h Ref. 47 Ref. 48 Ref. 68 (cm™
k 1377 TQL)+LO(L)+TO(X) Oo(I') +2LO(L) 1377
or 3TAOX)
M 1417 O(I") + TO(X) +L(X) 1402
L(X)+2TO(L) 1403
TO(X)+201(W) 1412
3TO1Z) 1425
1456 2TOL) +TO(X) TO(L)+201(W) 1443
or 3TO%) O(I") +2TO(X) 1455
TO(X) +2TO(L) 1456
o(IN)+201(w) 1472
LO(A)+TA(A)+2LO(L) 1488
v 1515 o(I') +2TO<(L) 1516
m° 1550 2LOL) +A2(W)+01(W) 1543
2TO(X) + TO(X) + TA(X) 1547
2LO(L)+202(W) 1550
T 1570 LOA)+TA(A)+2TO(X) 1566
LO(A)+TA(A)+201(W)/2TOLZ) 1583/1586
30(IN) 1575
n 1600 2LA(L) +2LO(L) 1600
TA(X) +TO(X) +2TO(L) 1603
p 1627 A (X)+2LO(Z) 1612
LO(A)+TA(A)+2TO(L) 1627
4L(X) 1648
(o] 1660 2LO(L) +2LO(3) 1640
201(W)/2TOXX)+01(W) +A2(W) 1638/1641
201(W)/2TOLX)+202(W) 1645/1648
2TO23)+2LA(L) 1668
2L(X)+2LO(L) 1676
2TO(X) +2LA(L) 1678
2TO(L) +O1(W)+A2(W) 1682
2TO(L) +202(W) 1689
201(W)/2TOLZ)+2LA(L) 1695/1698

&The data are quoted for the parallel scattering configuration.

®The frequency of th@2(W) phonon was estimated from theoretical data of Ref. 57, and for frequencle@<df LO(L), and LA(L),
phonon data of infrared measurements of Ref. 58 were used.

°For featuresn—o, which reflect four-phonon processes, only the most probable processes are selected.

of the morphology and structure of porous Si by transmissiorirum is described by integration over phonon Lorentzians
electron microscopy(TEM) has revealed the presence of weighted by the square of the Fourier transform of the con-
crystalline structures with dimensions on a nanometefinement function. The choice of the weighting function is
scale®94050-54The |imitation of the translation symmetry determined mainly by physical assumptions. Different types
leads to relaxation of this selection rule, and phonons wittof weighting functions have been prob&dThis model has
guasimomentum out of the region around fh@oint deter- been used by most workers to describe quantitatively the
mined by the size of the crystallite can contribute to theRaman spectra from porous %i3%41:4260-63y most cases a
scattering”® Due to the decrease in the frequency of opticalGaussian was used as the weighting function. However, the
phonons withq in the vicinity of the BZ center, the Raman spectra obtained in a series of studié8~®¢do not match
line of a spectrum from nanocrystalline material is shifted towith theoretical predictions. In all these cases the peak shift
lower energies and broadened. is about twice or more than that required to fit the predicted
A theory has been develop€d®in which confinement of relationship with the FWHM. This discrepancy cannot be
the phonon wave function inside a nanocrystalline is repreeliminated by the choice of the nanocrystalline shape. The
sented by weighting the phonon amplitude as a function odoption of the phonon amplitude to be exactly equal to zero
direction. The corresponding phonon confinement functiorat the boundanfwith sinc as a confinement functipdoes
can be expressed in a Fourier series, and the Raman spewt change the relationship between the peak shift and
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TABLE Il. Enhancement of the Raman scattering from porous silicon in comparison with the initial silicon substrate and depolarization
ratio for the first-order scattering.

First-order scattering Second-order scattering normalized to the
o(I) intensity of the first-order scattering: Intensity ratiop(D) of the O(T")
D E,F H scattering in the perpendicular
Peak polarization to that in parallel
polarization parallel  perpendicular  parallel  perpendicular  parallel  perpendicular polarization
Porous Si 15 24 17 60 4 4 0.5
sample 1
Porous Si 90 65 1.5 1.5 1.8 2.4
sample 2
Si(11) 1 1 1 1 1 1 3.3

FWHM significantly, and leads mainly to a decrease in thesample 1 anodized in aqueous solution is the phonon con-
diameter of spherical nanocrystallites for a given shape ofinement effect.
the spectrunf? This theory also does not explain experimen-  For sample 2 prepared in ethanoic electrolyte, the spectral
tal data for Si nanocrystallites covered by hydrogen atomsharacteristics of the first-order peak depend strongly on po-
prepared by magnetron rf sputtering in hydrogen Yas. larization. To fit the theoretical relationship between the
seems that no broadening of the first-order spectrum od=WHM and peak shift for the perpendicular scattering con-
curred for spherelike nanocrystallites with an average diamfiguration, one should assume that the shape of the nanocrys-
eter of about 25 A. The low-frequency shifiw=6 cm * of  tallites is a narrow rod or even a thin slab, rather than a
the sharp line was explained by a 2% lattice expansion witlsphere®® again this takes into account a possible slight shift
a decrease in the size of the nanocrystalfifes. and broadening of the line from laser heatfi@he estimate

In addition, the theory worked well for describing line of the nanocrystallite size through the FWHM gives two dif-
widening with a decrease of the size of Ge nanocrystallitegerent values folE; L E; andE;lE;. In the case of columnar
grown in SiQ by rf cosputtering’ But no coincidence with ~ structure they are of about 120 and 45 A, respectively, while
experimental data for the peak position, which showed dhe thin-film structure gives 100 A and less than 30 A, re-
small blueshift, was found. The authors explained this disspectively. The extremely large low-energy shift of the first-
crepancy by the exertion of a compressive stress on therder peak in the parallel configurationw=17 cmil, in
nanocrystallites, possibly originating from a mismatch of thecomparison with the theoretically predicted value of about
lattice constants of Ge and SiOThe bulklike character of 1-2 cm%, cannot be accounted for by laser irradiation or the
the first-order line in the topmost layer of porous Si waseffects of tensile stress. The latter should also shift péaks
explained by relaxation of the increased lattice parameter asndB upward®® which is clearly not the cad€ig. 2(a)]. We
a result of the replacement of hydrogen by oxy§emn consider that this excessive shift could occur due to a low-
excellent agreement between the fit and the spectrum waing of the phonon frequencies for vibrations in the direc-
achieved by considering the shift due to a uniaxial strairtion perpendicular to the plane of a thin crystalline SfaH.
perpendicular to the surface of the porous Si layer, a distriwe assume that the peak from first-order scattering is caused
bution of nanocrystallites diameters between 20 and 150 Aat E;| E by the out-of-plane vibrations, and BtL E by the
and an amorphous background which represents nanocrystat-plane vibrations, for its shifiw=17 cm ! in the former
lites smaller than 20 A2 case, a calculatioriFig. 3 of Ref. 69 gives a difference

We can assume that the nanocrystallites in sample 1 prdsetween the frequency of in-plane and out-of-plane modes of
pared in aqueous solution have a spherical shape, as wabout 11.5 cm?, a value close to 13 cnt, the difference
established by electron microscopy studies of porous Si presetween positions of this peak in our spectra with different
pared in aqueous-containing solutioi4®*°~*Then, using polarizations. These explanations are supported by the results
theoretical data of Ref. 54 and the value for the FWHM ofof an x-ray-diffraction study, that nanocrystallites composing
the first-order spectrum for sample 1, we can estimate thporous silicon prepared in ethanol containing electrolyte
characteristic diameter of the nanocrystallites to be aboutave in general two quite different dimensions, the larger one
41 A. The predicted peak shift for this value of the FWHM is being oriented perpendicular to the surfd¢&00)-oriented
Aw=6 cm }, and is 3—4 cm® smaller than observed experi- silicon wafers were usdd
mentally. The incident power density used by us could lead Relative enhancement of the multiorder scattering also
to an additional low-frequency shift of about 2 tirbecause can serve as a measure of the size of nanocrystallites. The
of sample heatind! The insignificant remaining discrepancy intensification of scattering from porous silicon in the region
of about 1-2 cri! we explain by lattice expansion of the of 630 cni ! was attributed in Ref. 66 to the same origin as
nanocrystallite$:2>>®*The signature of this expansion is also in microcrystalline silicon, i.e., to relaxation of the symmetry
the high-frequency shift of pea& with an upper estimate of selection rule€? and to a surface assistance in Ref. 42. For
about 5 cm™. This could be interpreted as0.08% lattice sample 2, a weaker intensification of pedkand especially
expansion in comparison with bulk Si, using data for theof peakE (Table 1) in comparison with sample 1 supports
pressure dependence of the ZXA mode® Thus the main the above conclusion of a larger average size of nanocrystal-
reason for the low-frequency shift of the first-order peak forlites in this sample obtained from the FWHM of the first-
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FIG. 4. Detailed view of the Raman spectra in the region of the  F|G_ 5. Detailed view of the Raman spectra in the region of the
first-order scattering from porous silicdRS samples prepared in - second-order scattering from overtones of optical phonons from po-
aqueous electrolytéPS sample JLand ethanoic electrolytéPS  oys silicon(PS samples prepared in an aqueous electrolft®
sample 2 compared with that fronc-Si for (a) EillEs, and(b)  sample 1 and an ethanoic electrolyt®S sample 2 compared with
EiL Es. Notations correspond to those of Fig. 1. that fromc-Si for (a) E;IEg, and(b) E; L E,. Notations correspond

to those of Fig. 3.
order scattering. However, the present explanations are ten-
tative, and require further experimental proof, including theX-ray studie§° have shown that the microcrystallites in po-
use of other imaging techniques like TEM. rous Si have a coherent lattice though the whole thickness of

The composition of an electrolyte also has strong effecthe layer, so that they can be viewed as a single crystal. This
on the morphology of the resulting porous silicon films. can be due to the specific mechanism of the anodic etching,
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TABLE lIl. Full width at half maximum(FWHM) and energy shifi\(w) of the first- and second-order scattering from overtones of
optical phonons for porous silicon and the initial silicon substrate.

First-order scatteringpeakD): Second-order scatteringeakH):

Polarization parallel perpendicular parallel perpendicular

FWHM A(w) FWHM A(w) FWHM (Aw) FWHM A(w)

(cm™b (cm™h (cm™ (em™h (em™h (cm™h (cm™h (cm™
Si(112) 3.5 0 35 0 62 0 64 0
Porous Si 20 9 20 10 85 23 92 22
sample 1
Porous Si 12 17 5 2 72 15
sample 2

which results in the propagation of pores algd@0 crys- manifests itself in the depolarization ratjg, of the first-
tallographic directions, as was shown by TEM, and it is pro-order scattering. For sample 2 anodized in ethanoic electro-
posed that this is “a universal property of the formation mor-lyte, its value is much closer to that of the initiedSi sub-
phology of porous silicon, independent of dopant type,strate in comparison with sample(Table Il). For sample 1
concentration, or anodization conditions.:”"Recent high- prepared in an aqueous solution, the valuggfis close to
resolution TEM studies revealed that lattice planes insidehat of randomly oriented crystallites, which is equal to
microcrystallites of porous silicon prepared in aqueousD.75/? This fact implies a better orientation of nanocrystal-
electrolyte3® as well as in an ethanoic electroljAdaving i lites in sample 2, and is in accordance with the extreme rise
general the same orientations as in the underlying substratef the absolute intensity of the Raman scattering from
are misoriented slightly with respect to each other. The desample 2 in comparison with sample 1. An intensification of
gree of misorientation of microcrystallites in our samplesthe first-order scattering from porous Si has been observed

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

Porous Si sample 1: Porous Si sample 2:
Position Intensity Position Intensity
Polarization Feature (em™h (qualitatively) (em™h (qualitatively

Parallel L 1110 larger 1110 larger

1) 1246 same 1245 same

J 1290 smaller 1300 smaller

N 1337 larger

K 1380 much smaller

o 1417 same

L 1460 much smaller 1460 much smaller

v 1510 larger 1510 larger

M 1530 larger 1530 larger

T 1575 smaller 1570 same

N 1600 larger 1590 larger

p 1615 same 1615 same

(0] 1660 larger 1660 same
Perpendicular ¢ 1110 larger 1090 larger

@ 1238 much larger 1245 same

J 1310 much larger 1290 same

A 1337 same 1343 larger

K 1377 little larger

)% 1417 larger 1417 larger

L 1460 larger 1460 larger

v 1510 larger 1510 larger

M 1537 much larger 1536 much larger

T 1580 much larger 1575 much larger

N 1610 much larger 1600 much larger

p 1640 larger 1620 much larger

(0] 1690 larger 1690 much larger
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previously, and credited to surface enhancement or resonanead optical overtoné8®® and is discussed in details
effects®® This extreme enhancement is easily seen for thelsewheré? In the porous silicon spectra with L E [Figs.
first-order scatteringTable Il),and can be explained by the 1(b) and 2b)], where the signal of acoustical and optical
effect of multiple reflections of incident light from better- overtones is diminished, the third- and fourth-order scatter-
ordered interfaces inside the porous structure. The above digig is rather strong, and for sample 2 even exceeds the in-
cussion is consistent with the fact that the addition of ethanalensity of the two-phonon spectrum. In addition to the en-
to the electrolyte results in better crystallinity and also in ahancement of thd; component, this intensification could
decrease in the strain induced on the substrate from the palso be caused by enhancement of the scattering associated
rous layef We can associate this decrease in strain with thevith other possibld 55 andT';, symmetry componentgor
diminishing of the lattice expansion of porous Si, in accor-four-phonon processes in Table | we list only those which
dance with larger dimensions of nanocrystallit®s® in  contain optical overtongsWe should also note that the
comparison with samples prepared in aqueous electrolyte. three- and four-phonon spectrum is much more sensitive to
Assuming that the average size of the nanocrystallites ithe effects of nanocrystallinity than the scattering of lower
sample 1 is smaller than in sample 2, we can speculate on tlarders, as especially seen in the spectra of porous silicon
evolution of the phonon density of states, which is reflectecsample 2, which has larger nanocrystallit€sg. 2). While
by the second-order spectrum with the diminishing of nanothe peaks of the one- and two-phonon spectrum are still rela-
crystallites size. In the region of overtones of acousticatively narrow and resemble their shape for buliSi, the
phonons a contribution from the scattering characteristic oform of the three- and four-phonon spectrum changes drasti-
amorphous material is present, and complicates the interpreally.
tation. The most notable changes there are the disappearanceNow we will briefly discuss the contribution of the amor-
first (Fig. 2) of the scattering from overtones which lead to phouslike component. The amorphouslike shoulder at 480
featureC, and then(Fig. 1) a strong diminishing of peak. cm 1is seen in all spectra of our porous silicon. The similar
PeakF loses part of its intensity due to accidental critical broadband with a FWHM of about 20—-70 chcentered
points at 675 cmt, as seen in the spectra for samplé®y.  around 470-500 cit has been observed on the low-energy
2). That is why we consider that the main contribution toside of the first-order peak in several studies of porous
peakE, F of sample 1 actually comes from peBk(Fig. 1).  silicon®2636573.74t has also been seen in silicon nanocrys-
The weakly resolved structure on its left side at 614 & tallites prepared by plasma-enhanced chemical vapor
Fig. 1 corresponds to T()+TA(X). For this combination deposition’’ in a hydrogen plasmZ;® and by a gas-
no notable deviation from the position forSi at 612 cm®  evaporation techniqu€="® Several explanations have been
is expected because the frequencies of théxXjAaand TQX) proposed. For nanocrystalline silicon this component in-
phonons change in opposing directions, as can be seen frooneases in integrated intensfy/”"®shifts to lower frequen-
the shifts of peak® andH, respectively. The central peak at cies with decreasing crystallite size’®and has been attrib-
632 cm ! then probably corresponds to the combinationuted to a surfacelike shearing mode of silicon clusters.
LO(A)+TA(A), and the break in the slope between theseThe Raman spectra of germanium nanocrystallites prepared
features at 627 cit to the combination L(E)+TAL(Z) by a rf cosputtering meth88 and gas-evaporation
(Figs. 1 and % techniqué’ 81 also showed an analogous amorphouslike
The region of overtones of optical phonofpeakH) for  peak, but this was explained as a signal from the disordered
sample 2 resembles its initial form fa-Si, and, as in a layer at the surface of the nanocrystallites. A weaker relative
previous study? a relative decrease of scattering from over- contribution of this peak to the spectrum in the former case
tone 2TdL) (right shouldey as well as of scattering from was accounted for by trapped surfaces of nanocrystallites
overtones @(S;) and 2TO1S) (the sharp peak at the left embedded in the Sidmatrix®’ Decomposition of the Raman
shouldey, takes place[Fig. 5@)]. A relative contribution spectra of silicon particles prepared by the gas-evaporation
from numerous two- and three-phonon modes, which leadgechnique even required, introducing a surface mode located
to featurey at the left side, and from overton®©2I'), which  at 435 cm.”® The other amorphous bands at lower frequen-
results in featuré at the right side, increases. Further dimin- cies are present in a different proportion to this one. In com-
ishing of crystallite sizfthe middle spectrum in Figs.(& parison with sample 1 they are notably enhanced in the
and §b)] leads to a drastic relative decrease of scatterings; I Eg spectrum of sample 2. It was shown for freshly pre-
from the 2TQL) mode and an extreme relative increase ofpared porous silicon that hydrogen atoms are present in the
scattering from the modes which forms featurgsand |.  surface layer of the crystallités:>2 A lattice expansion
These changes are in general agreement with a decreasefofind for sample 1 can be the result not only of the small
the frequencies of overtones of optical phonons and a broadrystallite siz€;>® but of such coverage by hydrogen atoms
ening of the resulting peak, as has been shown to occur for as well*® This passivation may prevent the surface layer
silicon crystallites of nanometer siZg. from disordering. The nanocrystallites in sample 2 have a
Our spectra of porous silicon samples show that the relaxtarger average size than in sample 1, and hence the pore size
ation of the symmetry selection rules occurs not only for theshould be larger to keep the same value of porosity. This can
first-*? and second-ord&t Raman processes, but for scatter-lead to a faster replacement of hydrogen by oxygen, as our
ing of higher orders as well. The main contribution to thesamples were kept at an ambient atmosphere. The insertion
third- and fourth-order scattering for buticSi comes from of oxygen atoms leads to a relaxation of the lattice
theT; irreducible symmetry componefthis conclusion can expansioftt and to its distortiorf! which could result in the
be inferred from polarized spect(&ig. 3) considering that relaxation of the Raman selection rules and the appearance
theI'; component dominates in the scattering from acousticabf an enhanced amorphouslike component of the spectrum.
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However, its strong dependence on polarizatibis compo- the spectra obtained at parallel and perpendicular scattering
nent is extremely weak in thg; L E; spectrum of sample)2 configurations point to a thin slablike shape of nanocrystal-
suggests that for thin slablike nanocrystallites it may rathetites. The ordering of the porous structure is better in this
represent the distributions of phonon out-of-plane and incase. The sensitivity of the third- and fourth-order scattering
plane modes sensitive #1E; andE; L E¢ polarizations, re-  to the diminishing of the crystallite size is much higher than
spectively. that of the lower-order scattering.

CONCLUSIONS
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