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It is observed experimentally that in the low-frequency Raman light scattering spectrum of
amorphous porous silicon the boson peak situated in the acoustic range is more sensitive to the
structural order than the optical mode presently used to determine the degree of disorder.

It is shown that this is because, unlike the coefficient of interaction with optical vibrations, the
coefficient of interaction between light and acoustic vibrations contains an additional

factor, the square of the reciprocal correlation length of the vibrational excitations, i.e., the
intensity of light scattering by acoustic phonons has an additional dependence on the degree of
disorder. ©1998 American Institute of Physid$1063-776(98)02107-6

1. INTRODUCTION the light scattering. From this point of view, it is convenient
to use either amorphous microparticles or microporous me-
Problems are currently being encountered in determininglia. We chose amorphous microporous silicon. This material
the ratio of the volumes of the amorphous and crystallinehas been attracting interest following the observation of pho-
phases in solids using Raman scattering, which is highly sernteluminescence similar to the luminescence from crystalline
sitive to structural order. In the literature the ratio of the porous silicort;®i.e., it was found that crystallinity is not a
volumes of the amorphous and crystalline phases in thin silinecessary condition for the observation of high-intensity vis-
con films has been determined using the Raman spectra froible luminescence at room temperature for microporous sili-
the ratio of the integrated areas below the broad amorphouson. In another study of Raman scatteringpservations
like and narrow crystalline peaks of the transverse opticaith a microscope attachment revealed that the regions of
(TO) phonon®? However, this method is inaccurate becauseporous silicon contributing to the visible luminescence nec-
the annealing of amorphous silicon microparticles and filmsssarily always contain some amorphous phase, in addition
has a different influence on the Raman spectra in the opticdb the crystalline, i.e., the amorphous phase is evidently al-
range. In Ref. 3, for example, when small silicon particlesways present in microporous silicon. These facts provided an
were annealed to 800 °C, the Raman spectra revealed rasiditional stimulus for a more accurate determination of the
appreciable changes and continued to show only ongatio of the volumes of the amorphous and crystalline phases
amorphous-like TO peak although the films, judging by thein microstructures.
spectra, had become completely crystalline. In addition, the
spectra of Raman scattering by optical phonons obtained for
mlcrqpar_tlcles(<10 nm also always contain a very Iarge 2 SAMPLES AND EXPERIMENTAL SETUP
contribution of the amorphous component, although high-
resolution electron microscopy suggests that their structure is  Layers of porous silicon were obtained by anodizing
crystalline?=® We observed that light scattering by acoustic (100-orientedp ™ -type silicon substrates with a resistivity of
phonons is more sensitive to structural order than scattering.006 Q-cm in a hydrofluoric acid solution(42.4%
in the optical range and thus, the area below the acoustigF:H,0:C;H,OH in the ratio 2:1:2 at a current density of
peak corresponds more accurately to the volume of the amo-00 mA/cnf. This produced a Zm thick layer of silicon
phous phase. with 70% porosity. The samples were bombarded with 100
In order to ensure that the changes in the Raman specti@V °B* ions to produce an amorphous layer. As a result of
of amorphous solids are more noticeable as the degree dhis ion implantation, the amorphization dose of the porous
order increases, the sample must have dimensions compsiticon was 5< 10'® cm™2, which is an order of magnitude
rable with the correlation length of the vibrational excita- lower than the similar value for ordinary silicon. The Raman
tions. In this case, the changes in the volume of the amorspectra were recorded in a 90° scattering geometry using a
phous phase will be more abrupt than in unbounded sampleBFS-52 double monochromator with a spectral slit of 2°¢m
since a larger volume of the ordered phase will participate irwidth and\ =488 nm exciting radiation under conditions of
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FIG. 1. Variation of the Raman light scattering spectrum of
p*-type amorphous poroug0% porosity silicon as a result of
annealing in a nitrogen atmosphere for 30 mirmat500 °C. The
dashed and solid curves show the spectra before and after anneal-
ing, respectively.
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doubly parallel polarization, i.e., when the exciting and scatwhen crystal nuclei appear. It can be seen from Fig. 1 that
tered light beams were polarized in the scattering plane. the Raman spectrum only revealed an abrupt change in the
amplitude of the boson peak at the instant of nucleation,
3. RESULTS AND DISCUSSION while the amplitude and half-width of the amorphous-like
O peak remained almost unchanged, although its half-width
hould be reduced to approximately 30 cnas a result of
nnealing® In our case, the half-width of the TO peak is

It can be seen from Fig. 1 that the Raman spectrum o
amorphous porous silicon consists of a broad TO mode

480 cm ™~ and a broqdengql peak gt 150 hich IS ”‘?‘ 50 cmi , which suggests a high degree of structural disorder
observed for crystalline silicon. This type of peak in dlsor-in the layers near the interface.

dered materials is conventionally called a boson peak. In It is well known that stronger localization is observed

glasses it is usually observed at a frequency approximate%r optical vibrations, and thus when the structural order of
1/5 of the Debye freque_ncy and is _attrlbuted to nanomgterén amorphous medium changes, the intensities of the Raman
scale structural correlations, reflecting an excess density

ibrational i the low-f @(cattering by acoustic and optical vibrations may behave dif-
vibrationa st_ates in the low- requency range (20-80°84m ferently as a result of the different degree of violation of the
compared with the Debye density. In tetragonal amorphogﬁlave vector selection rule. In the amorphous phase, as a

semlconductgrs, the correlat_lon Iength IS shortgr than iogit of the absence of translational invariance and the con-
glas'ses aqd IS 'comparable with the |n'ter§1tom|c'd|stances. I§‘equent nonconservation of the wave vector, the light scat-
particular, in silicon the boson peak coincides with the trans=[ering spectrum reveals the complete density of the acoustic

verse acoustic T_A mode _and the densit_y of vibrations_nea& optical phonons with a weight proportional to the interac-
t_he boson peak is thus simply the density O_f the TA V'bra'tion constantC(w) between the light and these vibrations
tions, but the reasoning put forward below will also apply toARef 12:

cases when the boson peak does not coincide with the T
mode. Since the boson peak does not appear in the Raman |(®)=C(w)g(w)(n(w)+1)/w, (1)

spectra of crystals, its intensit§ike that of the broad TO wheren(w) is the Bose factor ang() is the density of the
mode may also serve as a measure of the amorphousness Loustic or optical vibrational states

the material. We shall first analyze the case of scattering by acoustic

Atter the porous silicon had been converted o the amoryiprations. Since the density of the acoustic vibrations varies

_phoug state, we commenced |sochror_10us stepwise anneal'ﬂggligibly during annealing® the observed decrease in the
in a nitrogen atmosphere to study the influence Qf an mcre_asgmpmude of the boson peak can only be attributed to a de-
in the degree of order on the Raman spectra in the Opt'caérease inC.{w) as a result of a change in the degree of

and hagogggcocranges. ”.Wh_en the _a.n.neacljlngh. tebmperatg'iﬁolation of the wave vector selection rule. We shall use a
reache » crystallization was Initiated, this being 0byaih6q of analyzing the violation of the selection rule which

served as a very small spike at 520 cipwhich corresponds is based on introducing a correlation length characterizing

to the transverse optical phonon frequency in crystalline siliy, o ¢hatia) elongation of the normal vibrational mode and we
gon, ar('jd rt]he Iambplltude of the Ib%sor) peak .unkexpectedlgha" show howC,{w) is related to the structural order.
ropped sharply, by approximately hafig. 1). It is known In general, the Raman light scattering intensity is deter-

that the size of the critical nucleus in bulk silicon is approxi- mined by the fluctuations of the permittivity tensdy.,4(r)
mately 3—4 nm and the average size of the structural ele(-RefS 14 and 16

ments of porous silicon with 70% porosity, such as that be-
ing studied, is approximately 4—5 nm. Thus, the volume of oo _
the amorphous phase should decrease sharply at the instant lagys(@w)e | dt drydr; expliot=iq-(r;=r2))
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X(SX ap(F1,1) 8X5,(12,0)), (2)  Gaussian damping, exp(?1?,). For example, for a
damped plane acoustic wave which describes long-

¥yh(e|re qh=?1—q2 IS thet d|ff_(|a_[]ence b.ett\./veen tr;e t'rr]"t'alt and wavelength acoustic vibrations in an amorphous solid, the
inal photon momenta. e variations o e tensor. ..iation function(s) is given by

Oxap(r,t) under the action of the acoustic phonons are pro-
portional to the deformation tensatu,/drz+duglar,, exp(iq-r—r/Iw)(1+r/Iw+r2/3Ii).

whereu,(r,t) is the displacement of the atoms induced by The oscillation factor naturally disappears from the bo-

the vibrations. Since the vibrations determining the boson ki local vibrati b fthe | .
peak lie in the acoustic range, it may be assumed that theﬁ/On peak for quastiocal vibralions because of the 1arge varia-

also interact with light by means of the deformation tensor, ons in thte form Of. thg tna;ural mclxdesllang thedW|d§ range .Of
Bearing in mind thaty<<l— !, whereq~2/\~10"2 nm is wave vectors required to form a localized mode. Bearing in

the momentum imparted by the lighk €500 nm) and is mind that for harmonic vibrations and the Stokes component

the characteristic length of the vibrations near the bosoﬁ)f the spectrum

peak, of the order of a nanometéwe can neglect the term (Ju,(0)|H=(n(w)+ 1) o,
g-(r,—r,) in the exponential function in Eq2) since this is
much less than unity. For the Raman scattering intensity w
then have Vu,~Uy/l, ac

gnd that

we have

Iaamocf dr(Vu, (r)-Vu,(0))gad ). 3
(IVUu,(0)|3)~1,24lu,(0) 2=l 2dn(w)+ 1)/ w.

Hereu,(r) is the amplitude of the vibrations at frequensy

and the angular brackets denote spatial and statistical ave'?‘-S a result, Eq(4) has the form

aging. The result of the averaging depends on how the vibra- (Vu;(r) -Vu,(0))el ;,ifw,ag(f)(n(wH 1)/ w. (6)

tional displacements correlate at different spatial points. The o ] } ]

correlation function of the gradients of the vibrational dis- Substituting Eq(6) into Eq.(3) and comparing with Eq(1),

placements at the frequenay is conveniently expressed in We obtain

terms of the normalized correlation functiét, ,{r): 5
Cac(w)xlw,acj dr F,adr). @

(Vug (r)-Vu,(0))=F, adr){|Vu,(0)[?). (4)
The form of the correlation function near the boson peak in _ Unlike formula(3), for optical vibrations, the light scat-
ring intensity is determined directly by the correlation

amorphous solids is not known exactly, since the nature of : S _ -
these vibrations is not sufficiently well understood: it is nor-function of the atomic vibrational displacements:
malized using the conditiof ,(r)—1 whenr—0. How-
ever, it is generally acknowledged that these are quasilocal Iopt(w)ocf dr(u (r)u,(0))Jopi ®). (8
vibrational excitations with a characteristic dimension of na-
nometer ordet*1°When averaged over an ensemble of thesdn this case, there is no need to impose the constraint that the
vibrations localized in regions of a disordered solid havingHamiltonian of the interaction between the vibrations and
different configurations, the corresponding correlation funclight be expressed in terms of derivatives of the displacement
tion should decrease as a function of distance with a certaifomponents with respect to the coordinates, since for optical
characteristic correlation length of nanometer order. In addivibrations the center of gravity of a unit cell remains con-
tion, an additional decay of the correlations may take placé&tant(see, for example, Ref. 16Here the correlation func-
inside the region of localization as a result of the specifiction of the vibrational displacements has the form

eometry of the vibrational modes which, as predicted, ma +
gave dir)rlmensions of less than three or fractlzll dimensionz. (Uo(NU(0))*F o op(M(N(@) + 1)/ ©
This geometric factor leads to the appearance of an addBubstituting Eq(9) into Eg.(8) and comparing with Eq(1),
tional factorr~* in the correlation function, where<3,  we obtain
which reflects the power decrease in the correlation. As a
result, the correlation function has the form Copt(w)ocf dr F,, op)- (10

Fo.adl)= @0, 20, ® It can be seen from a comparison of E¢B.and(10) that the
wherel, 5 is the correlation length of the acoustic vibra- interaction coefficient between light and optical phonons
tions, a is the interatomic distancé(r/l,, 59 is a decreasing does not contain the additional square of the correlation
function which reflects the decay of the correlations withlength in the denominator which appears as a result of the
distance as a result of localization of the vibrational modesgradients of the displacements for the acoustic phonons.
and the factor ~ ¢ is associated with the internal geometry of Thus, as the correlation length increases under annealing, the
the vibrations. The specific form of the functidé(r/l, ) is  acoustic part of the spectrum decays more rapidly than the
unimportant for the present study, as will become clear fronoptical part, i.e., is more sensitive to the degree of disorder.
the following analysis, although it may be postulated that We shall now explain the changes in the Raman spec-
this corresponds to exponential damping, exg(,.J), or  trum observed when amorphous porous silicon is annealed
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(Fig. 1). We shall first show how specific is the dependencemode currently used since this peak is more sensitive to the
of C,{w) on the correlation length. Using E¢p), it is easy  order because the intensity of light scattering by acoustic

to show that phonons has an additional dependence on the degree of dis-
order.
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