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Influence of structural disorder on Raman scattering in amorphous porous silicon
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The Raman scattering spectra of amorphous porous silicon are investigated. It is found that the so-called
boson peak in the acoustical part of the Raman spectra is more sensitive to the degree of structural disorder
than the optical mode, which is normally used to determine the latter. This can be explained by the fact that the
coupling coefficient of light to acoustical phonons has an additional factor in comparison with that of optical
phonons: the square of inverse correlation length of vibrational excitations. This means that the Raman scat-
tering intensity on acoustical phonons has an additional dependence on the degree of disorder in comparison
with the scattering on optical phonon§0163-18208)13119-3

The intensity of Raman scattering is sensitive to the dethat areas of porous silicon, which produce the visible lumi-
gree of the structural disorder in solids, so this method camescence, besides the crystalline phase always contain the
be used to measure relative fractions of the amorphous argimorphous phase as well. This means that the porous silicon
the crystalline phases. However, there are problems in accll@s always an amorphous component. These observations
rate estimation of such a fraction using experimental Ramalfiitiate us to look for more accurate determination of the
spectra. For example, typically the ratio of the amorphous t§&l° ©f the volumes of the amorphous to the crystalline
the crystalline phase in thin silicon films is determined as aohase In microstructures.

. . : The porous silicon layers were formed by anodizing of
ratio of the integral area of a broad amorphouslike peak to Qilicon spubstrates 0|ﬁ+-ty}rlJe with (100) orienta)':ion and rg-

narrow crystalline peak of the transverse opticdlO) istivity 0.006 () in hvdrofluori id solution42 4%
phonon®? We would like to point out that such a method is SHIIS::I|\_I||2>6:C':3H 7OHCT] Igrogorrtci)ogog:cl:gcét iﬁrlrjelr?tr(de.nsi(t)y

not quit_e accurate, sinc_e anneali_ng of amorphous silicon Miygg mA cni 2. This leads to formation of a silicon layer
cropartlcles gnd f|Im.s differently mfluences the .Raman SPECyith 70% porosity and 2wm thickness. To obtain an amor-
tra in the optical region. Eor example, in Ref. 3 it was shownphous layer, irradiation by°B* ions with the energy 100
that there were no sufficient changes of Raman spectra dukev was performed. For such ions the amorphization dose of
ing annealing of small silicon particles at 800 °C. The SpeC‘the porous Si”con was )51015 Cmfz; th|s is one Order Of
tra have demonstrated only a single amorphouslike TO peaagnitude less than the same parameter for the ordinary sili-
while the films according to the Raman spectra have becomgon. The Raman spectra were recorded in 90° geometry of
totally crystalline. In addition, the Raman scattering on thescattering using a double monochromator DFS-52 with the
optical phonon of microparticles<(10 nm has always a spectral slit of 2 cm* and the light wavelength = 488 nm
very large contribution of the amorphous phase, while theén doubly parallel polarization when both the incident and
high resolution electron microscopy indicates a crystallinethe scattered light beams were polarized in the scattering
structuré*® In the present paper we show that the low-plane.
frequency Raman scattering on acoustical phonons is more In Fig. 1 the Raman spectrum of the amorphous porous
sensitive to the degree of structural disorder than that osilicon is shown. It consists of the amorphouslike TO peak at
optical phonons, so the area of the acoustic peak correspond80 cm™ ! and the broad peak at 150 ¢rh The latter peak
more precisely to the amorphous phase volume. is absent in the Raman spectrum of the crystalline silicon
In order to have more pronounced changes of the Ramapecause the translation invariance leads to the selection rules,
scattering spectra in amorphous solids in increasing the devhich forbid the light scattering by phonons in this spectral
gree of order one needs to have a sample of the size comegion. Traditionally such a peak in disordered materials is
pared to the vibration correlation length. In this case thecalled the boson pedf.In glasses its frequenay,, is typi-
changes of the amorphous phase can be observed in the speally equal to 1/5-1/7 of the Debye frequency; its nature is
tra more clearly than in large bulk samples since a largeconnected to the structure correlations on nanometer scale
volume quantity of the ordered phase will take part in theand the frequency—to the respective correlation lergth
light scattering. From this point of view it is convenient to w,~v/l (v is the sound velocity The boson peak reflects
use either amorphous microparticles or microporous materithe excesgin comparison with the sound wayegibration
als. We have selected the amorphous porous silicon since diensity of states in the low-frequency region 20—100 é¢m
yields intensive visible photoluminescenc&i.e., crystallin-  which arises due to such structure correlations. In glasses the
ity is not a necessary condition for observation of the intensmall value of the boson peak frequency in comparison with
sive visible photoluminescence under room temperature. Ithat of TA and LA modes is due to a comparatively large
addition, using the micro-Raman spectroscopy it was féundvalue of the structural correlation length. In tetragonal amor-
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120 —r - T T 1 T T T of the TO peak is equal to 50 cht, which indicates a high
i structure disorder in the region of layers that are close to the

_:@ - surface; also, the appearance of the sharp peak at 526 cm

g 100} ] may partly mask possible shrinking if the TO peak.

g | It is known that the tendency to localization is stronger for
S 80 . optical vibrations than for the acoustical or(ese, e.g., Ref.

2 [ 17), so a change in the degree of the structural disorder may
2 6ol . result in different changes of the Raman scattering intensity
g - by acoustical and optical vibrations due to a different degree
‘e a0l Y | of the violation of the wave vector selection rules. In the
g X Yoy amorphous phase owing to the lack of translation invariance
nc:u v and as a consequence of the breakdown of the wave vector

20 pf' SI' (Pl= 7?%). Loy ] conservation rule, the total density of the vibrational state is

0 100 200 300 400 500 600 observed in the Raman scattering spéétra

Raman shift () l(@)=C()g()[n(w) +1]/w, @

FIG. 1. Change of the Raman spectral shape of amorphous pavhere C(w) is the coupling coefficient of light with vibra-
rous silicon after annealing in the nitrogen atmosphere during 3@jons; g(w) is the density of vibrational states andw) is
min atT="500 °C. The dashed and the solid lines correspond to thghe Bose factor. Let us consider first the case of the light
spectra before and after annealing. scattering by the vibrations that form the boson peak. Since
the vibrational density of states does not sufficiently change
phous semiconductors the structure correlation length is lesguring the annealinld the observed decrease of the boson
than in glasses and is comparable with the characteristic irpeak amplitude can be explained only by the decrease of the
teratomic distancé! so the boson peak should be closer tomagnitude of the coupling coefficient of light with acoustic
the TA mode than in glasses. In particular, in amorphoussibrationsC,{ ) owing to the change of the degree of vio-
silicon it is difficult to discriminate the boson peak and thelation of the wave vector selection rule. We use the vibration
transverse acousticalTA) mode (see, e.g., Ref. 22how-  correlation lengthl,,, which characterizes the size of the
ever, the discussion below is also applicable to the case afolume occupied by a vibrational eigenmode as a parameter
glasses when the boson peak is different from the TA modehat is sensitive to the degree of disorder and determines the
Let us note that a broad underlying spectral featur@-8i:H  magnitude ofC,( w).
with a maximum at 217 cm! (i.e., higher than the fre- The inelastic light scattering intensity is determined by
quency of the TA mode, 150 cit) was found in Ref. 13 the Fourier transform of the correlation function of the di-
and interpreted by the authors as evidence that the bosalectric susceptibility tensor fluctuatiod ,(r,t),**?°
peak does not correspond to the standard definition of the

latter used above. Since the boson peak is absent in crystals | dtdradr.e @A)

its intensity, as well as the intensity of the amorphouslike TO apyslQ, @) | dtdrydre

peak, can also be a measure of the degree of disorder in N

solids. X<5Xa/3(rllt)5)('y§(r2!0)>' (2)

After transformation of the porous silicon to the amor- whereq=q,—q, andq; andq, are the initial and the final

phous state we began to perform the stepwise iSOChror‘O‘ghoton wave vectors. Variations of the tensary(r,t) by
annealing in the nitrogen atmosphere. The purpose was 9. stical phonons are proportional to the deformation ten-

investigate the influence of the decrease of the degree Qf i
. . X or 8x 5P, au,lor s+aduglor.), whereP is the
disorder on the Raman spectra in the optical and the acougE Xap>Papys(0U, 1915+ U510 ) ahrd

ical . h h ¢ i h onsor of elasto-optic constants ang(r,t) are the atomic
tical regions. When the temperature of annealing reachegq,3cements due to vibrations. Since the boson peak vibra-
500 °C we noticed the beginning of crystallization, which

' ) tions are in the acoustical region and have a typical length
resulted in a small peak in the Raman spectrum &t 520 |~ 1 hm(Ref. 20 one can assume for them the same type of

_1 .
cm . This frequency corresponds to that of the TO phonon., ,5jing with light via the deformation tensor. Taking into
in crystalline silicon. Just at that temperature the boson peak. ., nt the fact thagl<1, whereq=2m/\ ~10"2 nm is

amplitude abruptly decreased by a factor offlg. 1). Itis e seattering wave vectoh (500 nnj one can set the ex-

WF” known that the S|Ize30f4th%4cnt|(c:jalhnucleus in the buLk ponential in integral2) equal to one. Then for the Raman
silicon is approximately 3—4 nif,and the average size of ¢iatering intensity we have

the structure elements in the porous silicon with the porosity
70% (which is our caskgis roughly equal to 4—5 nrit. Thus,

the amorphous phase volume should sharply decrease at the lad w)“f dr{Vu, (r)Vu,(0))gad ®) (©)
moment when crystalline nuclei arise. However, in Fig. 1

one can see that a sharp change has occurred only in tlithe tensor indices are omitted for simplicity since here we
boson peak amplitude, but no change has occurred in thare not interested in the polarization dependence of scatter-
amplitude and width of the amorphouslike TO peak, al-ing). In Eq.(3) g,d w) is the vibrational density of states in
though it is known that the full width at half maximum the region of the boson peak, ang(r) is the amplitude of
(FWHM) of the latter peak after annealing should decreaseibrations with frequencyw. The brackets mean the spatial
down to approximately 30 cm'.*® In our case the FWHM and the statistical averaging. The result of averaging depends
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on the correlation of vibrational displacements at different _2 a

points of a sample. It is convenient to express the vibration Cac(w)oclwacf drFgx(r). 8

displacement gradients correlator with help of the normal- o .

ized correlation functiorF (r): As opposed to Eq(3), the Raman scattering intensity for

optical vibrations is directly determined by the correlation of

(VU (r)Vu,(0))=F3(r)(|Vu,(0)|?). (4) the atomic vibration displacements:

Faqr) satisfies the normalization conditid?ff(r)~1 atr |Opt(w)ocf dr(u (1u,(0))gop( @) (9)

—a, wherea is a characteristic interatomic distance. The

exact form of the vibration correlation function in the spec-|n this case there is no need to require that the Hamiltonian
tral region of the boson peak in amorphous solids is uninteraction of light with vibrations should be expressed by
known, since the nature of these vibrations is not well undisplacement derivatives as in the acoustical case, since the
derstood. It is commonly believed, however, that thecenter of weight of an elementary cell does not change for
characteristic size of these vibrations is of the order of aptical vibrations. The optical vibration correlator will be
nanometer(see, e.g., Refs. 10,20-R2Averaging over an characterized by the respective correlation function:
ensemble of such vibrations localized in spatial regions of an
amorphous solid with different structural configurations (Us (NUL0))<FP(N[N(w)+ 1]/ w. (10)
leads to a correlation function that decreases spatially with .
characteristic correlation length, of the order of a nanom- From Egst9) and(10) obtain
eter. Inside the localization region a complementary decay of
correlations is possible due to a specific geometry of the Copt(w)“f driF2Pi(r). (13)
vibrational eigenmodes that are expected to have the effec-
tive spatial dimensionality less thanRefs. 23 and 24orto ~ The comparison of Eq$8) and(11) shows that the coupling
have the fractal properti€s.This results in an additional coefficient of light with vibrations for optical phonons has no
factorr ~ ¢ in the correlation function. For example, correla- additional length squared in the denominator, which arises
tions in the fractal structures are described by theowing to gradients of displacements in the case of acoustical
function 2526 phonons. Thus, when the correlation length increases during
the annealing, the acoustical part of the spectrum decreases
F(r)ord 3exp —r/&), (5) faster than the optical one, i.e., the former is more sensitive
to the degree of disorder than the latter.
whered; is the fractal dimensionality, which characterizes Let us return to the explanation of changes in the Raman
the internal geometry of the object arddis a correlation spectrum during the annealing of amorphous porous silicon
length. We can use a more general form of the correlatiorfFig. 1). To this end we find the dependence @f( ) on
function the correlation length,, ... Using Eq.(6) it is easy to show
that

Folr)=(@/m)*f(r/l a0, (6)

wherel ... is a correlation length of the boson peak vibra-
tions, f(r/l 40 is a decreasing function that reflects the spa
tial decay of correlations due to localization. As will be
shown below, an exact form of the functidén(r/I ,,J is of

no importance for the present paper; however, one can sug- o f

f drFi(r)=4mba’l},s, (12

‘Where the dimensionless consténis of order 1; it is deter-
mined by the specific form of the functidr{r/I ,,J:

wxz‘“f(x)dx. (13

gest that it corresponds to the exponential, expl), or the o

Gaussian, expfr?/1?), decay. For example, in the case of the
plane acoustic wave with the mean free phtin an amor-  Then, from Eq.(8) it follows that Cac(w)ocligg’. Since the
phous solid the correlation functidl) is equal to exg-r vibrations in the boson peak region fulfill the loffe-Regel
—r/1)(1+r/I+r?/312). The oscillation factor is sure to dis- criterion?*?7| ,.~\*w~* where\ is the wavelength of the
appear in the case of the boson peak vibrations owing tacoustical phonon and the dependenc€gfw) on the fre-
large variations in the form of the localized by disorder vi- quency is only vial ..., we haveC.{w)xw®* . The fre-
brational eigenfunctions and a broad band of the wave vecquency dependence &,{) in the boson peak region in
tors needed for the localized mode formation. amorphous solids is known from the comparison of the Ra-
Using a rough estimat®u,,~u,/l,, and taking into ac- man spectra with the neutron ofg&€and from specific heat
count the fact that|u,(0)|?)—[n(w)+1]/2pw (p is the  data?® Typically, C(w) = w. This corresponds te=2 in the
mass densityfor the Stokes component of the Raman scat-correlation function of the boson peak vibrations and

tering we come td|Vu,,(0)[?)=l 2 n(w)+1)/w. Asare- C,{w)el L. If inside an illuminated region the crystalline

sult, Eq.(4) looks like nuclei of diameteD appear, then the free path length of the
acoustic vibration should be equal to the diameltgg,~D.
(Vu;(r)Vuw(O))ocFi‘f(r)l ;zf({n(w)Jr 1]/ w. (7) This leads to a sharp change of the averaged over the sample

inverse correlation length, . since the correlation length for
Substituting Eq(7) in Eq. (3) and comparing the obtained the amorphous silicon is not higher than 1.2—1.5"mvhile
expression with Eq(l) we have the size of a critical nuclei is equal to 3—4 nm, so the Raman
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intensity in the region of the boson peak sharply decreasesxplained by the higher sensitivity of the boson peak to the
approximately by a factor of 2. degree of the structural disorder on the nanometer scale.

In conclusion, to determine the volume fraction of the  The authors are grateful to S. I. Romanov for preparation
amorphous component in solids which contain the mixedyf the samples. This work has been partially supported by
phases by the Raman scattering it is more convenient to USBITAS Grant No. 93-2185Ext and RFFI Grants No. 96-02-
the boson peak than the amorphouslike optical mode. This 6202 and No. 98-05-65658.
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