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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 phonons.@S0163-1829~98!13119-3#
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The intensity of Raman scattering is sensitive to the
gree of the structural disorder in solids, so this method
be used to measure relative fractions of the amorphous
the crystalline phases. However, there are problems in a
rate estimation of such a fraction using experimental Ram
spectra. For example, typically the ratio of the amorphou
the crystalline phase in thin silicon films is determined a
ratio of the integral area of a broad amorphouslike peak
narrow crystalline peak of the transverse optical~TO!
phonon.1,2 We would like to point out that such a method
not quite accurate, since annealing of amorphous silicon
croparticles and films differently influences the Raman sp
tra in the optical region. For example, in Ref. 3 it was sho
that there were no sufficient changes of Raman spectra
ing annealing of small silicon particles at 800 °C. The sp
tra have demonstrated only a single amorphouslike TO p
while the films according to the Raman spectra have bec
totally crystalline. In addition, the Raman scattering on
optical phonon of microparticles (,10 nm! has always a
very large contribution of the amorphous phase, while
high resolution electron microscopy indicates a crystall
structure.4–6 In the present paper we show that the lo
frequency Raman scattering on acoustical phonons is m
sensitive to the degree of structural disorder than that
optical phonons, so the area of the acoustic peak corresp
more precisely to the amorphous phase volume.

In order to have more pronounced changes of the Ra
scattering spectra in amorphous solids in increasing the
gree of order one needs to have a sample of the size c
pared to the vibration correlation length. In this case
changes of the amorphous phase can be observed in the
tra more clearly than in large bulk samples since a lar
volume quantity of the ordered phase will take part in t
light scattering. From this point of view it is convenient
use either amorphous microparticles or microporous ma
als. We have selected the amorphous porous silicon sin
yields intensive visible photoluminescence,7,8 i.e., crystallin-
ity is not a necessary condition for observation of the int
sive visible photoluminescence under room temperature
addition, using the micro-Raman spectroscopy it was fou9
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that areas of porous silicon, which produce the visible lum
nescence, besides the crystalline phase always contain
amorphous phase as well. This means that the porous sil
has always an amorphous component. These observa
initiate us to look for more accurate determination of t
ratio of the volumes of the amorphous to the crystalli
phase in microstructures.

The porous silicon layers were formed by anodizing
silicon substrates ofp1-type with ~100! orientation and re-
sistivity 0.006 V cm in hydrofluoric acid solution~42.4%
HF:H2O:C3H 7OH in proportion 2:1:2! at current density
100 mA cm22. This leads to formation of a silicon laye
with 70% porosity and 2mm thickness. To obtain an amor
phous layer, irradiation by10B 1 ions with the energy 100
keV was performed. For such ions the amorphization dos
the porous silicon was 531015 cm22; this is one order of
magnitude less than the same parameter for the ordinary
con. The Raman spectra were recorded in 90° geometr
scattering using a double monochromator DFS-52 with
spectral slit of 2 cm21 and the light wavelengthl5 488 nm
in doubly parallel polarization when both the incident a
the scattered light beams were polarized in the scatte
plane.

In Fig. 1 the Raman spectrum of the amorphous por
silicon is shown. It consists of the amorphouslike TO peak
480 cm21 and the broad peak at 150 cm21. The latter peak
is absent in the Raman spectrum of the crystalline silic
because the translation invariance leads to the selection r
which forbid the light scattering by phonons in this spect
region. Traditionally such a peak in disordered materials
called the boson peak.10 In glasses its frequencyvb is typi-
cally equal to 1/5–1/7 of the Debye frequency; its nature
connected to the structure correlations on nanometer s
and the frequency—to the respective correlation lengthl ,
vb;v/ l (v is the sound velocity!. The boson peak reflect
the excess~in comparison with the sound waves! vibration
density of states in the low-frequency region 20–100 cm21,
which arises due to such structure correlations. In glasses
small value of the boson peak frequency in comparison w
that of TA and LA modes is due to a comparatively lar
value of the structural correlation length. In tetragonal am
14 615 © 1998 The American Physical Society
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14 616 57BRIEF REPORTS
phous semiconductors the structure correlation length is
than in glasses and is comparable with the characteristic
teratomic distance,11 so the boson peak should be closer
the TA mode than in glasses. In particular, in amorpho
silicon it is difficult to discriminate the boson peak and t
transverse acoustical~TA! mode ~see, e.g., Ref. 12!; how-
ever, the discussion below is also applicable to the cas
glasses when the boson peak is different from the TA mo
Let us note that a broad underlying spectral feature ina-Si:H
with a maximum at 217 cm21 ~i.e., higher than the fre-
quency of the TA mode, 150 cm21) was found in Ref. 13
and interpreted by the authors as evidence that the bo
peak does not correspond to the standard definition of
latter used above. Since the boson peak is absent in cry
its intensity, as well as the intensity of the amorphouslike
peak, can also be a measure of the degree of disorde
solids.

After transformation of the porous silicon to the amo
phous state we began to perform the stepwise isochron
annealing in the nitrogen atmosphere. The purpose wa
investigate the influence of the decrease of the degre
disorder on the Raman spectra in the optical and the ac
tical regions. When the temperature of annealing reac
500 °C we noticed the beginning of crystallization, whi
resulted in a small peak in the Raman spectrum atv 5 520
cm21. This frequency corresponds to that of the TO phon
in crystalline silicon. Just at that temperature the boson p
amplitude abruptly decreased by a factor of 2~Fig. 1!. It is
well known that the size of the critical nucleus in the bu
silicon is approximately 3–4 nm,14 and the average size o
the structure elements in the porous silicon with the poro
70% ~which is our case! is roughly equal to 4–5 nm.15 Thus,
the amorphous phase volume should sharply decrease a
moment when crystalline nuclei arise. However, in Fig.
one can see that a sharp change has occurred only in
boson peak amplitude, but no change has occurred in
amplitude and width of the amorphouslike TO peak,
though it is known that the full width at half maximum
~FWHM! of the latter peak after annealing should decre
down to approximately 30 cm21.16 In our case the FWHM

FIG. 1. Change of the Raman spectral shape of amorphous
rous silicon after annealing in the nitrogen atmosphere during
min atT5500 °C. The dashed and the solid lines correspond to
spectra before and after annealing.
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of the TO peak is equal to 50 cm21, which indicates a high
structure disorder in the region of layers that are close to
surface; also, the appearance of the sharp peak at 520 c21

may partly mask possible shrinking if the TO peak.
It is known that the tendency to localization is stronger

optical vibrations than for the acoustical ones~see, e.g., Ref.
17!, so a change in the degree of the structural disorder m
result in different changes of the Raman scattering inten
by acoustical and optical vibrations due to a different deg
of the violation of the wave vector selection rules. In t
amorphous phase owing to the lack of translation invaria
and as a consequence of the breakdown of the wave ve
conservation rule, the total density of the vibrational state
observed in the Raman scattering spectra18:

I ~v!5C~v!g~v!@n~v!11#/v, ~1!

whereC(v) is the coupling coefficient of light with vibra-
tions; g(v) is the density of vibrational states andn(v) is
the Bose factor. Let us consider first the case of the li
scattering by the vibrations that form the boson peak. Si
the vibrational density of states does not sufficiently chan
during the annealing19 the observed decrease of the bos
peak amplitude can be explained only by the decrease of
magnitude of the coupling coefficient of light with acoust
vibrationsCac(v) owing to the change of the degree of vio
lation of the wave vector selection rule. We use the vibrat
correlation lengthl v , which characterizes the size of th
volume occupied by a vibrational eigenmode as a param
that is sensitive to the degree of disorder and determines
magnitude ofCac(v).

The inelastic light scattering intensity is determined
the Fourier transform of the correlation function of the d
electric susceptibility tensor fluctuationsdxab(r ,t),10,20

I abgd~q,v!}E dtdr1dr2eivt2 iq~r12r2!

3^dxab
1 ~r1 ,t !dxgd~r2,0!&, ~2!

whereq5q12q2 andq1 andq2 are the initial and the fina
photon wave vectors. Variations of the tensorxab(r ,t) by
acoustical phonons are proportional to the deformation t
sor dxab}Pabgd(]ug /]r d1]ud /]r g), where Pabgd is the
tensor of elasto-optic constants andua(r ,t) are the atomic
displacements due to vibrations. Since the boson peak vi
tions are in the acoustical region and have a typical len
l *1 nm ~Ref. 20! one can assume for them the same type
coupling with light via the deformation tensor. Taking in
account the fact thatql!1, whereq52p/l ;1022 nm is
the scattering wave vector (l;500 nm! one can set the ex
ponential in integral~2! equal to one. Then for the Rama
scattering intensity we have

I ac~v!}E drŠ¹uv
1~r !¹uv~0!‹gac~v! ~3!

~the tensor indices are omitted for simplicity since here
are not interested in the polarization dependence of sca
ing!. In Eq. ~3! gac(v) is the vibrational density of states i
the region of the boson peak, anduv(r ) is the amplitude of
vibrations with frequencyv. The brackets mean the spati
and the statistical averaging. The result of averaging depe
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on the correlation of vibrational displacements at differe
points of a sample. It is convenient to express the vibrat
displacement gradients correlator with help of the norm
ized correlation functionFv(r ):

^¹uv
1~r !¹uv~0!‹5Fv

ac~r !^u¹uv~0!u2&. ~4!

Fv
ac(r ) satisfies the normalization conditionFv

ac(r )'1 at r
→a, where a is a characteristic interatomic distance. T
exact form of the vibration correlation function in the spe
tral region of the boson peak in amorphous solids is
known, since the nature of these vibrations is not well u
derstood. It is commonly believed, however, that t
characteristic size of these vibrations is of the order o
nanometer~see, e.g., Refs. 10,20–22!. Averaging over an
ensemble of such vibrations localized in spatial regions o
amorphous solid with different structural configuratio
leads to a correlation function that decreases spatially wi
characteristic correlation lengthl v of the order of a nanom
eter. Inside the localization region a complementary deca
correlations is possible due to a specific geometry of
vibrational eigenmodes that are expected to have the e
tive spatial dimensionality less than 3~Refs. 23 and 24! or to
have the fractal properties.25 This results in an additiona
factor r 2a in the correlation function. For example, correl
tions in the fractal structures are described by
function,25,26

F~r !}r df23exp~2r /j!, ~5!

where df is the fractal dimensionality, which characteriz
the internal geometry of the object andj is a correlation
length. We can use a more general form of the correla
function

Fv
ac~r !5~a/r !a f ~r / l vac!, ~6!

where l vac is a correlation length of the boson peak vibr
tions, f (r / l vac) is a decreasing function that reflects the sp
tial decay of correlations due to localization. As will b
shown below, an exact form of the functionf (r / l vac) is of
no importance for the present paper; however, one can
gest that it corresponds to the exponential, exp(2r/l), or the
Gaussian, exp(2r2/l2), decay. For example, in the case of t
plane acoustic wave with the mean free pathl in an amor-
phous solid the correlation function~6! is equal to exp(iq•r
2r / l )(11r / l 1r 2/3l 2). The oscillation factor is sure to dis
appear in the case of the boson peak vibrations owing
large variations in the form of the localized by disorder
brational eigenfunctions and a broad band of the wave v
tors needed for the localized mode formation.

Using a rough estimate¹uv;uv / l v and taking into ac-
count the fact that̂ uuv(0)u2&→@n(v)11#/2rv (r is the
mass density! for the Stokes component of the Raman sc
tering we come tô u¹uv(0)u2&} l vac

22 @n(v)11#/v. As a re-
sult, Eq.~4! looks like

Š¹uv
1~r !¹uv~0!‹}Fv

ac~r !l vac
22 @n~v!11#/v. ~7!

Substituting Eq.~7! in Eq. ~3! and comparing the obtaine
expression with Eq.~1! we have
t
n
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Cac~v!} l vac
22E drFv

ac~r !. ~8!

As opposed to Eq.~3!, the Raman scattering intensity fo
optical vibrations is directly determined by the correlation
the atomic vibration displacements:

I opt~v!}E drŠuv
1~r !uv~0!‹gopt~v!. ~9!

In this case there is no need to require that the Hamilton
interaction of light with vibrations should be expressed
displacement derivatives as in the acoustical case, since
center of weight of an elementary cell does not change
optical vibrations. The optical vibration correlator will b
characterized by the respective correlation function:

Šuv
1~r !uv~0!‹}Fv

opt~r !@n~v!11#/v. ~10!

From Eqs.~9! and ~10! obtain

Copt~v!}E drFv
opt~r !. ~11!

The comparison of Eqs.~8! and~11! shows that the coupling
coefficient of light with vibrations for optical phonons has n
additional length squared in the denominator, which ari
owing to gradients of displacements in the case of acous
phonons. Thus, when the correlation length increases du
the annealing, the acoustical part of the spectrum decre
faster than the optical one, i.e., the former is more sensi
to the degree of disorder than the latter.

Let us return to the explanation of changes in the Ram
spectrum during the annealing of amorphous porous sili
~Fig. 1!. To this end we find the dependence ofCac(v) on
the correlation lengthl vac. Using Eq.~6! it is easy to show
that

E drFv
ac~r !54pbaal vac

32a , ~12!

where the dimensionless constantb is of order 1; it is deter-
mined by the specific form of the functionf (r / l vac):

b5E
0

`

x22a f ~x!dx. ~13!

Then, from Eq.~8! it follows that Cac(v)} l vac
12a . Since the

vibrations in the boson peak region fulfill the Ioffe-Reg
criterion,21,27 l vac;l}v21 wherel is the wavelength of the
acoustical phonon and the dependence ofCac(v) on the fre-
quency is only vial vac, we haveCac(v)}va21. The fre-
quency dependence ofCac(v) in the boson peak region in
amorphous solids is known from the comparison of the R
man spectra with the neutron ones22,28and from specific hea
data.29 Typically, C(v)}v. This corresponds toa52 in the
correlation function of the boson peak vibrations a
Cac(v)} l vac

21 . If inside an illuminated region the crystallin
nuclei of diameterD appear, then the free path length of th
acoustic vibration should be equal to the diameter,l vac;D.
This leads to a sharp change of the averaged over the sa
inverse correlation lengthl vac

21 since the correlation length fo
the amorphous silicon is not higher than 1.2–1.5 nm,11 while
the size of a critical nuclei is equal to 3–4 nm, so the Ram
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intensity in the region of the boson peak sharply decrea
approximately by a factor of 2.

In conclusion, to determine the volume fraction of th
amorphous component in solids which contain the mix
phases by the Raman scattering it is more convenient to
the boson peak than the amorphouslike optical mode. Th
t

h

es

e
d

use
is

explained by the higher sensitivity of the boson peak to
degree of the structural disorder on the nanometer scale
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