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Results of Raman scattering on a-Si:H films are presented at frequencies from 20 to 2500 cm™'. The
frequency and temperature dependence of the Stokes/anti-Stokes ratio of Raman scattering intensity
show the boson character of the observed broad background signal. It has been shown that the fractal
model can be successfully applied to a-Si:H as well. The crossover frequency w., between phonon and
fracton regimes and the fractal exponent (¢ +d —D)d /D, obtained from the frequency dependence on
the Raman scattering intensity, have been determined.

Fractal concepts have proved to be very successful in
the interpretation of many physical phenomena in solids
such as silica aerogels, polymers, and amorphous
solids.! ~® Structures that are fractal at length scales / in-
termediate between their particle size @ and their correla-
tion length £ exhibit at least three distinct vibration re-
gime modes, namely, phonon (I > §), fracton (a </ <§),
and particle (/ <a) modes.

The waves of wavelength A>£ are weakly localized
acoustic phonons. Because of disorder, which destroys
the translation symmetry, it is possible to observe an in-
elastic light scattering from acoustical phonons in amor-
phous solids. The intensity of light scattered with a fre-
quency shift —w /27 is determined by the Raman tensor
I,5,5(@,T). According to Shuker and Gammon,’ this in-
tensity is given by
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where n(w, T) is the boson thermal occupation number at
equilibrium temperature T, C zﬁ’},a is Raman coupling
constant of the band b to the optical radiation field, the
index af3(yd) indicates the polarization of the incident
(scattered) light, and g%w) is the density of vibrational
states of the band b. At low energy both g (w) and C(w)
are proportional to ®>. Therefore, by introducing an ex-
tra radiation factor,? the reduced Stokes Raman-scattered
intensity I®(w) becomes
I(w,T)

I¥w)= 3 ~o’. )
(0 —0)[n(w,T)+1]

With increasing the frequency w, the fracton regime
characterized by a strong localization occurs beyond a
first-crossover frequency o, (see Refs. 9 and 10). If the
electric field of the incoming wave is approximately con-
stant over the localization length / of the fracton, the re-
duced Raman intensity at frequencies w >>w,,;, accord-
ing to Stroll, Kolby, and Courtens,!! is given by

IR(@)~gp~21—(e+d=D)d/D 3)
where o is a dimension describing the scaling of the inter-
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nal length in the fractal, i.e., s;,~1° (see Ref. 11), d the
spectral dimension,? D fractal or Hausdorff dimension,?
and d the space dimension. On the frequency scale, the
fractons are expected in the range from o, to
Woor=Weo1(£/a)P’? where a is the atomic distance which
sets the shortest length scale in the fractal. Above ),
the surface and bulk vibrational modes of particles dom-
inate the phonon density of states.

It was shown! that the thermal properties of epoxy
resin, glasses, and neutron-irradiated quartz could be un-
derstood on the basis of fracton excitations above and
phonon excitation below a crossover frequency w.,. In
addition, the so-called “boson peak” in the Raman-
scattering spectra of amorphous solids is closely connect-
ed with such properties.'>!*> In our recent paper,'* we
showed that the broad background signal (BBS) observed
in Raman spectra, first attributed to the recombination of
nonthermal electrons with nonthermal holes,'® has prop-
erties typical for the boson peak in glasses.!> Here, ac-
cording to the temperature behavior, we will confirm the
bosonlike character of the excitation, and we will show
that the fractal model can be successfully applied to
amorphous silicon as well.

There are several reasons to expect fractal behavior in
amorphous silicon.

(a) Most a-Si:H films are formed by deposition process-
es at relatively low temperature. In that case minimum
energy configurations are not attained by the solid phase;
therefore, fractal aggregation such as growth of polymer
chains or dendritic growth'® seems plausible.

(b) The incorporation of hydrogen may stimulate nu-
cleation at the locations where the hydrogen is likely to
bond (hydrogen clusters, polymer chain, etc.).

Furthermore, there are some experimentally observed
phenomena in @-Si:H which are fundamentally difficult to
explain by traditional models such as dispersive transport
of transient photocurrents,!” a large reduction of dc dark
conductivity due to incorporation of atomic hydrogen,
and linear energy dependence of the electronic density of
states.!® McLeod and Card!® have given a qualitatively
good explanation of these phenomena in terms of fractal
geometry.
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Hydrogenated amorphous silicon film, about 1.3 um
thick, was prepared on no-heated silicon (111) substrates
by a dc magnetron sputtering method. The sputtering
was performed in a mixture of Ar and H, gases with par-
tial pressures of 1.33 and 0.5 Pa, respectively. The depo-
sition rate was =100 A/min. The hydrogen concentra-
tion, estimated by infrared spectra, was ~16%. The ex-
citation light for Raman scattering (A=5145 A) was
emitted from a COHERENT INNOVA 100 Ar-ion laser.
The diameter of the laser beam on the sample was
~100 um, and the applied laser power was 1 W. The
Raman-scattered light was analyzed with a DILOR Z-24
triple spectrometer in a right-angle-scattering geometry.
The spectral slit width was 9 cm~!. During two scans,
the scattered light was accumulated for 3 sec every 4-
cm ! scanning step interval. The dark count rate of the
photomultiplier tube was =~2.5 counts/sec, while the
maximal signal of the TO-phonon-like band was =~4000
counts/sec. The sample was evacuated to 10™* Torr. In
the low-temperature measurements, the sample was
cooled with a helium closed-circle CTi CRYODYNE
cryocooler up to 20 K. In order to avoid undue heating
of the sample, the laser power was reduced to 200 mW,
but the accumulation time of the signal was increased to
2X30 sec. The mean temperature of the exposed part of
the sample was determined from the Stokes/anti-Stokes
ratio at the peak intensity of the 476-cm ™' TO-phonon-
like band of a-Si by the method described by Kip and
Meier.?® The Stokes and anti-Stokes Raman spectra were
radiometrically corrected by the method of Purcell,
Kaminski, and Russavage,?! which is described in more
detail in Ref. 22.

Figure 1 displays Stokes and anti-Stokes HH- and HV-
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FIG. 1. Polarized Raman spectra of a-Si:H radiometrically
(a) uncorrected and (b) corrected.
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polarized Raman spectra radiometrically uncorrected
[Fig. 1(a)] and corrected [Fig. 1(b)]. The polarization
designation H(V) corresponds to light polarized (or ana-
lyzed) horizontally (vertically) with respect to the scatter-
ing plane. It is evident that the vibrational bands'* are
superimposed on the broad background signal. To
confirm the bosonlike character of the excitations in the
spectral interval considered, the Stokes/anti-Stokes ratio
of intensity must obey the Bose-Einstein statistics, i.e.,

3
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as shown, for frequency dependence, in Fig. 2. The sup-
port of this statement is the temperature dependence of
the Stokes/anti-Stokes ratio of the Raman intensity
shown in Fig. 3 at frequencies 40, 140, and 250 cm !
[Fig. 3(a)] and 476, 590, and 750 cm ™' [Fig. 3(b)]. The
main part of the intensity at 40, 140, and 476 cm™ ! be-
longs to the phonons of the TA- and TO-like phonon
bands, while the intensity at 250, 590, and 750 cm ™! be-
longs approximately only to the BBS, which, according
to our assumption, corresponds to the fractals that also
obey Bose-Einstein statistics. The expected values (solid
line) are in excellent agreement with the measured ones
(points).

Figure 4 shows the depolarization ratio spectrum for
the BBS, p(w)=1Iyy/Iyy. It is approximately constant
in the whole analyzed spectral range. The local
minimums at ~300 and 2000 cm ! and the local max-
imum at =480 cm ! are the result of the influence of the
depolarization ratio of the LA-like, SiH stretching vibra-
tions and TO-like phonon band, respectively. While it is
difficult to explain the constant value of the depolariza-
tion ratio in such a large spectral interval by homogene-
ous Euclidian structure, in the self-similar fractal
geometry, anisotropy of the fractals is expected to be
equal at all localization lengths of the fractal vibrations.!®
Arguments in favor of this conclusion are supported by
the results of Mazzacurati et al.,”> who reported the
computed depolarization ratio of the Raman intensity of
fractals which slightly decrease with frequency from
~0.45 to 0.33. This agrees well with our value of =0.4
in the whole fracton frequency range.

To fit the obtained intensity distribution in the curve of
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FIG. 2. Stokes/anti-Stokes ratio of the HV-polarized Raman
intensity in dependence on frequency. The straight line
represents the expected values according to the boson character
of the excitation.
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FIG. 3. Temperature dependence of Stokes/anti-Stokes ratio
of HV-polarized Raman intensity at different frequencies: (a) 40,
140, and 250 cm ™" and (b) at 476, 590, and 750 cm~!. The lines
are the expected values according to the boson character of the
excitation.

the BBS, we assume a continuous transition from the
phonon to the fracton scattering regime. This assump-
tion is consistent with recent measurements by Brillouin®*
and neutron®’ scattering on silica aerogels. According to
the previous considerations of this problem by Yakubo,
Courtens, and Nakayama (see Ref. 26 and references
therein), the relation for the continuous transition would
be

IR(0)~ 0¥ @0? + 0k, [(@/PNo+d=D)=5/2] (s)

Actually, Eq. (5) represents a reduced Raman intensity
originating simultaneously from the scattering on pho-
nons [corresponding to Eq. (2) at w <<w,;] , from frac-
tons [corresponding to Eq. (3) at w >>w,], and from the
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FIG. 4. Depolarization spectrum p(w)=Iyy /Iyy of a-Si:H.
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crossover frequency range, thus assuring the continuity
of the whole frequency range considered.

The fitting procedure, where all parameters of the
fitting curves are free, gives the correct shape of the re-
duced HV-polarized Raman intensity [Fig. 5(a)], with re-
siduals better than +10% [Fig. 5(b)], in the whole fre-
quency interval considered. The fitting curve is achieved
at @, =245 cm~! and (0 +d—D)d /D =0.54 for the
BBS, and at values shown above Fig. 1 of the peak inten-
sity, frequency, and bandwidth of the Gaussians which
cover the phonon bands. The inset shows the reduced
HV-polarized Raman spectrum (solid line) and fitted
curve for the BBS (dashed line) in log-log coordinates
from 20 to 6000 cm~!. The fracton regime would be
about order of magnitude in w. Deviation of the signal
from the fitted curve below 50 cm ™! is due to large-scale
excitation, which appeared in most of the amorphous
solids.?’

The correlation length corresponding to the given
crossover frequency is £=v /(w,c), where v =4.4X10°
cm/s (see Ref. 28) is the average sound velocity in a-Si:H
and c is the speed of light. That gives £=6 A, which
shows a small fractal range in a-Si:H.

The fractal exponent depends on the scaling factor and
fractal and spectral dimensions. In view of the simula-
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FIG. 5. (a) Reduced HV-polarized Raman intensity and

fitted curve according to the fracton model. The phonon bands
were taken as Gaussians with free parameters of the peak inten-
sity, frequency, and bandwidth. Gaussians 1-8 correspond to
silicon TA-, LA-, LO-, and TO-like phonon bands, silicon-
hydrogen wagging and bending bond vibrations, and silicon
2TO stretching vibrations, respectively. The inset shows the re-
duced Raman spectrum (solid line) and fitted boson peak
(dashed line) up to 6000 cm ™' in log-log coordinates. (b) Resid-
ual intensities from fitted curve.
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tion in a recent paper of Stoll, Kolb, and Courtens,'!
o=1.1. The calculated value of the spectral dimension
for the tensorial elasticity, which is mostly expected in
the real world, is d =0.9 (see Ref. 29). These give, from
the fitted fracton exponent, the fractal dimension
D =2.56, which is very close to the theoretical value
D=2.5 for the percolation network.’® The value
D /d=2.85 allows us to find w.,=3300 cm™!, which
agrees well with the deviation from the fitted curve
shown in the inset of Fig. 5.

In conclusion this work shows that the broad back-
ground signal or boson peak observed in the Raman spec-
tra of a-Si:H behaves according to Bose-Einstein statis-
tics. The depolarization ratio and shape of the signal are
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well explained by the existence of fractals. Such a fractal
analysis enables us to find the density of the vibrational
states which determine the thermal and transport proper-
ties of either a-Si:H or amorphous solids generally. Nev-
ertheless, whether one does or does not accept the
phonon-fracton hypothesis for the explanation of the bo-
son peak, its presence in a-Si:H is unequivocal and, be-
cause of the simple tetrahedral structure of a-Si, can be of
help in investigation of the boson peak in other amor-
phous solids.

We thank Dr. L. Colombo for a critical reading of the
manuscript.
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