
ISSN 1062�8738, Bulletin of the Russian Academy of Sciences. Physics, 2011, Vol. 75, No. 5, pp. 601–604. © Allerton Press, Inc., 2011.
Original Russian Text © N.N. Ovsyuk, Venu Mankad, Sanjeev K. Gupta, Prafulla K. Jha, G.A. Kachurin, 2011, published in Izvestiya Rossiiskoi Akademii Nauk. Seriya Fizicheskaya,
2011, Vol. 75, No. 5, pp. 644–647.

601

INTRODUCTION

Silicon nanocrystals have attracted much attention
in recent years because of their excellent electrical and
mechanical properties that are suitable for use in many
areas, including biosensors [1–7]. In addition, glass
doped with silicon nanocrystals can be used in opto�
electronic devices. The absorption edge of these
glasses can be changed by varying the composition and
particle size. The optical properties of these glasses can
be influenced by the quantum confinement of carriers
and other dimensional effects [8–9]. Simultaneous
monitoring of the size and composition of nanoparti�
cles should further extend the scope of application of
glasses doped with nanocrystals. Because the glass
matrix is transparent in the visible range, the optical
properties of these composite materials are deter�
mined by the nanocrystals dispersed in them. The
vibrational properties of semiconductor nanoparticles
are also of great interest, since phonon emission is one
of the most important mechanisms of electronic
dephasing. Spatial confinement of carriers changes
not only the electronic structure, but also the electron�
phonon interaction. Modification of phonon spectra
opens a new field of nanoscale science, known as
phonon engineering. This new branch of science deals
with the properties of phonons and the control of the
phonon dispersion in nanostructures and is called
nanophononics. The creation of electronic devices
with dimensions smaller than mean free path of
phonons opens up new opportunities for distribution
and interaction of phonons.

In recent years, techniques that could be used to
modify the properties of nanostructures have begun
developing. Such methods include the annealing of

SiO2 silicon implanted glasses. If we match the anneal�
ing temperature at which nucleation occurs, but not
enough for the growth of the nanoparticle size due to
the diffusion flow and Ostwald ripening, it is possible to
obtain nanocrystals of small size. In this work, we inves�
tigated the effect of annealing on the ion�beam synthe�
sis of silicon nanocrystals in SiO2 layers using low�fre�
quency Raman spectra. Low�frequency Raman spectra
associated with the interaction of visible light with
acoustic vibrational modes of nanocrystals is an effec�
tive method of investigation. This is because the full
density of acoustic vibrational states in the Raman spec�
tra is observed in nanoparticles, due to the violation of
the selection rules in the wave vector and in contrast to
bulk crystals. It is this feature that allows us to investi�
gate the initial stage of crystallization, since the appear�
ance of crystalline nuclei in the glass matrix leads to an
additional contribution to the density of acoustic vibra�
tional states associated with surface vibrational modes
of microcrystals. The theory of surface vibrations of a
homogeneous spherical elastic body in the absence of
tension at the borders was first developed by Lamb [10].
According to Lamb’s theory, the frequencies of surface
vibrational modes are equal to ωS0 = 0.7υl/dc (where
d is the size of a crystal nucleus, c is the velocity of light)
and ωS2 = 0.85υt/dc. A detailed description of these
modes is given below. It was shown previously [11] that
the glass matrix also affects the natural frequencies of
surface vibrations of nanocrystals, and the fractional
coefficient in the above formulas depends on the polar�
ization of light and the rigidity of the glass matrix sur�
rounding the microcrystals. Low�frequency Raman
spectra yield information on the size, shape and con�
centration of nuclei formed in a glass matrix.
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SAMPLES AND METHODOLOGY

The samples were panes of SiO2 glass 0.6 µm thick
with implanted ions having an energy of 150 keV and a
dose of 1017 cm–2. One�time annealing for 30 minutes
at 1100°С was performed. A more detailed description
of the sample preparation is given in [12]. The forma�
tion of silicon nanocrystals was recorded using high�
resolution electron microscopy and low�frequency
Raman spectra.

THEORY

Acoustic phonons bounded in nanoparticles gener�
ate limited low�frequency modes in the vibrational
spectra of these particles. These phonon modes can be
attained by solving the equations of motion of a homo�
geneous, stress�free elastic sphere, first proposed by
Lamb[10] and later developed by other authors
[13, 14]. To understand the main features of the exper�
imental Raman spectra, low�frequency vibrations of
silicon nanocrystals in SiO2 layers were calculated
using three approaches: Lamb’s original approach
[10]; considering an isotropic sphere surrounded by a
matrix [11, 14–16]; and considering a core�shell
model that is applicable both to free nanoparticles and
to a matrix filled with nanoparticles [17–19]. Details
of Lamb’s original approach can be found in [10, 20],
but for the sake of comparison with the other two
approaches, we shall briefly describe this model. The
displacement area of elastic medium  with den�
sity  is governed by the Navier equation, which can
be written as

(1)

where  is a tensor of elastic constants of the
fourth grade.The complete equation for a homoge�
neous isotropic medium takes the form [18]

 (2)

where λ and μ are Lame’s constants, and ρ is the den�
sity of nanoparticles. These are interconnected by the

following expressions: , and  

and  are the longitudinal and transverse velocity of
sound, respectively. For particles free from tension,
Eq. (2) is solved by introducing scalar and vector
potentials and yields two types of vibrational modes:
spheroidal and torsional. These modes are described
by the quantum number of orbital angular momentum
l and harmonic n. The equation for the eigenvalues of
the spheroidal modes takes the form [10, 20]
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Here,  (nondimensional characteristic values) can be
expressed as

(4)

where jl (η) and jl (ξ) are spherical Bessel functions of
the first kind, and 

Torsional modes are transverse in nature and do not
depend on a material’s properties. They are deter�
mined for l ≥ 1 and are orthogonal to the spheroidal
modes [10, 20]. The spheroidal modes are character�
ized by moments of l ≥ 0, where l is the symmetric
breathing mode, l = 1 is the dipole mode, and l = 2 is
the quadrupole mode. The mode with l = 0 is radial
and yields polarized spectra, while the quadrupole
mode with l = 2 yields partially depolarized spectra.
Spheroidal modes for even l (i.e., with ωS0 and ωS2) are
active in RS [13]. The lowest natural frequencies for
n = 0 and for the spheroidal and torsional modes cor�
respond to surface modes, while modes with n≥ 1 are
internal modes.

Lamb’s simple model is able to predict only fre�
quency (i.e., the actual position of a peak), but does
not allow us to obtain the half peak observed in Raman
spectra. Portalés et al. [19] therefore proposed an
approach known as the core�shell model, which con�
siders nanoparticles as a core surrounded by a macro�
scopically large spherical matrix that yields not only
the frequencies of the modes, but also the intensity
and shape of low�frequency Raman spectra. We must
use the core�shell model to compare these with exper�
imental Raman spectra. In experiments on the RS
eigenvalues of vibrational modes, it is important that
we have the proper values of the frequencies for which
the Raman spectra intensity is associated with the

mean square shift  for the particle [14, 18]. In

addition to the mean square shift, which determines
the amplitude and shape of the spectral lines, we need
to know also the matrix element of electron�phonon
interaction, which determines the total intensity. The
mean�square shift within the nanoparticle can be writ�
ten as in [18]:

(5)

where  is the volume of a particle.
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RESULTS AND DISCUSSION

Figure 1 shows a typical image obtained through
high�resolution electron microscopy of silicon nanoc�
rystals incorporated in SiO2 matrix. Freely packed
clusters (~6 nm) with differently coordinated atoms of
excess silicon that have no sharp boundaries are
immediately formed after the implantation of silicon.
After annealing (which leads to the dominance of
4�coordinate atoms in the Si–Si4 bonds), these freely
packed clusters are transformed into compact precip�
itates (~3 nm), as was confirmed by high resolution
electron microscopy in [21]. After implantation, there
are defects that after annealing will serve as sinks for
the Si atoms (i.e., nuclei for the newly formed crys�
tals), so the Si atoms in the segregation of SiO2 after
annealing are used not for the diffusional growth of
clusters, but for the formation of new nuclei. Since the
minimum size of crystalline nuclei for Si is 3 nm [22],
the number of nanocrystals with this size is predomi�
nant. Clusters (~6 nm) and nanocrystals (~3 nm) will
thus be present in a sample, as is evidenced by the
presence of two peaks in the low frequency Raman
spectrum, due to the interaction of visible light with
the acoustic vibrational modes of nanoparticles. These
peaks were recorded using polarized scattering when
the field vectors of the exciting and scattered waves
were parallel to the scattering plane, i.e., they were
caused by spheroidal surface modes ωS0 with angular
moment l = 0. For comparison with the experimental

spectra, we calculated the mean square shift  for

Si nanoparticles of two different sizes, using the core�

2

p
u

shell model (dashed lines in Fig. 2). We used the fol�
lowing parameter values: ρSi = 2.33 g/cm3; υl = 5.95 ×
105 cm/s; υt = 3.76 × 105 cm/s;  = 2.2 g/cm3; υl =
8.43 × 105 cm/s; and υt = 5.84 × 105 cm/s. It was found
that the spheroidal surface modes ωS0 were brought
down from 0.7 υl/dc to 0.4υl/dc after the immersion of
nanocrystals in the matrix and were equal to 38 cm–1

for nanocrystals with d = 3 nm and 18 cm–1 for clusters
with d = 6 nm. The calculated Raman spectrum shown
in Fig. 2 turns out to be in good agreement with the
experiment. The comparable half�widths of the
Raman lines at 18 and 38 cm–1 suggest that sound is
not sensitive to the smearing of the clusters’ phase
boundary on the atomic scale.
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