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ABSTRACT

The present paper reports a study of the influence of heat treatments on the ion-beam synthesis of Si and
Ge nanocrystals in SiO, layers by low-frequency Raman scattering. Low-frequency Raman scattering is
used just because the appearance in the glass matrix of crystal nuclei leads to an additional contribution
to the density of only low-frequency acoustic vibrational states due to surface vibration modes of the
nuclei. Electron microscopy, contrary to expectations, revealed a decrease rather than increase in the size of
the crystal nucleus during annealing. Additionally, low-frequency Raman spectra show that the samples do
not have a smooth distribution of nanoparticle sizes, as expected, but two different sizes of Si and Ge
nanocrystals. This similarity is surprising because Si and Ge have different diffusion coefficients, tempera-
tures of crystallization, meltings, and binding energies. Despite this, in both cases the same mechanism
operates during the growth of Si and Ge nanocrystals.

Acoustical properties

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Silicon and germanium nanocrystals embedded in a dielectric
matrix have attracted great interest over the last few years for their
important physical and chemical properties [1-12]. The main
properties of these materials are related to the confinement of
(quasi)particles (electrons, holes, phonons, excitons, etc.) in volume
corresponding to the radii on the order of nanometers. A strong
correlation between the particle size and the band gap has been
established. For this reason, the essential requirement for different
applications of Si and Ge nanoparticles is to have an accurate
knowledge of the particle size, size distribution and particle growth.
Simultaneous control of nanoparticles size and composition will
extend the range of applications of nanoparticles/glass systems.
In the past decade, there has been much interest in the vibrational
properties of semiconductor nanoparticles as the emission of
phonon is one of the most important electronic dephasing mechan-
isms. Particle sizes and surface structures have been shown to
be the most important factors that decide optical properties and
light emitting efficiencies of these nanostructure materials. Apart
from modifying the electronic structure, the spatial confinement
also alters the electron-phonon coupling, an important component
to determine the Raman intensity. The acoustic phonon sidebands
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encountered in the photoluminescence (PL) are found to affect
energy relaxation in nanoparticles. The modification resulting into
the phonon spectra mainly in the low frequency region from
confinement resulted in a new field of nanoscale science, known
as phonon engineering or nanophononics [13]. Reducing the size
of electronic devices below the acoustic phonon mean free path
gives new possibilities for phonon propagation and interaction.
Raman scattering probes the vibrational states of the particles such
as the confined acoustic, optical and surface phonon modes and
provides an understanding of electron-phonon interactions. This
has led to several investigations of acoustic vibrations of spherical
nanoparticles, particularly the semiconductor nanoparticles leading
to an understanding of the role of vibrations in the performance
of some optical devices (for example, in electronic dephasing due
to emission of phonons) [14,15]. Low-frequency Raman scattering
caused by interaction of visible light with acoustic vibrational
modes of nanocrystals has been used to study the particle size
distribution and the coupling between the particle and matrix
according to the vibrational theories of acoustic phonons confined
in nanoparticles [16-22]. This is because of the fact that in
nanoparticles due to violation of the wave vector conservation rule,
the total density of vibrational states is observed in Raman scatter-
ing spectra. This feature allows one to study the initial stage of
crystallization since the occurrence of crystal nuclei in a matrix of
glass results in an additional contribution to density of the acoustic
vibrational states associated with the surface vibrational modes
of nanocrystals. More than 100 years ago, Lamb [16] discussed the
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vibrations of a homogenous spherical elastic body under stress-free
boundary conditions. This provided sufficiently good agreement
to confirm that confined acoustic phonon modes were really
being observed. The nanoparticle vibrations can be classified by
their angular momentum number />0 and its z component m
(m=azimuthal quantum number). The vibrational modes can be
classified either as spheroidal or torsional. The torsional mode
frequencies depend on the transverse acoustic phonon velocity o,
while the spheroidal mode frequencies depend on both the long-
itudinal and transverse acoustic phonon velocity »; and v, respec-
tively. The observation of these modes requires polarization
measurements, since spherical vibrations lead to a polarized scat-
tering, while the torsional vibrations bring about a depolarized
scattering. It has been established [17] that only the lowest energy
spheroidal modes with [ equal to 0 and 2 are Raman active. The
glass matrix influences the eigen-frequencies of the surface vibra-
tional modes of nanocrystals [18]. To understand the crystallization
of nanoparticles in glass matrix, modified models based on Lamb's
theory such as complex frequency [12,14,19-22] and core-shell
models [12,20-23] can be used which are quite successful in the
interpretation of acoustic modes of nanoparticles embedded in
medium.

In the present paper, we present an analysis of the formation of
the most important group IV semiconductor nanocrystals such as
Si and Ge glass matrix which has attracted much interest because
of their potential applications in Si based optoelectronics, nano-
photonics and electronic/optical memory devices. Further, interest
to study the low frequency Raman scattering in these two
semiconductors is due to the fact that the Ge nanocrystals show
stronger confinement effect [23] resulting from direct gap semi-
conductor nature [24] in contrast to Si nanocrystals. This may be
useful in understanding the formation of two different types of
nanocrystals in different hosts. Out of several techniques to form
nanocrystals of Si and Ge like doping of nanocrystals [25,26], use
of pulsed heat treatments [27], introduction of additional pre-
cipitation centers [28,29], etc., the ion implantation technique is
another possible method for the formation of nanocrystals. How-
ever, there is a requirement of intermediate heat treatments to
form nanocrystals using ion implantation and in clarifying the
mechanism of their formation [30-33]. It will be seen in what
follows that the same mechanism operates even during the
growth of Si and Ge nanocrystals.

2. Samples and experimental details

Silicon and germanium nanocrystals are prepared using implan-
tation of Si™ and Ge™ ions at room temperature on SiO, films of
0.6 um thickness with the dose of ~10' cm~2 [30] and energy in
the range of 140-150 keV. It has been found that Si and Ge clusters
are formed immediately after implantation. Si* implanted SiO,
layers have been heat treated at 1100 °C. However, the annealing
has been carried out within 30 min for Si NCs. Evolution of Si
and Ge NCs has been studied using low frequency Raman scattering
and optical Raman spectra. Some preliminary results are presented
elsewhere [33]. Raman spectra were recorded at room temperature
in the backscattering geometry with vertically polarized 532 nm
laser. Scattered light from the samples is dispersed using a double
monochromator (Spex, model 14018) and detected using a photo-
multiplier tube ITT FW-130 operating in the photon-counting mode.
Scanning of the spectra and data acquisition was carried out using
a microprocessor based data-acquisition-cum-control system. Low
frequency Raman spectra have been recorded from 5 to 50 cm ™!
at steps of 0.5cm~! while optical Raman spectra were recorded
in the range of 40-1500 cm ™~ using the same Raman spectrometer.
Raman scattering experiments have been carried out on the samples
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Fig. 1. Images of transverse sections of the sample after annealing at 1100 °C for Si
nanoparticles. Lattice fringes corresponding to the {1 1 1} planes of Si can be clearly
seen which are encircled. Two nanocrystals with a diamter of about 3 nm and 6 nm
are shown.

placed in vacuum to eliminate air lines during recording of the low
frequency spectra. The spectra have been recorded several times
under the same conditions and data have been accumulated in
order to detect less intense lines and to improve the signal to noise
ratio. In order to fit the measured Raman spectra first the expo-
nential background is subtracted from the observed data to remove
the Rayleigh background in Figs. 2 and 3. This is followed by a
straight line subtraction for the appearance of modes. After sub-
traction, the resulting spectrum is deconvoluted by Lorentzian
contours using a peak fit process, i.e., by PEAKFIT software. The
correctness of the process is confirmed by the final fitted spectrum
(full curve in figure) passing through the observed data and most
importantly is the resultant of the addition of all peaks under the
fitted curve. The morphology of the NCs was characterized by a high
resolution electron microscope (Fig. 1).

3. Results and discussion

Experiments were conducted to study the structure of nano-
crystals with high-resolution transmission electron microscopy.
Fig. 1 shows a typical electron micrograph of Si nanocrystals
embedded in a SiO, matrix. We can clearly see lattice fringes
corresponding to the {1 1 1} planes of Si nanocrystals. According to
electron diffraction, the interlayer distance is 0.314 nm, which
corresponds to silicon, while for germanium this distance is greater
and equal to 0.327 nm. It is found that each Si nanocrystal is a single
crystal with good crystallinity and they are well dispersed in SiO,
matrices. From this micrograph, we can observe two average sizes of
Si nanocrystals of 3 nm and 6 nm. A TEM micrograph where only Si
NPs with single sized particle is observed, a figure of interest, is
shown in Fig. 1 of Ref. [33]. Figs. 2 and 3 respectively depict the low
frequency Raman spectrum of Si and Ge NCs embedded in SiO-.
Both spectra show the presence of two peaks which are caused by
the interaction of visible light with the acoustic vibrational modes of
nanocrystals. These two peaks which correspond to the particle of
two different sizes are due to the spheriodal mode with angular
momentum /=0 and index n=0 (symmetric mode) as the peaks are
recorded with polarized scattering. In the case of polarized Raman
scattering the field vector of the exciting and scattered waves is
parallel to the scattering plane, while the other Raman active
spheroidal mode [=2 (quadrupolar mode) provides depolarized
spectra. Fig. 2(a) shows that the two peaks due to spheroidal



118 V. Mankad et al. / Physica B 432 (2014) 116-120

g; a Experimental LFRS : Si in SiO,
0.5 d=6nm
0.4 d=3nm
0.3 l l
0.2
;z‘ 0.1 ﬂ"
E 00—
NA°' 0.7 b Theoretical CSM : Si in SiO,
g 06 d=6nm

0 10 20 30 40 50
Raman Shift (cm™)

Fig. 2. (a) Low-frequency Raman spectrum of Si nanocrystals in SiO, layers formed
after implantation and annealing for 30 min at 1100 °C. (b) Spheroidal mode [=0
for Si nanocrystal in SiO, matrix using core-shell model for the Si nanoparticles of
two different sizes.
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Fig. 3. (a) Low-frequency Raman spectrum of Ge nanocrystals in SiO, layers.
(b) Spheroidal mode [=0 for Ge nanocrystal in SiO, matrix using core-shell model
for Ge nanoparticles of two different sizes.

symmetric mode occuring at 18.5 and 35 cm ™! corresponding to
6.0 and 3.0nm for Si particles respectively. However, for Ge
nanoparticles the [=0 spheroidal symmetric mode occurs at 13
and 22 cm~' corresponding to 10.5 and 6.3 nm sizes respectively
(Fig. 3(a)). This is due to the fact that annealing is carried out at an
intermediate step of 30 min, which seems to result in incomplete
transformation from a loosely packed cluster of 6 nm to precipitates
of 3 nm and hence the existence of nanocrystals of two sizes in the
same samples is observed. Low-frequency Raman spectra show that
the samples do not have smooth distribution of nanoparticle size as
expected, but have two different sizes of nanoparticles. The full
width at half maxima (FWHM) of these peaks indicate the size
distribution of Si and Ge clusters. Figs. 2(b) and 3(b) present the
mean square displacement <u2>p of Si and Ge nanoparticles respec-
tively. (u2>p is the measure of internal motion of the nanoparticles
and the approach is generally known as the core-shell model [22].

The mean square displacement can be compared to the Raman
spectra, as the Raman intensity depends on the square of dis-
placement. Moreover, the Raman intensity is governed by both
(u*), and the electron-phonon interaction of matrix element.
The matrix element determines the overall intensity while <u2)p
determines both amplitude and the spectral lineshape. The low

frequency peak can be well simulated by a log-normal distribution
with the following expression:

1 -
— e—(ln o— In®)/2In"e 1
@) 2" Ine )

where @ is the most probable o and ¢ is the standard deviation. The
standard deviation is slightly above 1 for particles of all sizes
present in Si and Ge nanoparticles. Since each particle vibrates
with a frequency that is inversely proportional to its size (diameter)
D, the density of vibrational states g(v) corresponds to the size
distribution N(D). This suggests that the intensity fitted from Eq. (1)
to the peaks in low frequency Raman spectra corresponds to the
usual size distribution, and parameter ¢ measures the size distribu-
tion as mentioned above. The most common size distributions
encountered in different nanomaterials can be well approximated
with Gaussian distribution or log-normal distribution functions.
However, we use here the log-normal distribution functions. The
Raman scattering technique to find the size distribution can be a
complementary technique to transmission electron microscopy
(TEM) and X-ray scattering. TEM and X-ray have some limitations
despite being commonly used and accurate. While TEM needs
expensive electron microscopes, the Debye-Scherrer formula which
is used to calculate the size distribution in X-ray scattering is
precisely for the case of very narrow size distribution [34].

The peak at about 35cm~" in low frequency Raman spectra
corresponding to the size 3 nm of Si nanoparticles has a broader
line shape. This is due to the fact that the surface effect increases
with the decrease in nanocrystalline size and results in strong
surface vibrational modes. In addition, there is an effect from
interaction between particles and SiO, layer. The electron micro-
graph shows that the average size of precipitates decreases from
~(4-5) to ~(3-4)nm [30]. This decrease is caused by high
probability of nucleation in all the modes of implantation and
annealing used in this study. The optical Raman scattering and
photoluminescence data show that the Si nanocrystals are of
different sizes [31]. The transmission electron micrograph for Ge
is similar and is not shown here. The peak at ~22 cm~"' corre-
sponds to smaller sized particles of 6.3 nm with larger size
distribution for Ge nanocrystals. However, it is important to note
that electron microscopy, contrary to expectations, revealed a
decrease rather than increase in the size of the crystal nucleus
during annealing. It is known that with increasing annealing
temperature, the size of nanocrystals grows usually. Therefore,
low frequency Raman spectra show that samples do not have a
smooth distribution of nanoparticle size as expected but consist of
two different sizes of nanoparticles. This is surprising also because
Si and Ge have different diffusion coefficients, temperatures of
crystallization, meltings and binding energies. However, in both
cases the same mechanism operates during the growth of nano-
particles and in the end one obtains two different nanoparticle
sizes of 3 and 6 nm for Si and 6 and 10 nm for Ge. The reason for
Ge nanocrystals being larger than Si, despite the same implanta-
tion dose, can be attributed to the fact that the concentration of
germanium is two times more due to higher relative density and
diffusion length for Ge is shorter than that of Si.

To verify the presence of particles of two different sizes and
formation of nanoparticles in steps, the Raman shift obtained from
low frequency Raman spectra can be verified from eigen-
frequency calculations. Low-frequency Raman peaks in nanocrys-
talline materials, ascribed to confined acoustic phonon like vibra-
tions, can be well interpreted from the different variants of
original Lamb's model [16]. In the present study, we have per-
formed the calculation of low frequency Raman spectra using all
three approaches, Lamb's model, CFM and CSM, and compared
them with experimental Raman shift obtained from the low
frequency Raman experiment corresponding to nanoparticles of
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Table 1
Low frequency Raman frequencies for Si and Ge nanoparticles embedded in SiO, glass.

Sample Size dipg Lamb calculation CSM [=0 CFM Expt
nm =0 (cm™1) (em™1) (em™")  (ecm™Y)
Si/SiO, 6 20.036 220 18.3 18.4
3 40.072 383 36.7 35.7
Ge/SiO, 10.0 12.9 13.5 15.5 131
6.0 21.6 223 259 215
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Fig. 4. Optical Raman spectra for Si nanocrystal embedded in SiO-.

two sizes for Si and Ge nanoparticles (Table 1). To calculate the
eigen-frequencies of the Si and Ge nanocrystals in SiO, matrix,
following values of the parameters are used: pg; =2.33 g/cm®,
u(Si)=9.01 x 10° cm/s, 1(Si) = 5.37 x 10> cm/s, ps;o, = 2.2 glcm?,
1(Si05) =5.95 x 10° cm/s, 2(Si02) =3.76 x 10° cm/s, pge =5.33
g/em?, y(Ge)=5.25 x 10° cm/s, and v¢(Ge)=3.25 x 10° cm/s. All
methods are in good agreement and they compared well with the
experiment. The lower panel of Figs. 2 and 3 presents the low
frequency spectra of symmetrical mode for the nanoparticles of
both sizes using CSM. It is observed that the interaction of
nanocrystals with the matrix broadens and shifts the lines, but
this shift is much smaller than is expected. It is remarkable and
surprising to note that the mechanism of growth is the same in
both Si and Ge nanocrystals despite having different physical
parameters such as temperature, diffusion coefficients, tempera-
ture of crystallization, melting and binding energy for both
compounds. Additionally, low frequency Raman spectra show that
samples do not have a smooth distribution of nanoparticle sizes as
expected but have two different sizes of Si and Ge nanocrystals.
Now turning our attention towards optical phonon Raman
spectra and a new mode arising in the Si nanoparticles at about
145 cm ! (Fig. 4) first we consider the mode at 145 cm™! in the
case of Si NCs as the said mode is observed only in the case of Si
NPs, and later the complete optical spectra. It is attributed to
disorder activated transverse acoustical scattering of first order
arising due to the relaxation or breakdown in the wave vector
selection rule, a likely event in the case of disordered materials, or
finite size effect [35] confirmed from TEM image. To confirm the
phonon confinement effects in the Si clusters the Raman spectra
can be recorded with different laser outputs and exposure times.
Fig. 4 presents the first order optical band to the samples with
different exposure times and different laser power spots for Si
nanocrystals. It shows clearly a fingerprint of Si crystallinity and a
slight shift as expected for phonon confinement and strain effect.

While compressive strain leads to an upwards shift of the Si-Si
mode (~520 cm™!), the phonon confinement leads to a down-
ward shift [35]. The spectrum depicts the first order long wave-
length optical band along with other features such as second order
acoustical and optical band centers near 306 and 966 cm ™!
respectively. These can be attributed to phonon density of states
with a scale multiplied by 2. In the inset of Fig. 4, we present the
enlarged spectrum centered at main peak 520 cm~'. It is hence
seen from the figure that the decrease in exposure time and laser
power results in downward shift (blue-shift) of 520 cm ™~ 'peak.
This indicates that more laser power or more exposure time
results in the strain and confinement effects together. Similar
conclusions are drawn for Ge nanocrystals.

4. Conclusion

In conclusion by carefully examining the low frequency Raman
spectra and theoretical calculations we have adequately explained
the formation of Si and Ge nanocrystals in SiO, layers synthesized
by the ion implantation of Si and Ge ions respectively with
intermediate heat treatments. The occurrence of crystal nuclei in a
matrix of glass results in an additional contribution to density of the
acoustic vibrational states associated with the surface vibrational
modes of nanocrystals. Unexpectedly, electron microscopy showed a
decrease rather than increase in the size of the nuclei during
annealing. It is apparent that the Si and Ge atoms are precipitated
preferentially on the newly formed nucleus of silicon in the course of
the heat treatments. Low frequency Raman scattering caused by
interaction of visible light with acoustic vibrational modes of
nanocrystals is an effective method of researching it and confirms
that loosely packed clusters of larger size are completely trans-
formed into compact, separate phase nanoscale precipitates of Si
and Ge annealing. We observe from the low frequency Raman
spectra that there is no smooth distribution of nanoparticles sizes
as expected; rather two different sizes of silicon and germanium
nanocrystals are observed. This is in contrast to general expectation
as Si and Ge have different diffusion coefficients, temperatures of
crystallization, meltings and binding energies. This indicates that the
same mechanism operates during the growth of Si and Ge nano-
crystals. The size distribution has been also calculated using low
frequency Raman spectra and it is found that the size distribution is
very narrow for both nanocrystals. We also discussed the advantage
of low frequency Raman spectra to find the size distribution. A low
frequency peak is observed in the optical Raman spectra of Si
nanocrystals due to disorder activated transverse acoustical scatter-
ing of first order arising from the relaxation of breakdown of the
wave vector selection rule. The increase in laser power or exposure
time results in strain as well as confinement effects in the case of
nanoparticles.
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