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Nanocrystal-induced line narrowing of surface acoustic phonons in the Raman spectra
of embedded Ge, Si,_, alloy nanocrystals
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Raman scattering was performed on Ge,Si;_, (x=0.54 or 0.28) alloy nanocrystals embedded in amorphous
Si oxide. An asymmetric, depolarized, and size-dependent low-frequency Raman peak was observed and
identified as the superposition of two surface acoustic vibration modes of the alloy nanocrystals. The current
theoretical models can be used to explain the mode frequencies but not the dampings observed experimentally.
Based on energy-dispersive x-ray microanalysis and density-functional-theory total energy optimization of
structures, a modified core-shell-matrix model in which the effects of neighboring nanocrystals in the matrix
are taken into account is in good agreement with experiments. This work provides good insight into the

frequencies and dampings of acoustic vibrations of the nanocrystals embedded in the matrix.
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I. INTRODUCTION

Low-frequency Raman scattering of semiconductor nano-
crystals (NCs) has been a subject of extensive experimental
and theoretical studies because of the fundamental physical
interest in the small size effect.'”!! A difficult task is the
assignment of the low-frequency modes because of the com-
plexity of the environment around the NCs. For weak vibra-
tion coupling between a continuum of homogeneous elasti-
cally isotropic NCs and their matrix, Lamb’s theory’ is
suitable for identifying the acoustic modes of free or embed-
ded NCs.%” For strong coupling, theories proposed recently
point out that the vibration eigenvector should incorporate
coupling to the matrix that causes thermal fluctuations in
both the amplitude and phase of the lattice vibration within
the NCs.>!? In this case, a complex-frequency (CF) model
which takes into account the action of an infinite matrix may
predict the dominant frequencies of the acoustic vibration
modes.®!'? However, the calculated damping [(full width at
half maximum (FWHM)] is evidently larger than the experi-
mental data, even when ignoring additional broadening
caused by the NC size distribution in a realistic system.!> A
core-shell-matrix (CSM) model may help us to improve the
calculation,'* but no corresponding result has been reported
and compared to the experimental data because of the com-
plexity of microscopic details of the shell layer.

Ge,Si,_, alloy NCs (NC-Ge,Si;_,) embedded in amor-
phous Si dioxide (a-SiO,) are helpful to the exploration of
acoustic vibrations of NCs because the compositions of the
alloy NCs can be adjusted to alter the impedance match with
the matrix. Up to now, acoustic vibrations in such systems
have only been studied theoretically by lattice-dynamical
calculation considering a free alloy NC.!> The results cannot
adequately explain the experimental outcome because iso-
lated NCs do not exist. Our recent work has shown that
Ge,Si;_, NCs of different sizes can be embedded in a-SiO,
by Si-Ge-SiO, cosputtering and postprocessing.'® This
makes it possible to examine the different theoretical models
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and seek a global explanation for the frequencies and damp-
ings of acoustic vibrations of the NCs embedded in the ma-
trix. In this paper, we first show that two groups of
NC-Ge,Si,_,-embedded samples with different x both pro-
duce two polarized acoustic vibration modes in the low-
frequency Raman spectra. Numerical calculations based on
the CF model adequately predict the frequencies of the two
acoustic phonon modes but not the observed dampings. We
next invoke both energy-dispersive x-ray (EDX) microanaly-
sis and density-functional-theory (DFT) total energy optimi-
zation for structures on the NC interfaces and determine the
composition of the interface layer linking the crystalline al-
loy NC with the SiO, matrix, ruling out the possibility that
the interface could be softer than either the NC or the matrix.
We next present a modified CSM model by considering a
coupling between the acoustic vibrations of neighboring NCs
and demonstrate that the damping can effectively be reduced,
consistent with our experimental results.

II. SAMPLES AND EXPERIMENTALS

Si0,/S10,:Ge:Si/Si0, sandwich structures were pre-
pared on Si (100) substrates using radio frequency magne-
tron cosputtering. The areas of the Ge and Si chips on
the silica target were Pg.=4% and Pg=6% (or 20%).
Two groups of samples were deposited and then annealed in
N, at various temperatures (7,) for 10 min. More details
pertaining to the sample preparation procedures can be
found elsewhere.!® X-ray diffraction results confirm that
the two groups of samples containing NC-Ge s4Sig 46 and
NC-Ge4Sip7, have a diamond structure embedded in
a-Si0, matrix. Their morphologies and size distributions
were characterized by high-resolution transmission electron
microscopy (HRTEM) (JEOL-2010, equipped with energy-
dispersive detection of the x ray emitted by an area of about
7% 2% nm? of the sample). The Raman spectra with five
polarization configurations were acquired on a T64000 triple
Raman system at backscattering geometries using the 514.5
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FIG. 1. [(a)-(c)] TEM images of the NC-Ge 54Si( 46-embedded
a-Si0, films prepared at 7,=900, 1000, and 1100 °C, respectively.
The scale bars are 30 nm. [(d)—(f)] Corresponding NC size distri-
butions with center sizes d and FWHMs w. (g) Typical HRTEM
image of the sample produced at 7,=1000 °C. The inset shows the
ASED pattern.

nm line of an Ar* laser as excitation source. All the measure-
ments were run at room temperature.

III. RESULTS AND DISCUSSIONS

Figures 1(a)-1(c) show the transmission electron micros-
copy (TEM) images of the NC-Gegs4Sipac-embedded
samples prepared at 7,=900, 1000, and 1100 °C, respec-
tively. It can be readily observed that the NCs disperse well
in a-Si0, films. Using Gaussian fittings, we obtain the NC
size distribution and find that center size d and FWHM w
increase with T, [Figs. 1(d)-1(f)]. Figure 1(g) shows the HR-
TEM image of the sample prepared at 7,=1000 °C. The
NCs are mostly spherical and have lattice fringes corre-
sponding to the {111} plane of bulk SiGe alloy. The inset
shows an area-selected electron diffraction (ASED) pattern
and the clear diffraction rings reveal random orientations of
the NCs in the film.

Figures 2(a) and 2(b) depict the depolarized and polarized
Raman spectra acquired from the NC-Geg 54Sij 4 samples.
According to the three peaks around 291, 408, and 481 cm™!
corresponding to the well-known local optical modes (Ge-
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FIG. 2. Raman spectra of the NC-Ge, 54Si( 46-embedded a-SiO,
films produced at different 7, acquired from (a) depolarized and (b)
polarized configurations. The right sides of (a) and (b) show the
enlarged figures in the frequency region of 450—500 cm~!. In the
depolarized spectrum, the strong mode at ~520 cm™! is from the
silicon substrate.

Ge, Ge-Si, and Si-Si vibrations) of GeSi alloy, the alloy NCs
are shown to be NC-Ge 5,Si 45, consistent with the x-ray
diffraction results.!” In the low frequency region, an asym-
metric peak is observed. With decreasing 7, this peak shifts
toward the high-frequency side and finally merges with the
TA phonon peak of the amorphous component (~77 cm™).
Meanwhile, the FWHM increases and intensity decreases.
The Raman shift versus the inverse of the center size is
found to be linear, indicating that these low-frequency peaks
arise from the surface acoustic phonon vibrations of the
NC-Ge 5451 4¢ embedded in a-SiO,. Moreover, the Raman
shift in the depolarized spectrum is smaller by several cm™
than that in the polarized one.!” The difference is larger for
another group of samples containing NC-Ge ,4Sij 75, per-
haps due to the different vibrational behavior of various
acoustic modes.>!*!3 To reveal the asymmetric origin of the
low-frequency Raman peak, the polarization configuration
dependence is determined, as was done in our previous in-
vestigation on the Ge NCs embedded in a-SiO,.® Figures
3(a)-3(e) show five polarized low-frequency Raman spectra
of the NC-Ge 54,51 4¢ sample prepared at 7,,=1100 °C. The
peak shape gradually changes with polarization configura-
tions and it is more obvious in the spectra acquired from the
NC-Ge »5Sig7, samples displayed in the inset. Each spec-
trum is composed of at least two components. Using a Lor-
entz function to describe the spectral broadening induced by
the NC/matrix interaction and applying an inverse relation-
ship between the energy and NC size,'*?? spectra (a)—(e) can
be divided into two peaks with the frequencies and FWHMs
being (@) ep=12.5 cm™, T ,=1.7 cm™) and (@,
=17.7 em™, T'; ,=0.9 cm™"). Here, the contribution of the
NC size distribution has been deducted from the FWHM.
To theoretically identify the two components, we consider
a homogeneous and isotropic nanosphere.'>?! In the CF
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FIG. 3. Low-frequency Raman spectra of the
NC-Geg 5451 46-embedded a-SiO, film annealed at 1100 °C, ac-
quired from five different polarization configurations [the angles
between the incident and scattered light polarization directions are
(a) 0, (b) 22.5, (c) 45, (d) 67.5, and (e) 90°]. The inset shows the
corresponding result from another group of Ge(,4Sip7, samples
with different NC sizes.

model, the nanosphere is assumed to be in good contact with
a macroscopic matrix. Our numerical calculations look for
the complex roots (w,I),, of the eigenvalue equation D
=0, where D is the determinant of a matrix not larger than
(8% 8).!3 The real part » and imaginary part I of the com-
plex root denote the vibration frequency and the FWHM of a
Raman mode, ¢ can be torsional (TOR) or spheroidal (SPH),
[ is angular momentum number, and n =0 is the mode index.
Using programs that calculate the acoustic vibrations of the
NC-Si embedded in a-SiO,,'>!? the energy and FWHM of a
spherical NC-Ge 4Sij4¢ With diameter of 7.9 nm under a
core-matrix model are computed®>? and it is found that the
best candidate for w; is the TOR mode with n=0, [=1
(01q=104 cm™, T’} ,y;=4.7 cm™) and for w,, it is the SPH
mode with n=0, /=2 (wyeuy=16 cm™!, I',.;=4.5 cm™) or
the TOR mode with n=1, [=2 (wyey=18.5 cm™!, Ty
=52 cm™'). The calculation adequately predicts the frequen-
cies but the FWHM values are larger than those determined
experimentally.

It is believed that in the CSM model, introduction of a
thin shell between the sphere and its matrix could effectively
decrease the damping.?* The key of this model is to deter-
mine the interface composition. Hence, we performed the
EDX microanalyses at different positions around NCs. Fig-
ures 4(a)-4(d) show the corresponding results from some
typical positions. Inside the NC, the content ratio of Ge to Si
has a maximum and then gradually decreases while moving
the electron beam toward the NC interface. In the matrix, the
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FIG. 4. (Color online) Some typical EDX spectra emitted at
different positions around alloy NC: (a) inside NC, [(b) and (c)] at
the interfaces, and (d) in the matrix. P: alloy NC; B: electronic
beam focused at an area of about 77X 2% nm?. Note that Cu signals
in the spectra are from the Cu grids for the TEM measurement. (e)
The optimized supercell for the GeSi NC embedded in SiO,. Small
balls in red (dark gray marked with 1) and yellow (gray) represent
O and Si atoms, respectively. Big balls in yellow (gray) and gray-
blue (dark gray marked with 1) represent Si and Ge atoms in the
NC, respectively. The white arrows indicate the bonds at the inter-
face between the NC and SiO, matrix.

Ge content is difficult to detect. This EDX result indicates
that the interface regions of the NCs have no noticeable el-
ement deficiencies. The interface layer has compositions be-
tween those of the alloy NC and the SiO, matrix. Here, we
should mention that the oxygen content in all the EDX spec-
tra is large, which is because each electron beam emitting the
x rays penetrates through the SiO, surface layer of the NC.
To further have insight into the structure of the interface
layer, we also performed a structural optimization for GeSi
NCs embedded in SiO, matrix based on the DFT total energy
calculation. In the calculation the plane-wave basis and ul-
trasoft pseudopotentials with gradient exchange-correlation
potential corrections are used.”>?® The optimized supercell
for the GeSi NC in SiO, is reported in Fig. 4(e). It can be
clearly seen that the connection between the NC and SiO, is
compact and there are no evident isolation trends between
the NC and matrix.
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FIG. 5. Energies and dampings versus 1/d. Light and bold as-
terisks are the experimental data for w; and w, in the low-frequency
Raman spectra of the NC-Geg 54Sig4¢ samples, respectively. Open
circle and dashed lines are the theoretical results for the SPH mode
(I=2, n=1) and filled circle and solid lines are those for the SPH
mode (/=1, n=2). They are calculated using the “original” CSM
model for interlayers of 1 and 0 nm, respectively. Filled and open
squares show the corresponding calculated results from the modi-
fied CSM model with parameters indicated in the text.

The above experimental and theoretical results are similar
to previous investigations on the interface layer between the
Si NC and SiO, matrix which indicates that the interface
layer has compositions to be between those of the crystalline
Si and the SiO, matrix.'*?” Thus, we tentatively introduce an
interface 1-5 nm thick and the speeds of sound and density
to be averages of those of the alloy NC and matrix and find
that the damping does not decrease. For example, we give
the data for NC-Ge 5451 46 that is 7.9 nm in diameter with
an interlayer that is 1 nm thick. The best candidates for w,
and ®, become the SPH modes with n=1, [=2 (o]
=135 ecm™!, T},=40 cm™) and n=2, I=1 (@),
=18.5 cm™!, T} ,;=5.0 cm™). Obviously, the reduction in
damping is very limited. The experimental and theoretical
results of other NC-Geg 54,5146 samples with different NC
central sizes are shown in Fig. 5. The disagreement is quite
pronounced.

In the above calculation, we have assumed that the alloy
NC is embedded in an infinite SiO, matrix. This assumption
seems problematic because the HRTEM image in Fig. 1(g)
clearly shows that the distances between neighboring NCs
are only several nanometers. A coupling between the acous-
tic vibrations of adjacent NCs definitely exists in such a sys-
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tem, as the case in the 8.5 nm NC-Si/3.5 nm a-SiO,
supperlattice.”® Hence, the infinite SiO, matrix should be re-
garded as a composite material of SiO, with randomly dis-
tributed GeSi NCs embedded. This makes the impedance of
the matrix larger than that of “pure” SiO, in the region apart
from the investigated NC by a distance estimated from the
NC-NC spacing. Thus, in order to consider the effect of such
composite material on the damping of the NC acoustic mode
we suggest a three-region model (a modified CSM model):
the core is the investigated alloy NC surrounded by a pure
Si0, shell which has a thickness to be an average distance
between the neighboring NCs and the outside matrix is an
effective medium representing the SiO, with embedded NCs.
From our TEM images, the thicknesses of the middle shells
for the five samples with 7,=1100, 1050, 1000, 950, and
900 °C are estimated to be 6.4, 4.9, 3.6, 3.2, and 2.5 nm,
respectively. For the middle shell, we use the acoustic pa-
rameters of pure SiO,, while for the matrix the parameters
are weighted average ones of SiO, and NCs. The corre-
sponding calculated results for the five samples are shown by
full and open squares which exhibit much better consistence
with the experimental data. The remarkable reduction in the
damping in this modified CMS model is due to the large
thickness of the middle shell reflecting the composite nature
of the surrounding material.

IV. CONCLUSION

We have fabricated two groups of NC-Ge,Si,_,-embedded
Si0, samples with different x and found that both produce
two polarized size-dependent acoustic vibration modes in the
low-frequency Raman spectra. Based on a large number of
TEM observations, we present a three-region model in which
the coupling between the acoustic vibrations of neighboring
NCs is taken into account to fit the observed frequencies and
dampings. Good agreement is achieved between the experi-
ments and theory. Our experiments and theory indicate that
for the nanocrystal-embedded matrix system, the low-
frequency Raman spectra are closely related with both the
frequencies and dampings of acoustic vibrations of NCs.
This implies that low-frequency Raman scattering can be
used to characterize some important parameters associated
with NCs, their interfaces, and surrounding medium. Espe-
cially, it can serve as a nondestructive tool to characterize the
NC sizes.
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