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Abstract

The vibrational properties of silicon carbide nanoparticles (np-SiC) were
investigated as function of the nanocrystal size (5-25 nm) and the features
of their outermost surfaces. Raman experiments and numerical methods were
conjugated to characterize the signatures from the active SiC normal modes
and the vibrational density of states (VDOS). The Raman spectra of the
nanopowders were marked by VDOS signals which correlate with the SiC
amorphous fractions favoured by the high specific surfaces of the nanoparticles
and their surface reconstruction. Quantitative interpretation of the experimental
VDOS features, IR absorption and Raman scattering properties in nanosized
SiC were carried out by means of numerical methods developed on SiC clusters
with suitable structures and sizes.

1. Introduction

Nanocrystalline semiconductors are promising materials due to their versatile electronic and
optical properties as opposed to those of bulk systems [1]. In this context, wide band gap SiC
either in the form of thin films or containing appropriate doping agents (P, Er, N) is currently
operating in different technical devices such as radiation sensors, solar cells, blue-light emitters
and high-power electronics [2—4]. Recently, the synthesis of SiC nanoparticles has offered new
opportunities to realize functional materials with promising nonlinear optical or electro-optical
properties where the interface effects play a key role [5, 6]. Animprovementof these properties
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for potential applications requires rigorous control of the nanoparticle surfaces. However, with
regard to the electronic and vibrational properties closely dependent on the microstructures of
the materials [7—10], the nanoscale dimension and the interface effects are expected to induce a
structural reconstruction of the outermost particle surfaces [11]. Thus, standard structural and
vibrational experiments on nanosized systems and their interpretation within the theoretical
framework developed for infinite crystals can suffer from some limitations. For example, the
size and surface effects in nanocrystals modulate the chemical shift in NMR experiments [12]
and, as reported below for SiC, the vibrational density of states (VDOS) dominates the Raman
spectra of nanoparticles. This last behaviour contrasts with the structural investigations on
the same systems by NMR (short-range order) and x-ray diffraction (XRD) [13], where the
size effects contribute mainly to a line broadening of well resolved NMR or XRD lines.
Furthermore, the features of VDOS bands induced by structural or chemical disorder, by the
nanoscale size or by the surface reconstruction, cannot be stated easily. A relevant interpretation
requires numerical simulations for the evaluation of the underlying structural and vibrational
properties of nanoparticles. It is within such approaches that the effects of broken translation
symmetry at the nanocrystal boundaries or the size-inducing electronic band structure and
vibrational properties’ changes [14] can be accounted for. However, these numerical methods
are necessary to discriminate between the Raman spectrum contributions from VDOS and
those from photoluminescence phenomena [15].

Thus, the present paper analyses the vibrational properties of SiC nanoparticles (np-SiC)
by means of Raman spectroscopy. The main concern of the study is the low-wavenumber
range of the Raman spectra where a vibrational density of states (VDOS) is present. The
corresponding bands dominate the Raman signals from the as-formed SiC nanoparticles and
overcome the lack of structural and vibrational information in these systems from SiC normal
modes. Numerical simulations of the VDOS shapes are then developed on SiC clusters by
using the semi-empirical parametric method (PM3) [16-18]. The theoretical VDOS bands
allow a quantitative assignment of the experimental spectrum details. A close correlation is
thus shown between the VDOS features and the amorphous SiC fractions induced by effective
structural disorder in the nanoparticle cores or by its reconstructed surfaces.

2. Theoretical background of the numerical approach

Electron—phonon interactions play a major role on the optical and vibrational properties
of nanosized systems. Indeed, the size dependence of the electron—phonon coupling in
nanocrystals has been widely discussed for optical [19-23] and acoustic [24] phonon modes.
In these systems, Raman and IR techniques are used to probe the structures from their active
vibrational modes. The analysis of the corresponding spectra is based on the evaluation of the
polarization tensor elements in the basis of vibration and electronic states.

From a simple approach concerning a molecular system, the electric component E; of
probing radiation interacts with valence electrons and induces a dipole moment:

wit =i E; (1)

where i, j = x, y, z represent the directions of the molecular referential frame and o;; is the
component of the polarizability tensor.

When the scattering process is involved between an initial [m) and a final |n) state of the
system, the «;; are expressed as a function of the matrix elements of the dipole component as
follows:

(m|,u,l|n)(n|u]|m) ~ Mimn 4 j nm
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where hw,,, is the energy difference between |m) and |n) states. The wu; ,, represents the
matrix element of ith component of the transition dipole moment between the states |m) and
|n) which take into account both the electronic and the vibration degrees. The above elements
of equation (2) are of particular interest because of the evaluation of the theoretical Raman and
IR absorption spectra. Therefore, the scattered Raman intensity due to |m) to |n) transition is
given by

Lim (@) =~ Io(@o — @pn) [0t lmnlij 1 (@) 3)

where f(w) represents a Lorentzian line shape taking into account the finite lifetime of the
scattering and wg represents the pulsation of the probing light.

The intensity of the IR absorption bands can also be defined from the transition dipole
moment (L,, Which couples the ground state |0) to excited ones |n) as follows:

|I/L0n|2
TN e UL 4
Z ha)o,, — ha)o ( )

n

Theoretical calculations of IR absorption and Raman scattering including VDOS spectra
can now be computed within the approach which models SiC clusters as was previously
developed to analyse the photoluminescence features in np-SiC [15]. The cluster geometry
is built by using the chemical bond lengths and angles involved in the cubic 3C-SiC and
hexagonal 6H-SiC while the surface reconstruction can be simulated by allowing a geometric
optimization of the cluster with the criterion of the lowest achieved energy. In this part of
the simulations, the cluster is treated as a large molecule, for which vibration and electronic
states are determined by quantum chemical codes. They are based on the self-consistent
restricted (RHF) and unrestricted Hartree—Fock (UHF) semi-empirical PM3 method [16, 18].
The convergence is achieved when the difference between energies at iterations (i + 1) and
(i) is less than 1077 eV. The optimization of surface chemical bonds was made by using the
MM+ force field method [16].

A critical cluster size was determined with the criterion that the main features of the bulk-
like spectra (absorption, vibration) are reproduced correctly. SiC clusters with 114 atoms were
found relevant for this purpose. However, the central problem lies in the outermost cluster
bonds. Their truncation modifies the optical band gap and alters both the optical and vibrational
properties. According to our previous work on the photoluminescence phenomena [15] and
experimental investigations [25], surface carbon atoms were bonded to ensure saturation of
the cluster shell. The convergence criterion is then satisfactory fulfilled in the course of the
computation process. The performed numerical simulations are hereafter used to describe
mainly the VDOS spectra as well as the experimental results including the IR absorption.

3. Experimental details

3.1. Synthesis

Nanopowders were synthesized by CO,-laser pyrolysis of a gaseous mixture (silane, acetylene)
following the process described elsewhere [15, 25, 26]. Quasi-stoichiometric nanoparticles
(np-SiC) were obtained under suitable experimental conditions (flux of the gaseous reactants,
time duration of their chemical decomposition in the reaction chamber and the laser power).
Then, two np-SiC samples were selected; these will be referred to as SiC229 and SiC238.
Below, we summarize the main results on the nanoparticles’ stoichiometry, morphology and
structure.
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3.2. Composition

The elemental chemical analysis was performed and reveals a small fraction of excess carbon
of about 2%; i.e. atomic ratio C/Si = 1.02 in the investigated samples. A confirmation
was obtained from precise electron paramagnetic resonance investigations through the
concentration of dangling bonds brought by carbon atoms in comparison to a reference
sample [13]. The excess of carbon has indeed a natural tendency to migrate at the outermost
particle surfaces.

3.3. Morphology

Transmission electron microscopy (TEM) was used to characterize the particle shapes, sizes
and the boundary features. Typical morphologies and organization of the SiC229 nanoparticles
are illustrated in figure 1 by using high-resolution TEM experiments. For this sample,
the nanoparticle exhibits an average diameter about 10 nm and consists of several small
nanocrystals (5 nm in diameter) separated by stacking faults at the nanocrystal boundaries.
In the as-formed nanopowders (figure 1(a)), the external particle surfaces exhibit diffused
boundaries because of structural disorder and a reconstruction at nanocrystal interfaces. For
the nanopowder annealed at 1400 °C, figure 1(b) illustrates the improvement of the crystalline
order in the nanoparticles. Similar investigations by TEM on the SiC238 sample showed that
the nanoparticles have spherical shapes and monodisperse diameters of the order of 25 nm.
In this sample, the entire nanoparticle consists of a single crystallite with relatively better
crystalline order than in the SiC229 sample.

3.4. Structure

The investigations performed were carried out by x-ray diffraction (XRD) and by Si solid-
state NMR. In both samples, the NMR results were consistent with crystal structures which
belong to the cubic (3C-SiC) and hexagonal (6H-SiC) polytypes. The amorphous fraction,
which can result from stacking faults, disorder or from surface reconstruction, was also
evaluated from NMR experiments [15]. In the SiC238 sample, a low amorphous fraction about
10% was determined in contrast to a high fraction (~80%) in the SiC229 sample. This is a
consequence of the low nanocrystal dimensions and the structural disorder at the nanocrystal
boundaries. However, an improvement of the crystalline order, without a net modification
of the particle size, can be achieved by suitable thermal treatments performed by heating the
sample under argon atmosphere for one hour at temperatures up to 1400 °C.

In the following, beyond a preliminary analysis of the IR absorption spectra of the SiC
samples, the vibrational properties were investigated by means of a confocal micro-Raman
spectrometer coupled with an argon—krypton laser. All the experiments were realized by
selecting 514 nm radiation with a fixed power at the sample of about 0.8 mW pm~2. The
main goal is to clarify the low-wavenumber peculiarities of the Raman spectra marked by the
phonon density of states in the np-SiC samples.

4. Experimental results and discussion

4.1. Raman spectra and IR absorption of the as-formed SiC nanopowders

4.1.1. Raman investigations. The experimental spectra are reported in figure 2 on a large
wavenumber range. The weak or even absent Raman bands from the SiC normal modes in,
respectively, SiC238 and SiC229 samples, is an intriguing fact. The only well resolved signals
correspond to the known carbon Raman-active modes reported in graphite, glassy carbon or in
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Figure 1. High-resolution transmission electron
microscopy images in the SiC229 nanopowder;
(a) as-formed sample and (b) sample annealed
at 1400°C. An improved crystalline order in
the nanoparticles is evidenced by the annealing
treatment.

diamond-like carbon structure [25]. These observations correlate with the elemental chemical
analysis which shows about 2% of carbon excess in both samples. The scattering efficiency
of this low excess seems so high as to screen the contributions from the Raman-active mode
of SiC. With regard to the high specific surfaces of these nanopowders, a carbon-rich phase
located at the outermost particle surfaces can account for the features of the Raman spectra
in the as-formed powders. In particular, the main resolved bands from the SiC238 sample
are attributed to surface carbon atoms with sp® and sp? hybridization which give rise to the
L1 (~1345cm™!) and L2 (~1596 cm~') bands. In the sample SiC229, the Raman spectrum
consists of smeared broad bands with only weak singularities located in the wavenumber range
where the L1 and L2 bands are expected.

4.1.2. IR spectra in the as-formed nanopowders. The lack of information from the Raman
spectra and in general on the normal modes from SiC structures can be partially explained
by IR absorption. By using the numerical approaches of section 2, the theoretical IR spectra
were computed for different cluster sizes (figure 3(a)) and a comparison with experiments is
reported in figure 3(b) for the SiC229 sample. A bulk-like spectrum was satisfactory obtained
for an optimal cluster size about 1.1 nm in diameter. However, to account for the experimental



5106 M Makowska-Janusik et al

Raman Intensity |
(arb.units)

150

100
SiC238

SiC229
50 Aw/’///\\

500 1000 1500
Wavenumber (cm-1)

Figure 2. Raman spectra in the as-formed SiC nanopowders dominated by signatures from normal
modes of the low carbon in excess (C/Si = 1.02). Carbon Raman bands with sp* and sp> bonding
are associated respectively to the L1 (1345 cm™!) and L2 (1596 cm~!) bands. Only a weak SiC
Raman band in the wavenumber range 700—1000 cm ™! seems to hold in the SiC238 sample.

IR results, it was necessary to achieve a superposition of calculation runs performed on two
1.1 nm SiC clusters; i.e. an amorphous-like and a cubic 3C-SiC cluster. The pertinence of the
numerical approach to reproduce the experimental IR spectra (figure 3(b)) with suitable cluster
about 1.1 nm was thus demonstrated. As discussed hereafter, this numerical procedure offers
a consistent description of the vibrational properties of nanosized SiC through their VDOS
signatures.

4.2. VDOS spectra versus the nanocrystal size and the amorphous fraction of the
nanoparticles

The Raman spectra were recorded in the same conditions for the as-formed nanopowders
and annealed ones at 1200 and 1400 °C (figures 4, 5). The relevant scattering details from
SiC consist of two main structured bands located in the ranges (100, 600 cm~") and (700,
1000 cm™!). They are respectively associated to VDOS from the acoustic and optic modes of
the SiC structures. The main difference between the SiC229 sample (nanoparticles composed
of several nanocrystals) and SiC238 (nanoparticle as a single nanocrystal) lies in the enhanced
intensity of the VDOS signals in SiC229. However, annealing at 1400 °C gave rise in both
samples to better resolved LO and TO SiC vibration modes as well as the suppression of
the VDOS signals (figures 4(c), 5(c)). A quantitative analysis of the experimental spectra
was undertaken by the numerical approach of section 2. Theoretical spectra were obtained by
using SiC clusters with different diameters (figure 6) and with cubic, hexagonal and amorphous
structures (figure 7); the diameter was fixed at 1.1 nm. The numerical results shed light on the
different details resolved in the VDOS spectrum shapes.

On the one hand, the optical modes hold within the spectral range 700-1000 cm™
while acoustic mode contributions are located in the 140-650 cm~! wavenumber range in
agreement with previous reports on SiC polytypes [27-30]. Also, the calculated VDOS
spectra for amorphous clusters seem closer to the experimental curves obtained on the as-
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Figure 3. (a) Calculated IR absorption spectra for cubic SiC clusters with different diameters
(0.5 nm: continuous line, 0.8 nm: dashed line and 1.1 nm: dotted line). Calculations from the
cluster with 1.1 nm diameter give a typical shape of the absorption spectrum from the bulk SiC.
(b) Experimental IR spectrum in SiC229 nanopowder (continuous line) and a calculated shape
(dashed line) using contributions from two SiC clusters (1.1 nm) with the cubic and amorphous
arrangements.

formed nanopowders (figures 4(a), 5(a)). This suggests that the main contribution to the
experimental VDOS comes from the amorphous fractions of the nanoparticles in agreement
with the structural characterizations by NMR.

On the other hand, in the performed experiments, the size effects did not match the
conclusions of former works [31-35]. In these references, Raman bands from normal modes
were indeed observed even if the nanocrystalline size drastically modifies their line-shape. This
behaviour is attributed to a spatial confinement of phonons following the same principle which
monitors the movement of electrons in nanostructures. For both vibrational and electronic
aspects, the reference length scale can be defined by the exciton Bohr radius. This criterion
is—a priori—fulfilled in the investigated SiC229 sample with an average nanocrystal diameter
about 5 nm, i.e. less than the exciton Bohr diameter in bulk SiC. Consequently, one expects a
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Figure 4. Raman scattering signal in SiC229 sample
for the as-formed nanopowders (a) and after annealing
at 1200°C (b) and 1400°C (c). SiC Raman bands
associated to TO and LO active modes are well resolved
after annealing at 1400 °C.

Figure 5. Low-frequency Raman spectra of SiC238
nanopowders versus annealing. (a) As-formed powder,
(b) annealing at 1200 °C and (c) annealing at 1400 °C.
SiC Raman active modes at 795 and 967 cm ™! are well
resolved after annealing at 1400 °C.

widening of Raman bands from the SiC normal modes. However, the performed experiments
and the numerical simulations showed only VDOS signatures mainly correlated with the
amorphous SiC fractions. The size effects revealed from the present work are mainly limited to
the abnormally enhanced intensity of the VDOS signal in SiC229. Beyond effective amorphous
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structures, the experimental VDOS is understood by the presence of crystallites with small
sizes, i.e. a high area of interfaces. Such microstructures exhibit structural reconstruction and

relaxation which contribute to VDOS signatures in the SiC nanopowders.

5. Conclusion

Raman experiments were performed on SiC nanoparticles with different sizes and structures.
The analysis of Raman spectra has pointed out that the vibrational properties in these nanosized
materials give rise to enhanced VDOS signatures. Numerical simulations of the VDOS bands
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were carried out using different cluster sizes and local structures. The relevant theoretical
shapes, which agree with the experimental spectra, were obtained on amorphous clusters.
The main contributions to the VDOS are induced by SiC amorphous fractions within the
nanoparticles and they correlate with nanocrystal sizes in the investigated samples which
favour the occurrence of surface reconstruction and relaxation. In fact, this work demonstrates
the possibility to probe the physical organization of the SiC nanoparticles from their VDOS
signatures.
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