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Non-destructive Raman and Rayleigh microspectrometries were used to map
nanostructural and topological variations across the diameter of the SCS-6"™ Textron SiC
fibre. It is shown for the first time that Rayleigh imaging offers a competitive alternative to
AFM measurements for materials containing carbon as a second phase. The Spatial
Correlation Model has been used to decompose the SiC Raman spectra into amorphous
and crystalline components. ‘Smart’ Raman images, which contain the calculated structural
parameters revealed the nanostructure distribution. A good agreement has been obtained
at the nanoscale between these smart images and transmission electron microscopy (TEM)
data. A major asset of Raman ‘smart’ images is to give a non destructive and global view
on the crystal quality, grain size and residual stress. The potential and the limitations of the
procedure are discussed. © 2004 Kluwer Academic Publishers

1. Introduction

Nanophased materials received considerable attention
in the last few years but their characterisation is not
easy. The challenge for the nanotechnologies, which is
to achieve perfect control on nanoscale related prop-
erties, requires to correlate the production conditions
with the resulting nanostructure. Nanocrystalline sil-
icon carbide materials are interesting because of their
remarkable properties such as high thermal stability, ex-
treme hardness and good dielectric properties. They are
expected to have applications in wide-gap semiconduc-
tors, air and spacecraft thermostructural composites,
etc. SiC crystallises in a large number of polymorphs
made of Si/C bilayers with various stacking combina-
tions called polytypes [1]. Each one has its own band
gap energy and electrical properties. Recent develop-
ment in crystal growth technology such as molecular
beam epitaxy or pulsed laser deposition [2] for SiC
crystals requires the polytypes structure identification
to optimise the material properties. Raman microspec-
troscopy is a powerful technique for the characterisa-
tion of SiC since it is a low-cost (non vacuum) and
non-destructive method with a high efficiency because
of the strong covalency of Si—C bonds [3]. This method
provides information even on heterogeneous materials
(e.g., composites), such as the phases nature, distribu-
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tion, residual stress, etc. [4]. The main advantage com-
pared to infrared spectroscopy is that the laser in Raman
equipment can be focused down to ~1 um, allowing
for imaging specific areas [5, 6]. In the case of resonant
materials, Raman scattering becomes a surface analy-
sis technique in the range of ~20 to 100 nm in-depth
penetration [7].

The purpose of this paper is to show how Raman
and Rayleigh microspectrometries can image structural
and topological information from heterogeneous mate-
rials. As an example, we analysed the SCS-6™ Textron
SiC fibre (¢ = 140 um), which is prepared by chem-
ical vapour deposition (CVD) of a SiC/C mixture on
a C fibre. This fibre finds applications in metal-matrix
composites, as reported previously [8—10]. Compari-
son is made with available data from transmission elec-
tron microscopy (TEM). The objective is to image the
nanophases physical properties distribution based on
an accurate modelling of Raman spectra.

2. Experimental procedure

2.1. Samples

Silicon carbide fibres produced by the chemical vapour
deposition (CVD) process are composites in themselves
and present structural changes linked to the production
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Figure 1 Schematic of the SCS-6 fibre microstructure. The area of the
Raman images shown in Figs. 7 and 8 is displayed (dotted lines).

temperatures [11]. The SCS-6 fibre microstructure has
already been characterised over the whole fibre diam-
eter. This fibre basically consists of a ~50 pum layer of
SiC deposited on a carbon filament of ~33 pm diame-
ter, with a final carbon coating, as is shown in Fig. 1. The
only region of the fibre where SiC can be investigated
using Raman spectrometry is the 35 um large ‘pure
SiC’ region (see Fig. 1). In all other regions, SiC signal
is indeed more or less masked by the resonant carbon
moieties. Ning et al. observed by TEM a progressive
change of the SiC grain size from about 250 nm in the
inner part of the ‘pure SiC’ region to 90 nm near the fi-
bre surface [11]. This structural change is interesting to
evaluate the sensitivity and accuracy of our model and
we should focus our Raman measurements on this re-
gion. In order to analyse the fibre across its diameter, it
was first coated using nickel electro-deposition (thick-
ness ~2 mm) and then polished to the micron using SiC
powder plates and 3, 1 and 0.25 pm diamond pastes.

2.2. Raman/Rayleigh microspectrometries
We used a LabRAM “Infinity” (Jobin-Yvon—Horiba,
France) Raman micro-spectrometer including Notch
filters and equipped for signal detection with a back-
illuminated charge coupled device (Spex CCD) cooled
by Peltier effect to 200 K. Two different lasers have been
used: a He-Ne (632.8 nm, spectral resolution: 2 cm™")
and a doubled frequency Nd:YAG (532 nm, spectral
resolution: 3 cm™).

According to previous experiments, the excitation
power was kept at a few milliwatts/um? (measured
on the sample), in order to avoid any thermal effect
[12, 13]. For the micro-Raman measurements in the
backscattering configuration, the laser spot diameter (or
waist) was about 1.5 and 3 um with x 100 and x50 long
focus Olympus MSPlan objectives (numerical aperture
= 0.80 and 0.55) respectively. The total magnification
being 1000 and 500; the focal length was 300 mm and
the confocal hole aperture was 300 wm. Because of the
‘diabolo’ shape of the laser convergence along the ver-
tical axis, the in-depth focusing in air covered 4 and 12
pum with x100 and x50 objectives respectively (20—
100 nm in resonant materials [7]). Raman cartographies
have been performed using a computer controlled XY
plate allowing for ~ 0.1um displacement steps.
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2.3. Peak-fitting procedure

The first step in view of modelling the Raman spec-
tra is to assign the different components to their
specific phases and obtain a correlation between
the Raman parameters and the physical properties.
The decomposition of Raman spectra, which is nec-
essary to get structural parameters, has been performed
using the laboratory produced “PARADIS” software
based on the Levenberg-Marquardt method [14]. The
spectra did not receive any ‘manual’ treatment since
the software automatically sets the baseline in the de-
composition (for complex backgrounds we introduced
Gaussians). For the decomposition of the SiC Raman
peaks we used the spatial correlation model (SCM),
which is presented in Section 3 (the whole procedure
is summarized in Fig. 2). A reference spectrum is de-
composed first (shape and intensity modelling) and the
result serves as a starting point for one of the neighbour-
ing spectra. Each spectrum is decomposed using the
data coming from its neighbour which minimises the
standard deviation when decomposition starts. When
the model contains only Gaussians and/or Lorentzians,
the calculation is short (a few seconds per spectrum).
However, each dissymmetrical peak (shown in Fig. 4)
introduced in the model increases the calculation time
by a factor 5 or more. A typical decomposition with
10 symmetrical and 3 dissymmetrical peaks takes one
minute per spectrum (considering 1000 points in a 1500
cm~! spectral window) on a 1.8 GHz computer. The
images of the parameters such as the wavenumber or
the peak intensity are finally treated using Origin 5.0
software (MICROCAL™ Software, Inc., USA).

2.4. AFM analysis

Fibre polished sections have been investigated using
an AccurexIl Atomic Force Microscope (Topometrix
Corp. Santa Clara, CA, USA). AFM images were
treated using the SPMLab NT 5.0 (Topometrix)
software. The background levelling has been performed
with a planar correction, assuming that each point of the
fibre periphery was at the same level.

3. SiC structure and Raman scattering

SiC structures alternate layers of Si and C atoms. Two
consecutive layers form a bilayer which is named “h”
if it is deduced from the one below by a simple transla-
tion. If not, when an additional 180° rotation (around the
Si—C bond linking the bilayers) is necessary to get the
superposition, then the bilayer is named “k” [15]. The
“k” only stacking is the reference 8-SiC structure, of cu-
bic symmetry. Its main Raman peaks are centred at 796
and 972 cm~! and correspond to the transverse (TO)
and longitudinal (LO) optic modes, respectively [16].
Any other definite stacking sequence is called «-SiC
and has either hexagonal or rhombohedral lattice sym-
metry, depending on the relative position of the stacked
bilayers (shift and/or rotation).

3.1. The spatial correlation model (SCM)
In “large” crystals, phonons propagate “to infinity”” and
the first order Raman spectrum only consists of “g = 0”
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Figure 2 Scheme of the decomposition procedure using the laboratory made “PARADIS” software (SD = Standard Deviation; I'g, Iy, go and Lg: see

text for definitions).
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Figure 3 Schematic of the relationship between the 3C structure and the polytypes obtained by folding the Brillouin zone 1, 2 or 3 times along the
c-axis, in the stretching region. The Raman active modes are located at ¢ = 0.

phonon modes (momentum selection rule). However,
since crystalline perfection is destroyed by impurities
or lattice disorder, including at the surface where atoms
environment is singular, the phonon function of poly-
crystals is spatially confined [17, 18]. This results in an
exploration of the wavevectors space and subsequent
wavenumber shifts and band broadening. Another ef-
fect is the possible activation of “symmetry forbidden”
modes. This is linked to the Brillouin zone folding as
is illustrated in Fig. 3. In the 6H polytype structure,
the zone is folded three times at the I' point and the
reduced wave vectors that can be observed are atg = 0,
0.33,0.67 and 1. The Raman line broadening can be de-
scribed by the (linear) dependence of its half width upon

the inverse grain size, as reported previously for many
nanocrystalline materials including CeO; [19, 20], BN
[17], Si[18], Ge [21],...

The SCM describes the crystalline quality by intro-
ducing a parameter L, the coherence length, which is
the average extension of the material homogeneity re-
gion. Noting g the wave vector expressed in units of
7 /a (a being the lattice constant) and I'y the half width
of Raman peaks for the ordered reference structure, the
intensity /() at the wavenumber ¥ is then given by (1)
[17, 18]. The exponential function represents a Gaus-
sian spatial correlation and v(q) is the mode dispersion
function, which can be deduced from neutron scatter-
ing measurements or from calculations often based on
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Figure 4 Variations of LO mode shape predicted by the SCM: (a) Lo, changes at o and I’ fixed at 0 and 10 cm ™' respectively and (b) go, changes

at Lo and Iy fixed at 100 nm and 10 cm™! respectively.

a rigid-model structure [19, 20, 22, 23]. In the specific
case of SiC, the data collected from the different poly-
types allow to built part of the dispersion curve.

~ q=1 _k%zx(q—qo)zng
I1V) = Iy x e 16577
q=0

x dq (1)
[5— 0@ + ()’

Fig. 4 illustrates the evolutions of the LO mode as a
function of the ¢y and L\ parameters i.e., of the disor-
der. While the one dimensional disorder (in the stacking
direction) leads to the polytypes formation, a complete
disorder induces the total folding of the Brillouin zone
and the apparition of a very broad Raman signal (den-
sity of state spectrum). The phonon confinement is ob-
served for small grains in a well crystallised state.

The dispersion curve has to be known with a high
accuracy to calculate Equation 1. It can be modelled
with the expressions (2—4), introduced by Parayanthal
and Pollak [23]. Equation 2 depends on the peak posi-
tions at ¢ = 0 and 1 only. Considering the TO mode
of the 6H structure, the literature gives the following
values: 797-767 [3], 794-766 [24] and 797-769 [25].
The slight differences can be related to the instrument
accuracy, =1 cm™! typically. Our 6H reference corre-
sponds to the first set of values and the resulting A and
B coefficients, that have been used in our model [26],
are reported in Table I.

b(q) = \/A—I—\/AZ—B x (1 — cos(mq)
0<g=<1 (2

with A = = x 7, (3)

N =

TABLE 1 Coefficients selected to fit the 6H-SiC dispersion curve in
the I'L direction of the Brillouin zone

TO mode LO mode
Coefficient A 3.18 x 10° 4.72 x 10°
Coefficient B 1.38 x 1010 8.52 x 1010
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4. Results and discussion
4.1. Rayleigh imaging: A topological
analysis
The interaction of light with matter can be either elastic
or inelastic, giving rise in the visible range to Rayleigh
and Raman scattering respectively. The former has been
evidenced by Lord Rayleigh in 1871 [27]. In any sys-
tem, the spectrum of scattered light is proportional to
the Fourier transform (in space and time) of the di-
electric constant correlation function, as is shown in
Equation 5 [28].

rid I()k?

—_—
I(K,w) = T xV2x S(k,w) (5

where I is the intensity of the incident light, V is the
scattering volume, r is the distance from the scattering
region to the point of observation, w is the frequency
change of the scattered light, k is the difference be-
tween the final and incident wave vectors of the scat-
tered light and S is the dielectric correlation function
(k; is the magnitude of the incident light wave vector).

It appears that Rayleigh scattering is a function of the
interacting matter volume and of the optical properties
of materials. However, when the analysed material
presents a constant dielectric function, the information
is mainly topological. When performed using a laser
beam focused with a microscope, Rayleigh scattering
allows to image topological and/or optical information
of materials with a near micron resolution [13]. Indeed,
thanks to the high Rayleigh scattering efficiency (x 10°
compared to Raman scattering), it becomes possible to
make surface mappings very quickly [13]. A condition
to do such experiments is that an absorbing (Raman
resonant) phase be present as a second phase in the ma-
terial, to limit light penetration. This is the case in the
SCS-6 fibre. Fig. 5 shows two micrographs of the SCS-
6 cross section obtained by AFM and Rayleigh imaging
and the corresponding profiles (linescans). AFM evi-
dences a carbon core level higher than for the rest of
the fibre, whereas Rayleigh imaging indicates a lower
signal level. This is linked to the strong absorption of
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Figure 5 (a) AFM micrograph showing the SCS-6 fibre cross section geometry (300 x 300 dots recorded in 1 h, with 0.3 pum step). The quarter
analysed in (b) is highlighted; (b) Rayleigh image of the SCS-6 fibre quarter. (26 x 26 spectra recorded in 15 min, with 3 ;m step, objective x50);
(c) height profiles across the fibre section from the core (0 ;m) to the surface (70 ;wm) obtained by AFM and Rayleigh imaging.

the light by the carbon phase. In the region from 16
to 66 um, the Rayleigh and AFM profiles are in good
agreement: both indicate a height decrease from the
core to the surface. This profile is due to a polishing
effect.

Then, in the case of SiC/C materials, Rayleigh imag-
ing can be used to evaluate the surface geometry.
This approach is very interesting since two consecutive
Rayleigh and Raman images can be performed without
moving the sample. Indeed, associating AFM and Ra-
man imaging makes it hard to locate precisely a specific
area (corrosion figure, indentation stamp, chemical in-
terface, etc.). Combining Raman and Rayleigh imaging
allows to obtain chemical and topological information
in a very competitive time (few minutes for linescans
and less than an hour for two dimensional images, de-
pending on the resolution) when compared to the AFM
method.
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4.2. Raman imaging: A nanostructural
analysis

4.2.1. Raman peaks assignment

Fig. 6 shows the Raman spectra recorded in the inner

and outer part of the ‘pure SiC’ region. They are dis-

played with their decomposition, which considers two

nanophases: the crystalline and the amorphous SiC.

— In crystalline SiC, Raman signature consists of
sharp peaks. Their position and shape are related to
the SiC structure, allowing for the polytypes identifica-
tion. In Fig. 6 the only two sharp peaks are centred at
~795 and 767 cm~! corresponding to the TO mode of
the 6H polytype.

— In amorphous SiC, the best modelling is obtained
with Gaussians, indicating a broad isotropic distri-
bution of bond length and angles. That is why we
assigned the two broad Gaussian peaks at ca. 894

Amorphous SiC

b)

Intensity / arbitr. unit
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Figure 6 Raman spectra of the inner (a) and outer (b) part of the ‘pure SiC’ region of the SCS-6 fibre (A = 632 nm, 1 mW, 200 s). The decomposition

using the SCM is shown.
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Figure 7 Raman image of the wavenumber variations of the TO mode
across the ‘pure SiC’ region (30 x 7 spectra, 150 s per spectrum, 0.5
mW, 632 nm).

and 740 cm~! to the amorphous phase. Furthermore,
the position of the band at ca. 894 cm™', between
the two optical modes and at a wavenumber close to
(795 + 969)/2 = 882 cm™!, allows us to assign it to
non-polar SiC, as expected for an amorphous phase.
Finally, the band at ca. 740 cm™! has already been as-
signed to the amorphous phase by Dkaki et al. [29],
who used infrared absorbance (but no IR/Raman ex-
clusion occurs in amorphous compounds) to investigate
the crystallisation process of silicon-carbon alloys.

4.2.2. Raman cartographies

In order to point out the structural changes across the
diameter (crystalline fraction, grain size and stacking
faults) we performed two dimensional 30 x 7 spectra
Raman scans, in the ‘pure SiC’ region shown in Fig.
1 (35 x 7 um). The direct mapping of Raman param-
eters is hereafter called ‘Raman imaging’ whereas the
mapping of physical parameters calculated from Ra-
man measurements through a model is called ‘smart
imaging’.

4.2.3. Raman imaging

Fig. 7 shows the wavenumber variations of the TO mode
at ~ 795 cm~!. We observe a decrease from 795 cm™~!
near the SiC+C/pure SiC boundary to 792 cm™! near
the fibre surface. Olego et al. [30] observed a strong de-
pendence of this mode (measured on 3C-SiC) on pres-
sure of 3.88 £ 0.08 cm™~!/GPa. It appears that SiC grains

are in compression at the beginning of the ‘pure SiC’
CVD process and that this stress is then slightly relaxed
as the deposition progresses.

4.2.4. Smart imaging

Fig. 8 shows the variations of three calculated parame-
ters: the wave vector g( giving information on the crys-
tal quality, the coherent length L which is correlated to
the size of the nanograins (here SiC) and the crystalline
fraction which is calculated from the area ratio of the
two Raman peaks at ca. 793 and 723 cm™!. The ¢ pa-
rameter is submitted to drastic changes across the fibre.
Indeed, it strongly decreases during the first 10 wm and
then increases before reaching a plateau at go = 0.45.
These changes are linked to the SiC stacking sequences
in the k direction and hence to the crystal quality. We
can assume that at the beginning of the ‘pure SiC’ CVD
procedure, the deposited SiC is hardly faulted due to the
growth conditions onto the SiC+-C substrate (go = 0.7)
and then stabilises over ~10 pum until go reaches 0.2.
After that, a change in the CVD conditions may have
stabilised a SiC polytype corresponding to the wavevec-
tor go = 0.45.

The variations of Ly indicate a constant size during
the first 10 wm and a strong increase after, from 1.5 to
4 nm. This is consistent with the change in the growth
conditions that we assumed previously regarding the
qo variations. Note that the calculated size is linked
to the homogeneous vibrationnal units and not to the
real grain size. However, a relative comparison remains
possible.

The crystal fraction is also constant at the beginning
and then slightly decreases towards the fibre surface.
The extinction of the crystalline SiC Raman signal,
which is not consistent with the grain size increase in-
dicated by L variations, may be due to a scattering
efficiency decrease. Indeed, the scattering efficiency de-
pends on the SiC structure [7] which changes across the
diameter.

4.3. Comparison to TEM data

Ning et al., who carried a TEM investigation of the
SCS-6 fibre [11] found no sharp transition in the re-
gion at 10 um from the SiC+C/‘pureSiC’ boundary.
They rather observed a progressive change in the size

Figure 8 Smart images across the ‘pure SiC’ region of (a) go parameter; (b) Lo parameter and (c) the crystalline fraction calculated from the area
ratio of the two peaks at ca. 793 and 723 cm™!. (30 x 7 spectra, 150 s per spectrum, 0.5 mW, 632 nm).
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of the SiC grains from about 250 nm in the inner part to
90 nm near the fibre surface. They concluded that the
temperature was gradually decreased during the CVD
procedure, giving rise to smaller grains and lower stress
concentrations. Our results also indicate a stress relax-
ation, as is shown in Fig. 7, but are not in agreement
regarding the grain size (which we found to increase
(Fig. 8)). To explain this difference between MET and
Raman measurements, our results have to be interpreted
regarding the short range nanostructure rather than the
microstructure observed by MET. Indeed, if we look
at the high resolution TEM micrographs obtained by
Ning et al. [11], we observe a nanocrystalline struc-
ture with homogeneous SiC domains between 1 and 10
nm in size. This size range is consistent with the one
calculated from our Raman measurements.

4.4. Limitations of the procedure

4.4.1. The spatial correlation model

First of all, the SCM requires a high accuracy on the
wavenumber (~1 cm~!) both on the spectrum and dis-
persion curve. Another sensitive point is the quality of
the decomposition, which mainly depends on the num-
ber of peaks chosen to fit the background and on the
baseline. The impact of the latter is reduced since the
baseline is introduced in the decomposition. In addi-
tion, for a given structure, there are as many dispersion
curves as high symmetry points (I', L, X, etc.) and they
may modify the Raman signal with an unknown weight.
Finally, we assume that there is no residual stress in
the sample, which is a questionnable approximation
for nanophased materials.

4.4.2. Raman and Rayleigh imaging

The potential of Rayleigh imaging to get topologi-
cal information has been demonstrated. However, the
in-depth laser penetration has to be low (a few tens
of nanometers) which should limit investigations to
opaque materials. The problem of the spatial resolu-
tion obtained in our images (~3 pm) is linked to the
width of the laser spot (¢ ~ 3 pum with a x50 ob-
jective). The deconvolution of the image by the spot
shape, which could increase the final resolution, is in
progress. However, the ultimate resolution cannot be
lower than the convolution of the laser exciting wave-
length (~ 0.5 um) by the displacement step of the
sample using an XY plate (~0.1 pm).

5. Conclusion

For a few years, Raman imaging has been achieved in
some materials. In this study, Rayleigh and Raman map-
pings were combined to provide topological and struc-
tural information at once on an SCS-6™ fibre cross
section. Itis demonstrated that Rayleigh imaging offers
a good alternative to AFM measurements for materials
containing a coloured second phase (e.g., carbon). Ra-
man spectra were decomposed using the spatial corre-
lation model and the calculated structural parameters
were mapped, providing ‘smart’ images. These images

are consistent with that obtained from TEM: the crys-
tal quality and the grain size variations indicate strong
changes in the production conditions. Furthermore, a
progressive stress relaxation has been pointed out from
the SiC+C/pure SiC boundary to the fibre’s surface.
Then, Raman imaging appears to be an efficient and
non-destructive tool to map structural variations in het-
erogeneous materials. It could probably be used along
the process of materials manufacture. This procedure
can be applied to other systems, provided a good un-
derstanding of the Raman spectra.
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