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Technological advances have
increased significantly the performance
of Raman instruments over the past
decade. On-site measurements are now
relatively easy, and controlled mapping
of materials and devices allows consec-
utive spectra to be recorded stepwise
with a lateral spatial resolution close to
0.5 µm. 100 × 100 point maps can be
recorded on a reasonable timescale with
high sensitivity Raman instruments.
The Raman spectral parameters in these
maps can be used to generate “smart”
images showing, for example, composi-
tional, structural, short-range order or
particle size variation and information.
This is important to the study of nanos-
tructured/nanocrystalline materials,
since most of their mechanical/electri-
cal properties are controlled by particle
size. Raman spectra and their “smart”
images can be used to understand and
even predict some properties. In addi-
tion, in some cases (for example a
coloured phase dispersed in a translu-
cent matrix), the elastic (Rayleigh) scat-
tering, which is orders of magnitude
higher than the inelastic Raman scatter-
ing, can be used to obtain quasi-instan-
taneous images of a material’s skin,
which is important, for example in cor-
rosion studies, for observing surface
composition or roughness change.
Rayleigh imaging can offer very similar
information as AFM for second phase
carbon-containing materials.

Nanomaterials
and
nanotechnology

Reducing the dimension of matter
domains down to the nanometre scale
produces entities exhibiting unique
properties. These so-called nanomateri-
als (i.e. materials with one dimension
<50–100 nm) have been made since the
first traditional ceramics appeared. For

instance, the plasticity, shapeability,
rheology, slip formation, low sintering
temperature etc. of pottery are directly
related to the fact that natural clay is a
nanosized layer (slab) and the “so-
called” sol–gel route only results from
the transposition of the clay route to
simpler, e.g. oxide, carbide, composi-
tions.1,2 In the last ten centuries, nano-
sized ceramic pigment powders have
also been created to colour enamels and
glass. Because of the sharpness of the
human eye, a pigment must have a par-
ticle size close to 500 nm or less to give
the appearance of homogeneous
colouration. Moreover, polychrome
Abbasid lustre potteries (9th century)
consist of a nano-grating made of Ag
and Cu metal particles regularly embed-
ded in the glaze.3

Market forces and ecology considera-
tions that include a desire to use our
limited resources more efficiently for a
sustainable development drive efforts at
miniaturisation. A great variety of
nanomaterials are now being devel-
oped, if not already commercially avail-
able, for applications taking advantage
of their: (i) optical properties (e.g. pig-
ments in traditional ceramics and for the
cosmetics industry, fluorescent markers,
quantum dots, photonic crystals for
multiplexing and switching in optical
networks, quantum computer compo-
nents); (ii) mechanical properties (e.g.
fibres, wear-resistant and anti-corrosion
films, cutting coatings, “nano-polish-
ing” SiC-, diamond-, boron carbide-
powders, high impact strength
nanocomposites); (iii) magnetic proper-
ties (e.g. data storage, reading heads,
GMR (Giant Magneto-Resistive)
materials); (iv) high specific surface area
(e.g. propulsion, filters, nanosensors,
semiconductor nanowires, catalysts); (v)
electrical properties (e.g. miniaturised
silicon chips, single electron transistors,
carbon nanotubes or even silicon nan-
otubes transistors) and (vi) biocompati-
bility (e.g. in vivo drug delivery, diag-
nostic and monitoring devices).

The challenge for the “so-called”
nanotechnologies is to achieve perfect
control on nanoscale-related properties.
Advanced devices are made of various
materials with additional films, coatings
etc. Imaging the different materials,
their composition, structure and other
characteristics is essential in order to
optimise their processing, their proper-
ties and the cost of the final device. This
clearly requires correlating the parame-
ters of the synthesis process with the
resulting nanostructure. Not all con-
ventional techniques are suited for char-
acterising the nanostructure [or, like
Transmission Electronic Microscopy
(TEM), require complex sample prepa-
ration]. In the last few years, technolog-
ical advances have made relatively inex-
pensive Raman instruments available.
Modern Raman spectrometers offer the
great advantages of non-destructive
analysis and some are readily trans-
portable, enabling their use for on-site
analysis. In addition to providing basic
phase identification, Raman spectra
through subtle variations may be used
also to assess some properties that are
characteristic of the nanoscale.
Moreover, the technique also allows for
imaging of the materials and their prop-
erties.

The Raman
effect in
nanomaterials

Raman spectroscopy has an intrinsic
“nano-specificity” since it probes the
iono-covalent bonds of materials. The
sample volume probed by Raman
microscopy is very small, typically ca.
1–5 µm3, so even in extended domains,
it is nano-domains that are being stud-
ied. Vibrational stretching modes are
highly characteristic of the chemical
bond and allow for composition identi-
fication. Bending vibrational modes are
more sensitive to the neighbouring
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entities and, hence, to short-range
order. Librational and external modes,
which depend on the structure, corre-
spond to relative motions of whole
units of a molecule. Well-defined
repetitive structures (e.g. crystalline
domains) will typically give rise to
Raman spectra with sharp well-resolved
peaks, whereas spectra with broad bands
indicate that different configurations
and/or many electric or mass defects
exist in the material. Thus if the pro-
portion of atoms belonging to the

(near-) surface region contributing to
the Raman spectrum is significant, the
disorder related to the various atomic
arrangements will contribute signifi-
cantly to the observed Raman features.4

We can say empirically that the chemi-
cal bonds located as far as 5–15 atomic
distances from the skin atoms have a
state different from those in the bulk
(Figure 1). Considering that a bond
length is close to 0.15–0.2 nm
(5/6 atoms per nm) and assuming a
cubic shape, a grain with a side dimen-
sion of 1 nm consists of a cube with
6 × 6 × 6 = 216 atoms. All atoms will
then appear to be “surface-like”, no
matter what interaction length we
chose (either five atomic distances =
1 nm or 15 atomic distances = 3 nm).
For a grain of 3 nm size and a 1 nm
interaction length, the bulk consists of a
cube of 1 nm sides. Assuming a cubic
shape for the grains, the number of
atoms perturbed by the surface vs the
total number is given in Figure 1 for
interaction lengths of 1 and 3 nm. It is
obvious that vibrational properties of
surface atoms will dominate the spectra
for a grain size <20 nm (1 nm interac-
tion length) or <50 nm (3 nm interac-
tion length). Assuming a spherical shape
for the grains, the perturbation would
decrease more rapidly. When the sur-
face atoms contribute significantly to
the Raman scattering (we arbitrarily
chose a 15% limit in Figure 1), the
effects of periodicity no longer domi-
nate and all vibrational modes, in par-
ticular those located away from the
Brillouin zone (BZ) centre (q = 0) con-
tribute significantly to the spectra. We
observe a so-called “density-of-state”
projection, like in amorphous com-
pounds (Figure 2).5–7 The unidirection-
al (1D) stacking disorder observed in
SiC compounds is a good example of
the different losses of periodicity possi-

ble, from a step by step increasing of the
unit-cell parameter along the stacking
axis (formation of specific polytypes:
2H, 3H, 6H, …) to a density-of-state
projection when the stacking of the
basic SiC structure becomes fully disor-
dered. SiC structures alternate layers of
Si and C atoms. Two consecutive layers
form a bilayer that is named “H” if the
layers are identical and merely separated
by a translation. If not, when an addi-
tional 180° rotation (around the Si–C
bond linking the bilayers) is necessary to
get the superposition, then the bilayer is
named “K”. The “K” only stacking is
found in the reference material β-SiC
with cubic symmetry (3C or β phase),
which has main Raman peaks centred
at 797 and 972 cm–1 corresponding to
the transverse optic (TO) and longitu-
dinal optic (LO) modes, respectively.
Any other definite stacking sequence is
called α-SiC (the collection of all poly-
types) and has either hexagonal or
rhombohedral lattice symmetry.8

Correlation
between Raman
parameters and
grain size

Many techniques for the preparation
of nanosized materials [e.g. sol–gel,
thermal treatment of polymeric precur-
sor, electrochemical deposition, atomic
layer deposition (ALD) etc.] lead to
amorphous or low crystallinity com-
pounds by quenching of a liquid-state
local structure or a very disordered
state. Two phenomena can be at the
origin of the broadening of the Raman
spectrum: (i) the loss of periodicity
because of the large contribution to the

Figure 1. Top, schematic repre-
sentation of the relative propor-
tion of bulk and skin matter vol-
umes for nanosized grains.
Bottom, the proportion of atoms
in the skin and in the bulk has
been calculated for two interac-
tion lengths representative of
covalent (1 nm) and ionic (3 nm)
material, respectively.

Figure 2. Left, schematic of the Brillouin zone (BZ) folding when the unit cell c parameter of SiC phase
increases by ×2, ×3, ×4; the reciprocal BZ reduces accordingly. Right, an example of a Raman spectrum of
a SiC fibre containing several SiC polytypes (+ carbon 2nd phase).
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molecular vibrations of surface atoms,
(ii) a low crystallinity, that is to say
short-range disorder or bond distortion.
In many cases the exact origin is not
obvious and complementary informa-
tion must be obtained using transmis-
sion electronic microscopy.9

Different models have been used to
derive the particle size from Raman
spectra: Duval’s model (DM) relies on
the position of acoustic peaks,10 where-
as the phonon confinement model
(PCM) fits the asymmetry associated
with Raman peaks of nanoparticles as a
function of the grain size.5,7,11 Specific
models for carbon grains, based on the
relative intensity of the D-band, ca.
1355 cm–1, (“surface” layer of nano-
sized carbon particles with hybridisation
intermediate between sp2 and sp3) and
the G-band, ca. 1590 cm–1, (bulk of
graphite nanocrystallites with sp2

hybridisation) have been developed.12,13

As an example, we shall briefly
explain the PCM. The scattering of one
photon by n phonons is governed by
the momentum conservation. Only
vibrations from the centre of the
Brillouin zone (CBZ) should therefore
be active in a one-phonon process (first
order Raman spectrum) and this is actu-
ally the case in large and flawless crys-
tals, where phonons virtually propagate
to “infinity”. However, short-range
disorder, bond distortion or nano-crys-
tallinity, can destroy periodicity and
confine the phonons spatially. This
introduces an uncertainty on q, the
reduced wave vector in the Brillouin
zone, (the selection rule is broken by
crystalline imperfection) and, because
dispersion curves are not symmetrical
with respect to CBZ, the “sampling” of
q-space induces band shifting and
asymmetry. To a first approximation,
Raman line broadening can be
described by the (linear) dependence of
its half-width upon the inverse grain
size, as reported previously for many
nanocrystalline materials including
CeO2, Si, Ge, GaAs and diamond (see
References 4 and 5 and references
therein).

Peak-fitting procedure
The flowchart of Figure 3 summaris-

es the data analysis procedure. Step-by-
step recorded Raman spectra were fit-
ted using appropriate software.13 No
manual pre-treatment such as a baseline
correction was applied to the spectra
before applying the procedure. When
necessary, complex backgrounds were
introduced as Gaussians into the data.
An example is given in Figure 2 with
the decomposition of SiC TO and LO
Raman peaks using the spatial correla-
tion model. A spectrum representative

of the whole cartogram (map) is
decomposed first. Knowing its position
in the Raman map, the resulting data
are applied to the neighbouring spectra,
so that the standard deviation is mini-
mum to start the decomposition. Then,
each spectrum is fitted starting from the
data coming from its neighbour. The
calculation is short (a few seconds per
spectrum) when the model contains
only Gaussians and/or Lorentzians.
However, each dissymmetrical peak
(see Figure 2) introduced into the
model increases the calculation time by
a factor of five or more. A typical
decomposition with 10 symmetrical
and three dissymmetrical peaks takes
about one minute per spectrum with a
1.8 GHz processor. The image of the

parameters is finally presented using
commercially-available software.

Raman images
Figure 4 illustrates how Raman

microspectrometry can be used to study
nanophase distribution in SiC fibres. In
order to point out the most important
aging factors, we selected fibres for
aerospace applications, prepared by dif-
ferent technologies. The Tyranno SA3®

fibre (UBE Industry, Japan) is synthe-
sised from graft PCS (polycarbosilane)
where organic groups containing alu-
minium as a crystal growth inhibitor
replace methyl groups. Reticulation is
obtained by 160°C thermal oxidation,
the resulting oxicarbide being carboth-
ermally reduced at 1400°C under inert

Figure 3. Flow chart of the main steps involved in the building of
Raman/Rayleigh “smart” images.

Figure 4. Raman images of SA3® Ube Industry (left) and Sylramic® Dow
Corning (right) fibres for D band (sp3/2) based on (top) area and (bot-
tom) wavenumber position. (Maps comprise 25 × 25 spectra, 120 s per
spectrum; laser excitation wavelength = 632 nm, power = 0.5 mW).6



Spectroscopy Europe 15/6 (2003) 13

RAMAN SPECTROSCOPY

gas, before decomposition at 1800°C (with CO release). It has
been claimed that the glassy silica layer of the SA3® fibre has a
remarkable alkali resistance.14 The Sylramic® fibre (Dow
Corning, USA) is also synthesised from graft PCS but methyl
groups are replaced by organic groups containing boron and
titanium. The fibre is made out of 96% wt β-SiC nanocrys-
tals.15 The aluminium contained in SA3® fibres leads to a bet-
ter creep resistance than the TiB2, which precipitates in the
Sylramic®.

The Raman peak position indicates the chemical nature of
the analysed phase, the area is related to its concentration and
the precise wavenumber shift gives information on both the
nature of the species (especially for resonant lines like the D
band at ca. 1330 cm–1) and the strain level.4 The band-width is
related to the short-range order of the phase. Colomban et
al.7,16,17 have discussed the assignment of Raman peaks in dis-
ordered carbons. High crystallinity diamond and graphite have
sharp peaks at 1331 and 1581 cm–1, respectively. The two
main bands of amorphous carbons are then assigned to dia-
mond-like (D band) and graphite-like (G band) entities.
Because the Raman scattering cross-section of diamond is
much lower than that of graphite (~10–2), a weak Csp

3–Csp
3

stretching mode is expected. In fact, given the small size of
carbon moieties, the contribution of the chemical bonds locat-
ed near their surface will be large. The D band can then be
assigned to vibrations involving Csp

3-mixed Csp
2/sp

3 bonds
here after called sp2/3. This band has a strong resonant charac-
ter (contrary to sp3 C mode in diamond), as seen by a high
dependence of the intensity and position on wavenumber.7

Raman images of SA3® and Sylramic® fibres cross-sections
(Figure 4) indicate that the core and skin carbon species have
a different nature and concentration. The fibre’s core is car-
bon-rich and, in the case of SA3® fibre, the D band is up-shift-
ed by ~30 cm–1 from the core to the surface (indicating “aro-
matisation”). This shift is significant and due to a transforma-
tion of the C–C bond. The SA3® is a “carbon-rich tube”,
while in Sylramic® the carbon rate increases gradually from
the surface to the core. This difference between the two fibres
can be linked to the manufacturing process. During the spin-
ning phase, the viscosity difference between long and short
polycarbosilane chains leads to concentration gradients.
Smallest chains having a lower viscosity could preferentially
migrate to the fibre’s core. Since they are highly concentrated
in carbon, due to the high concentration in polymer chain end
groups, they induce carbonated species concentration gradi-
ents. We will show that these heterogeneities have important
consequences on the fibre mechanics.

Material properties and
characteristics from Raman
parameters

The relationship between grain size and materials’ proper-
ties is known for a large number of materials. Once the rela-
tionship between Raman parameters and grain size is estab-
lished, it become possible to correlate the Raman parameters
with material properties. We can even use Raman measure-
ments to predict the properties present in the different parts of
a material. For example, for CeO2, an electrolyte for high
temperature fuel cells, and its electrical properties (e.g. the
concentration of defects), prediction from Raman data was in
agreement with electrochemical and thermodynamical mea-
surements.5 The prediction of the mechanical properties of
SiC fibres from Raman spectra is also possible. A model based
on the intensity ratio of the two main carbon Raman peaks
(ID/IG) has been proposed to calculate the size of short-range
ordered vibrational units in carbon moieties.6,12 This model



takes the relative Raman efficiency
(noted d) of D1350 band (with respect to
that of G1600) into account, as well as R,
the ratio of surface to core atoms, the
surface thickness et and, the coherent
length (~ the grain size Lg). Assuming a
spherical shape of all grains:

This model has been used to calculate
carbon grain size distribution in the as-
received SA3® cross-section (Figure 5).
A ring of bigger carbon species appears
on the fibre’s periphery indicating a
higher short-range order, which is con-
sistent with the decrease of the Raman
peaks widths. This size increase near the
surface can be linked to the elaboration
process revealing a higher temperature
experienced in this area. Heat-treated

fibres show a large increase of this ring.
The observed size distribution indicates
that crystal growth of the carbon moi-
eties is obtained even deep in the fibre
(a small area of low short range order
remains at the core). The relationship
between Raman parameters and
mechanical properties allows one to
convert the Raman image to a predic-
tive “mechanical” image. As an exam-
ple we present in Figure 5 the expected
ultimate strength to be achieved for the
different fibre regions. In this example
the highest values are expected from the
fibre core. Other types of fibres exhibit
homogeneous behaviour or inverse
configuration. Note that if a map gives
a didactic view, a line-scan offers a bet-
ter compromise between rapidity and
quality of the information.

Figure 6 shows two examples of the
sort of information that may be visu-
alised in images derived from Rayleigh
scattering. The Rayleigh images show:
(i) a mixed SiC–C region of a “com-
posite” SCS-6™ Textron fibre, and (ii)
the Rayleigh image of SA3® Ube
Industry SiC fibre cross-section after
alkaline and oxidising corrosion, repre-
sentative of the degradation in a jet
engine.6,18 After corrosion, the SEM
image shows the core is rougher than
the periphery. The Rayleigh image,
which enhances visualisation of the sur-
face roughness, reveals changes in sur-
face topography, which can be analysed

quantitatively and correlated with cor-
rosion duration. (However, note that
the differentiation between topological
and composition information is not
always straightforward.)

Improving the
quality of Raman
and Rayleigh
images

The light intensity progressively
decreases from the centre to the edge of
the laser focus spot. Typically, for the
spot obtained with a 100× long focal-
length objective, the diameter is
approximately 1 µm for green excita-
tion and the “edge region” has a thick-
ness of ~0.5 µm, as determined from a
line-scan across a metal–dielectric inter-
face. Taking this effect into account,
the sharpness of the image can be
restored to that expected from the
material geometry. Figure 7 shows the
scanning electron microphotograph
(SEM) of a SiC fibre reinforced SiC
matrix composite prepared by
Chemical Vapour Infiltration and sub-
jected to strong alkaline and oxidising
corrosion. Specific coatings have been
deposited on the fibres to optimise the
thermomechanical properties of the
material. Figure 7 compares the original
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Figure 6. Example of Rayleigh images. Top: left, viewing of the rough-
ness in the mixed SiC + C region of a polished SCS-6 Textron™ fibre
used in a metal matrix composite; right roughness of a SA3® Ube
Industry SiC fibre used for ceramic matrix composites after alkaline
and oxidising corrosion. Bottom: left, schematic of the SCS-6 fibre
microstructure; right, SEM micrograph of the SA3 fibre.6,13

Figure 5. Examples of “smart”
images: size distribution of car-
bon grains in a SiC fibre cross-
section, calculated using the cor-
relation between the coherent
length and the Raman peaks
ratio ID /IG.6 The availability of a
relationship correlating Raman
studies,20 TEM examination and
the ultimate strength measure-
ments19 is used to predict the rel-
ative mechanical strength in the
different fibre regions.
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Rayleigh line-scan and that obtained
after correction for the laser spot size
intensity variation. Note the thickness
obtained with this corrected scan is in
good agreement with that determined
from SEM measurements. Similar treat-
ment can be performed on Raman line-
scans and images.

Conclusion
Raman and Rayleigh images are well

suited for the analysis of nanophased
materials and to highlight differences in
bulk and skin nanostructure and reac-
tivity. The use of appropriate models to
simulate the Raman spectra and to
describe their dependency on grain size
allows one to build correlations
between Raman (and in some cases
Rayleigh) spectra and grain size and
grain size dependant properties. The
developments of procedures for

enhancing the spatial resolution offer
very promising potential for the further
understanding and the optimisation of
advanced material properties.
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Figure 7. SEM micrograph of a SiC/SiC composite (prepared by CVI)
after a strong corrosion. A Rayleigh line-scan has been made along the
dashed line. The original Rayleigh line-scan and that obtained after
correction for the laser focus spot intensity variation are compared. A
good agreement is noted between the thickness measured on the cor-
rected line-scan and the SEM micrograph. The different levels of cor-
rosion of the various fibre coatings are clearly observed. (Laser exci-
tation wavelength = 632 nm; 100x objective, Jobin-Yvon Raman Infinity
Instrument, 200 spectra, 0.5 s per spectrum).


