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Abstract

A review is proposed of different techniques available today for the characterization of the atomic structure of carbon
nanotubes. This review covers the electron microscopies, various diffraction techniques, scanning probe microscopies, and
optical spectroscopies, including Raman scattering. The advantages and limitations of the characterization techniques are
discussed. O 2002 Published by Elsevier Science Ltd.
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1. Introduction transmission electron microscope or a scanning probe
microscope, it is possible to examine the individual tubes
The remarkable structure of carbon nanotubes confers in a rope, it might prove advantageous to obtain more
them with special properties that most likely will lead to global information on the rope constituents. Electron
interesting applications [1]. In the case of single-wall diffraction is particularly well suited for that purpose (see
nanotubes (SWNT), some of these properties are directly Section 3). At a larger scale, the ropes themselves form
influenced by the way the graphene sheet is wrapped entangled networks for which averaged structural data are
around. This is the case for the electronic structure [2,3] of needed. These can be obtained by X-ray or neutron
the nanotube and related properties such as electric trans- diffraction (see Section 3), and by Raman scattering (see
port [4], optical activity [5], and to some extent the Section 5).
mechanical properties [6]. It is obviously clear, then, that a Multiwall nanotubes (MWNT) certainly will be useful
full characterization of the atomic structure of the in many applications. Here too, there is a need for
nanotubes is required to understand the measured prop- structural characterization. This is a complicated task to
erties. This characterization involves the determination of achieve, because there are many parameters to determine:
both the diameter and the chiral angle (or helicity which number of layers, distributions of diameters and chiralities.
we used as a synonym) of the nanotube, to which the two Yet, MWNTs contain structural defects on which very
wrapping indices identifying the SWNT are related. Scan- little is known at the present time [7].
ning tunneling microscopy combined with tunneling spec- Structural characterization of the nanotubes is also
troscopy is the best tool available for that determination essential to understand the growth mechanisms, to study
(see Section 4). the influence of the synthesis conditions on the nanotube
SWNTs are generally arranged in ropes, and these ropes produced, or to analyze the efficiency of a purification
need to be characterized too. It is now well-established that process. In addition to the structural characterization of
the nanotubes in a rope can have different helicities and pure nanotubes, several techniques are used routinely to
their diameters also can vary within some limits. If, with a study the effects of tube doping, core filling, surface
coating, gas adsorption etc. These aspects will not be
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of the techniques available today. These techniques have
been classified according to four main categories: electron
microscopies, diffraction, scanning probe microscopies,

and optical spectroscopies including Raman scattering.

2. Electronic microscopies

It is by high resolution transmission electron microscopy
(HRTEM) combined with electron diffraction that the
carbon nanotubes were discovered and their helical struc-
tures were elucidated [8]. HRTEM images are phase
contrast images of the nanotube atomic structure projected
in the observation plane perpendicular to the direction of
propagation of the electron beam [9]. Different kinds of
information can be extracted from these images: (i) nature
of the self organization of the tubes and number of tubes,
(i) diameters of the tubes, (iii) atomic configuration
(helicity) of the tubes. The first two characteristics can be
easily and routinely determined whereas imaging of the
atomic configuration requires very high resolution ma-
chines and finely controlled observation conditions.

2.1. Organization and diameter of the tubes

Nanotubes are assembled either as Russian dolls (mul-
tiwall tubes) (Fig. 1a) or as crystalline ropes of single layer
tubes (Fig. 2a). As shown in Fig. 1, multiwall nanotubes
are usually observed perpendicularly to their axis. Under
these conditions, they are imaged by two sets of parallel
and periodic fringes which are due to the part of the
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electron
beam

coaxial layers parallel to the electron beam (Fig. 1). These Fig. 1. High resolution TEM analysis of a multiwall nanotube. (a)

portions of the layers, drawn in grey in Fig. la, are Scheme of the conditions of observation. The nanotube is project-
periodically stacked as the honeycomb (0002) planes of a ed along the direction of propagation of the electron beam
crystal of graphite oriented in a prismatic orientation. The indicated by the arrow. The contrast observed on the image is
fringes are therefore equivalent to (0002) lattice fringes of issued from the portions of the layers colored in grey. (b) Images

graphite. Image simulations have been performed with the
EMS software package [10] in order to determine how
their contrast varies with the operating conditions (defocus
of the objective lens in particular) and with the thickness of
the sample along the direction of propagation of the
electron beam. Depending on these parameters, the dark
fringes may be located on the atomic planes or in between
[11]. The first condition is usually achieved under standard
defocus conditions close to so-called Scherzer focus and
provides a direct determination of the number of coaxial
layers, the inner and outer diameters of the multiwall
nanotube. If the layers are perfectly coaxial and cylindri-
cal, the image remains unchanged through a rotation of the
multiwall tube around its axis. If this is not the case, the
appearance of the fringes can be perturbed in different
ways which have been studied in detail in Refs. [12-14].
For instance, if the multiwall tube has a polygonal cross
section, the part of the layers which are parallel to the
beam are not necessarily the (0002) planes of graphite and
may correspond to another family of graphite planes: the

of two nanotubes made of 5 and 7 layers, respectively (adapted
from Ref. [8]).

image will still consist of fringes but with a different
spacing. The cylindrical symmetry of the layers has also

been verified from electron energy loss spectroscopy
measurements performed by scanning a hanometre probe
across a section of the nanotube [15,16].

The image of an individual single-wall nanotube con-
sists of two sets of Fresnel fringes due to the edge-on part
of the tube. According to image simulations [11], these
fringes are composed of a strong dark fringe bordered by a

white fringe followed by very weak fringes. The appear-
ance (thickness and relative position of the dark fringe
with respect to the edge-on part of the tube) is very
sensitive to the observation conditions which may in-
fluence the determination of the tube diameter [11,17].
In contrast to multiwall nanotubes which are very
straight, ropes of single wall nanotubes are very flexible
and can be easily curved: at low magnification they form
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Fig. 2. High resolution TEM analysis of an SWNT rope. (a) Scheme of the structure of the rope and of a family of lattice planes of the tube

array. The arrows indicate the two possible directions of observation. (b) Field emission gun scanning electron microscope image of an
ensemble of ropes (micrograph L. Vaccarini, Univérsite de Montpellier). (c) Image of several ropes projected perpendicularly to their axis. (d,

e) Images of a rope projected along its axis; the focus is close to the Scherzer{f@usrf for the Jeol 4000FX microscope) in (d) and

twice this value in (e).

complex entangled features reminiscent of a spaghetti plate
or wad of hairs (Fig. 2b). Because of this ability to be
curved, ropes can be observed in a projection either
perpendicular (Fig. 2c) or parallel to their axis (Fig. 2d and
e). This later projection condition is particularly interesting
since it provides an image of a cross section-like view of
the rope and of the single wall tubes building it. In Fig. 2d
and e, the images consist indeed of periodic arrays of dark
circles having a white dot in their center. Each dark circle
is the image of the atomic layer of an SWNT projected
along its axis: the observation of the number of SWNT and
of the periodicity of their arrangement within the rope is
immediate. Nevertheless the determination of the diameter
of the SWNT from these images is much more delicate.
Careful inspection of Fig. 2d and e reveals differences in
the diameter and in the thickness of the dark circles. Image
simulations calculated using the EMS software have shown
that the appearance of the dark circles is indeed very
sensitive to the defocus and orientation conditions [11].
The diameter of the circles is highly focus-dependent and
coincides with that of the SWNT for focii close to the
Scherzer focus only. This later condition corresponds to
the experimental image shown in Fig. 2d. When the focus

is increased from the Scherzer value, the diameter de-
creases and the thickness of the circle increases. At large
focus, the contrast due to the SWNT disappears and the
image of a rope consists of an array of white dots located
at the center of the SWNTs. This feature is that observed
in Fig. 2e.
When the observation of the rope is made perpen-
dicularly to its axis (Fig. 2c), the image is a set of periodic
alternating dark and white fringes which correspond to the
lattice planes of the tube array parallel to the direction of
propagation of the electron beam. Each lattice plane is
made of a row of SWNTSs (Fig. 2a). The observation of the
fringes is therefore the signature that within a rope the
SWNTs are periodically packed and that their diameters
are very close to each other. If this is not the case one
would observe instead of this clear fringe contrast a
confused image made of the superimposed images of the
individual tubes. According to image simulations [11], the
dark fringes may be located at the center of the row of
tubes or in between, depending on the defocus. The lattice

parameter can be determined from the periodicity of the

fringes as this is equal to the lattice planes spacing. For
instance, (11) and (20) planes have a spacing equal to
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V3a/2 and a/2, respectively, wherea is the lattice
parameter. The fringe spacing observed on the images is
then directly related to the relative orientation of the rope
lattice with respect to the electron beam. An attentive
observation of Fig. 2b reveals indeed that the fringe
periodicity varies from rope to rope and that it can vary
along a given rope. This feature is commonly observed and
is due to the fact that the ropes are frequently twisted
around their axis. The twist induces a continuous rotation
of the lattice planes so that the planes parallel to the
electron beam follow a discrete and well-defined
sequence—(11), (31), (20), (31), (11). —which corre-

sponds to the sequence of fringe spacings one can observe

on the images [18]. Finally the lattice parameter, which
can be deduced from the measurement of the periodicity of
the fringes, is equal up to a constant (equal to the inter-
tube distance) to the mean diameter of the tubes contained
in a rope.

2.2. Helicities of the nanotubes

Imaging the helicities of the nanotubes requires to be
able to image directly the atomic positions. The first direct
images have been obtained by imaging the atomic surface
of nanotubes using an STM microscope [19]. This method
is however restricted to individual single layer nanotubes
and does not allow the analysis of a large number of
objects. Usual TEM images such as those presented in
Figs. 1 and 2 do not provide any information on the
helicities of the nanotubes. To do this, it is necessary to
obtain direct images of the atomic positions of each tube of
the structure and one has to overcome two kinds of
difficulties. Firstly, the microscope should have a spatial
resolution better than 0.2 nm to be able to separate atoms
of first neighbor pairs. Such a resolution is achieved for a
few microscopes only. Secondly, the unavoidable observa-
tion in projection makes difficult the identification of the
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nanotube inside the frame shown in Fig. 3a exhibits a dot

contrast which is enlarged in Fig. 3b. This dot contrast is
only observable on the wall closest to the bottom of the

image, the other wall being screened by the adjacent tube.
It consists of a periodic sequence of dark lobes at the tube
image edge, which are elongated perpendicularly to the
tube axis, this periodic array being bordered by two white
lines. The periodicity of these dark lobes is 0.21 nm and
corresponds to the periodicity of the (10-10) planes of
hexagonal BN. Image simulations have been performed
with the EMS code for different tube configurations and

are presented in Fig. 3c—f. They show that only zig-zag

BN-SWNTs exhibit a lobe sequence readily comparable to
the experimental images (Fig. 3e). Moreover, these simula-
tions have also shown that regardless of defocus conditions
and their corresponding contrast inversions, the black spots
lining the walls of the tubes remain a permanent signature

of zig-zag BN-SWNTSs (Fig. 3f). Thus, these dark spots are
ideal for determining whether BN-SWNTs are zig-zag or
not. This is a particularly important point to emphasize
since these dark dots at the edges are easy to observe in

contrast to the full contrast of the BN-SWNT. In fact this
last contrast is made of an array of white and black dots
which directly reveals the atomic configuration of the
BN-SWNTs since they are located at the center of the
hexagons of the BN tiling. Unfortunately this dot contrast
is very weak and highly sensitive to the orientation of the
tubes and to defocus conditions as it can be seen from Fig.
3f. It has been recorded recently for carbon SWNTs thanks
to the use of a field emission gun microscope of the latest
generation which provides a more coherent and more
intense electron beam than classical electron sources [24].
Finally it is worth noticing that TEM images with atomic
resolution have also been obtained from carbon MWNTs
where the majority of the layers were armchair [25].

atomic positions of several self-assembled layers. An 3 Diffraction

elegant solution to this imaging problem has been brought

by examining the signal issued from the nanotube in the 37 The kinematical theory

Fourier space of the image, which is nothing other than the
electron diffraction pattern of the nanotube. This method,
detailed in Section 3, has proved its efficiency for analyz-
ing both multiwall nanotubes [20,21] and ropes of SWNTs
[22].

The diffraction method becomes inadequate for objects
containing a reduced number of layers since the diffracted

In the kinematical theory of diffraction applied to a
plane wave with initial wave vectd(,, the total amplitude
of the wave diffracted in the direction defined by the
scattered wave vectdf
factor

is proportional to the structure

peaks are very weak and hardly detected. In that case, thes(q) 2 (a) PR @)

only issue is to obtain very high resolution images. This
situation has been encountered for BN SWNTs which have

been recently synthesized [23]. These nanotubes have anwhere E]=|2i *RS

is the scattering wave vector, with

atomic structure similar to that of their carbon analogs, modulusq=2K; sin § where @ is the scattering angle.

allowing to replace C—C bonds by B—N bonds. Fig. 3a The above equation is a coherent sum of atomic factors
presents the image of a rope of three single layer tubes f;(q) multiplied by phase factors depending on the atomic
issued from a nanoparticle of boron, obtained with the Jeol posifiqné’he structure facto8(q) of a perfect single-
4000EX microscope (point resolutier0.16 nm). The wall nanotube can be obtained in a closed analytical
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Fig. 3. Helicity analysis of BN-SWNTSs. (a) HRTEM of BN-SWNTs emerging from a boron nanoparticle. The exterior wall of the nanotube
at the bottom of the image (area within the frame) exhibits a dotted contrast which are a signature of zig-zag BN-NTs; the interior wall is
screened by the adjacent BN-NTs. (b) Magnification of the area in the frame in (a). (c, d, ) Simulated images of BN-SWNT, respectively
zig zag (configuration (20,0)), armchair (configuration (12,12)) and chiral (configuration (8,16)) calculated using the EMS software with
appropriate parameters to simulate the imaging conditions using a JEOL 4000EX (400=kY, r@m, focus spread8 nm, divergence
angle=0.7 mrd); the focus is close to the Scherzer focu§% nm). The simulated images display along the tube wall (or edge) dark lobes
due to the (1010) planes, similar to the those in (A) and (B). B (N) atoms are indicated by small white (dark) dots whereas the positions of
the B—N bonds are indicated by tick marks in the image. The ‘interior’ of the tube exhibits a periodic array of either black or white dots,
which are located at the center of the BN hexagons. (f) Focus series of nine simulated images of zig-zag BN-SWNT (configuration (20,0)),
the focus varying from—40 nm to —80 nm by 5 nm step (from the left to the right). The contrast of the dot array of the ‘interior of the
tube’ is very weak and highly sensitive to defocus conditions.

expression [26]. For multiwall nanotubes and for ropes of electrons, the atomic factor depends on the screened
SWNTSs, one simply has to add the structure factors of the Coulomb potential of the atom and the length scale here is
individual layers. the Bohr radius ¢10™** m). As a result, the scattering

For X-rays, the atomic factor is related to the electron power of the C atom for electrons is a fact8r of 10 larger
density. It is of the order ofr, with Z the atomic number than for X-rays and neutrons. This explains why electron
andr the classical radius of the electron (X80 *° m). diffraction can be performed with a single nanotube
With neutrons, the atomic factor of carbon is the coherent whereas neutrons and X-rays require a macroscopic quanti-

diffusion length, also of the order of I6° m. With ty. Still, the kinematical theory can be applied to electron
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diffraction as long as it remains dominated by single-
scattering events. This is the case with carbon nanotubes
when the number of layers crossed by the electrons does
not exceed a few tens.

both sides of the plane through the axis perpendicular to
the electron beam (the electron beam is assumed to be
perpendicular to the axis). The projection in this plane of
the atomic structure of the two nanotube halves are rotated
from each other by twice the chiral angle. The diffraction
patterns they produce are rotated by the same angle, which
means that the angular separation between the two hexa-

3.2. Electron diffraction

The atomic structure of individual carbon nanotubes has
mostly been investigated by selected-area diffraction in a
TEM [8]. Nanodiffraction has been used too, but almost
exclusively for the study of ropes of SWNTs [27].

In the electron diffraction pattern of a nanotube [28], the
intensities are localized along lines perpendicular to the
nanotube axis. Along each line, the intensity is modulated.
This modulation is due to the finite width (the diameter) of
the nanotube, in close analogy with the oscillations in the
diffraction figure of a slit. For a single-wall chiral
nanotube, 12 spots with larger intensities are distributed
around the vertices of two hexagons inscribed in the first
diffraction circle. These hexagons are represented in a
computer-generated diffraction pattern of the chiral
nanotube (17,4) shown in the central part of Fig. 4. The
spots around the first diffraction circle come from the
(100) nodes generated by the honeycomb structure. Out-
side, there is another circle formed by the (110) spots. All
the graphene reflections of the tyg&(@) are elongated in
the direction normal to the tube axis. Their streaked shape
is due to the continuous shortening of the apparent lattice
parameter seen by the electrons in the direction normal to
the axis when moving from the center to the edges of the
tube. The spots are the traces in the Ewald plane of the
disks that form the reciprocal space of the nanotube [20].

The splitting of the (100) spots on two hexagons
originates from the two halves of the nanotube located on

gons in the first diffraction circle is two times the chiral
angle of the nanotube. The helicity of the atomic structure
of a nanotube can therefore be measured directly in the
diffraction pattern [8,29], as illustrated in Fig. 4. When the
electron beam is not perpendicular to the tube axis, a
correction must be applied to the observed angular splitting
of the (100) spots [30]. For non-chiral nanotubes, either
zig-zag or armchair, the two hexagons in the first diffrac-
tion circle coincide (see Fig. 4).
Most of the experimental studies of individual nanotubes
by electron diffraction have been realized on multiwall
systems. On rare occasiatsd SWNTs have been
investigated by this technique [31]. This is because, when
by chance an SWNT is isolated, it produces little inten-
sities. The diffraction pattern of an MWNT is close to a
superimposition of the patterns produced by the individual
layers. In principle, the amplitudes of the wave diffracted
by the layers add coherently, and not the intensities. But

the interferences between the diffracted waves mostly

result in a strong modulation of intensity along the
equatorial line only, with a periog 2lated to the
interlayer spaci88], generating thereby the graphite-
likel(O§pts. The (100) spots around the first diffrac-

tion circle are distributed according to the different
helicities. From this distribution, it appears that the
MWNTSs are in general polychiral [8,25]. Most often the
number of chiral angles determined from the diffraction

(10,10)

Fig. 4. Computer-generated electron diffraction patterns of three single-wall nanotubes, from left to right: (19,0), (17,4), and (10,10). Their
respective chiral anglesare 0, 10.3, and 30In each case, the nanotube axis is along the vertical direction, and the electron beam is normal

to the axis, perpendicular to the plane of the drawing.
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pattern is smaller than the number of walls, which indi-
cates that a few, most likely successive layers adopt the
same helicity [33,34]. Now, the actual sequence of
chiralities across the layers of an MWNT cannot be
determined by diffraction. The reason is that not only the
actual sequence influences—weakly—the spot intensities,
but also the translation and rotation degrees of freedom of
each layer. This represents too many parameters to be
determined. Nevertheless, tilting experiments and dark-
field contrast imaging may provide some information on
the distribution of chiral angles among the layers [35].

Concerning the ropes of SWNTSs, early electron nanodif-
fraction investigations provided the first indication that
they were not all made with the same nanotubes [27].
Further nanodiffraction experiments across the ropes did
not reveal predominant helicities either, except for occa-
sional observations of preferred armchair configuration
[36,37]. Conventional electron diffraction in selected areas
of individual ropes confirmed these results [38]. The
diffraction pattern of a rope is built from a coherent sum of
the structure factors of the constituent nanotubes. The
equatorial line of the diffraction pattern now looks spotty
since it is modulated by the rapidly-varying phase factors
set up by the two-dimensional packing of nanotubes [26].
By contrast, the discrete structure of the (100) and (110)
reflections around the first two diffraction circles is washed
out, even for well-ordered and untwisted ropes. This
observation indicates that the nanotubes in a rope have
different chiralities. For a rope composed of nanotubes
with chiral angles selected randomly between 0 antl 30
calculations indeed indicate that the highest intensities of
the (100) reflections are concentrated in diffuse arcs
extending~40° on both sides of the north and south poles
on the first diffraction circle, in agreement with experiment
[22]. In contrast to these observatiorsnall bundles of
SWNTs produced by catalytic chemical vapor deposition
may present a unique helicity, as shown recently by
selected area electron diffraction [39].

3.3. X-ray and neutron diffraction

With X-rays and neutrons, many nanotubes are probed
with, in general, all possible orientations with respect to
the incident direction. This means that powder-like diffrac-
tion profiles are obtained, where the intensity is recorded
versus the modulus of the scattering wave vedajoor,
equivalently, the scattering angl®.2lhe nanotubes in the
sample have different diameters and chiralities, and they
may have different number of layers. As a result of these
variations, only a statistical characterization of the sample
can be obtained.

For multiwall nanotubes, a diffraction profile is com-
posed of two families of peaks. The graphite-like (D02
peaks occur at integer multiples ofr2c,. Their positions
give information on the spacing, between the layers,
which is systematically found larger than in HOPG and
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close to the value observed in turbostratic graphite [32,40].
These peaks are nearly symmetric in shape. The slight
asymmetry is caused by a continuous decrease of the
interlayer distance with increasing diameter of the shells
[41], the dispersity of the inner diameters, and also to the
possible presence of scrolls in the sample [42]. The
intensity and width of these peaks depend on the number
of layers, on the variations of the interlayer distances, and
on lattice distortions [43,44]. The second family of peaks
is due to the honeycomb structure of the individual layer
and compriseshit® (eflections of a graphene sheet.
These peaks are asymmetric in shape, with a sharp edge on

the smatdiide, and a tail on the opposite side [40,43].

This shape is a manifestation of the streaking effect
induced by curvature, as discussed here above.

Neutrons have the advantage over X-rays that the atomic
fafftgr does not decrease witlh A diffraction profile
can therefore be obtained up to large values of the wave-
vector trargsfrcontains many Bragg reflections which
may reveal much more structural information than X-rays
[44]. In particular, the radial distribution function of the
nanotubes can be extracted from the neutron diffraction
data and compared to that of graphite.

X-ray [43] and neutron [44] diffraction profiles of
MWNTs often present additional peaks with smaller
intensities than those described above. These peaks corre-
spondidg (eflections of graphite which may only exist

if some regular stacking of the layers occurs. Short-range
interlayer correlation is impossible with perfect cylindrical
layers [43]. The presence of these reflections, often seen as
weak features in electron diffraction patterns as well
[34,45], can be explained by the existence of flat graphitic
layers in polygonized tubes [46], or in residual polyhedral
carbon patrticles.

The crystallinity of SWNT ropes can be controlled by
examining the Bragg reflections produced by the two-
dimensional triangular lattice [47,48]. The most intense

peak is the (10) reflection, usually located at gbout

045 A " (see Fig. 5). For such small wave vectors, the

atomic structure of the nanotubes plays little role and the

tubes can be treated as continuous cylinders. The form
factor of a cylinder of ragiysoportional torJ,(q,r)

whegreis the component of the wave vector normal to
the tube axisJnd the zeroth order Bessel function.

This expression plays the gty of Eq. (1). In the
theoretical simulation of the powder diffraction profile of

the ropes, all the orientations of the nanotube axis must be
considered, which can be treated analytically [49]. In
addition, both the tube radng the triangular lattice
parameter can be treated as adjustable parameters. In an

ensemble of ropes, there can be variations of the tube

diameters from one rope to the other, or even within the
same rope [50], and this dispersity influences the position
and shape of the (10) Bragg peak in the average spectrum

[51]. Thus, a careful analysis of the diffraction profile
between 0 and 1.8 A not only provides the mean value
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: 4. Scanning probe microscopies

(10)

4.1. Scanning tunneling microscopy

The first STM investigations of carbon nanotubes re-
vealing their three-dimensional shape were realized on
multiwall tubes in 1993 [54,55]. It readily appeared that
STM is an ideal tool for a local characterization of the
electronic and atomic structures of the nanotubes [56].
With this technique, the nanotubes must be deposited on a
homogeneous, flat conducting substrate such as HOPG or
Au. Nowadays, the atomic structure of isolated single-wall
nanotubes can be resolved more or less routinely with the

Intensity (arb. un.)

Ni(002
|(1 D&y | | (l ) STM [19,57,58]. Atomic resolution has also been obtained
0.6 1.2 1.8 24 3.0 38 for SWNTSs on the top of a rope [50,59]. In principle, both
’ ' ' q (A‘l.) ' ’ the diameter and chiral angle can be determined from the

topographical STM image and, from these two quantities,

Fig. 5. Top curve, experimental X-ray powder diffraction profile the wrapping indicesn and m of the nanotube can be

of a sample of SWNT ropes produced by the arc-discharge determined. Several effects make this determination dif-

technique (Ni/Y/C 0.5-0.5-99 at.%). The pattern was acquired at ficult.

ambient temperature and atmosphere on a computer-controlled \With a blunt tip, no atomic resolution can be achieved

Philips 1710 diffractometer equipped with a PW3710 mpd control - and only a geometrical characterization of the nanotubes is

unit, using a monochrome_\tor, CucKradiation (tube operated at obtained [60,61]. Due to tip-tube convolution effect, a

40 kv, 30 mA) and a scintillator counter. The data were collected . a0hic fine scan across the nanotube defines a cross-

over an angular range fronf 40 60 26 in continuous scan mode A ) . -

using a scan speed of 0026/s. Bottom curve, theoretical sgctlonal profile W_hose widdD is larger than the tbe

diffraction profile computed for an ensemble of ropes with diameterd, [62]. It is related to the apparent heightof

average nanotube diameter 1.34 nm and average number of tubesthe tube by the approximate relatin=8Rh, whereR is

25 (see text). the curvature radius of the tip [63]. The height of the
topographic profileh is close to the diameter of the tube,
andh is often used as a measure d)f But the apparent
height depends on the adsorption distance of the nanotube

of the tube diameter but also makes it possible to estimate above the substrate and on the difference between the

the dispersion of the diameter distribution [49]. tunneling distances above the tube and over the substrate

As an illustration, the upper curve in Fig. 5 is an arising from their different electronic properties. All these

experimental X-ray diffraction profile of a C nanotube distances are not known with precision. Using the apparent

sample extracted from the collaret in an arc-discharge heighth of the nanotube seems tmderestimate the actual

chamber [48]. The profile presents a clear (10) Bragg peak diameter by as much as 0.2-0.5 nm [64], perhaps due to

at 0.43 A" that indicates the presence of the SWNT the radial compression of the nanotube exerted by the tip.

ropes. The peak around 1.85 A s due to multilayered ~ Atomic resolution can be achieved when the STM tip

graphite nanoparticles, probably filled with Ni catalyst presents a nanoprotrusion that terminates with a single

whose signature is revealed by two Bragg peaks at 3.1 andatom. Only the topmost part of the nanotube can be

3.5 A . The curve at the bottom of Fig. 5 is a theoretical
diffraction profile obtained in the continuum limit, as
explained above. It was computed for an ensemble of ropes
[49], by assuming a Gaussian distribution of nanotube
diameters centred at 1.34 nm with root-mean square
deviationog = 0.13 nm. The number of tubes in a rope was
also treated as a Gaussian variable, with average value 25
and deviationo =5. These parameters were adjusted to
the experimental diffraction profile. From such adjustment,
a global characterization of the ropes is obtained, making it
possible to detect the effects of the synthesis conditions
and catalyst composition on the mean nanotube diameter
[51,52], or to control the efficiency of a purification
process [53].

imaged. As an example, Fig. 6 is an experimental image
showing two single-wall nanotubes with slightly different
chiralities. One clearly sees the triangular lattice formed by
the centers of the honeycomb hexagons which appear dark
in the image. The diameter can hardly be determined from
such an the image, except by a suitable fitting procedure of
the tunneling current [65]. The atomic corrugation and the
cylindrical shape of the first nanotube is revealed by the
topographic profile measured along a line perpendicular to
the tube, shown in the right-hand side of Fig. 6.
Fig. 7 is a computer simulation of STM images with
atomic resolution of three single-wall, metallic nanotubes.
These images were computed with a tight-binding

Hamiltonian for the case of a point-like tip [66]. In the
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10z =0.3 nm

+|Hlll3l.5nm

Fig. 6. Atomic resolution STM image of two single wall nanotubes on HOPG. The scan areig.8.8m, the grey scale on the left of the
image corresponds to 1.3 nm. The sample bias is 0.1 V while the tunneling current is kept at 1 nA. The topographic profile along a line
perpendicular to the first nanotube is shown on the right-hand side.

images, the depressions (dark features) correspond to the
centers of the hexagons of the honeycomb structure, where
the STM tip gets closer to the nanotube to keep the current
constant [66,67]. The prominent features are the C-C
bonds. The experiment reveals different kinds of image
symmetries [56,68]. The calculations confirm this observa-
tion [66,69]. With the armchair geometry (Fig. 7), it is easy
to recognize the honeycomb structure in the image since
all the bonds look more or less the same [70]. With the
zig-zag configuration, there is a strong anisotropy of the
bonds [64], the strongest ones are those parallel to the axis
and these define a triangular lattice with 0.246 nm parame-
ter. In chiral nanotubes, the anisotropy of the bonds is
responsible for the appearance of stripes in the STM image
that spiral around the nanotube [56].

In undoped semiconducting nanotubes, the potential
applied to the tip must exceed half the band gap. For these
nanotubes, the spiral pattern formed by the strongest bonds
in the STM image changes its orientation by reversing the
applied bias. This effect, clearly illustrated in Fig. 8, was
predicted by theory [69] and confirmed by experiment
[71]. The bonds that look strongest are those having a
bonding character at the energies corresponding to the bias
window [72]. The STM current is increased at the center of
these bonds by comparison with those with an anti-bond-
ing character. Due to the electron-hole symmetry of the
nanotube density of states, this character switches from
bonding to anti-bonding or vice versa when crossing the
Fermi level.

The chiral angle can be measured in the atomically-
resolved image of the nanotube, by measuring the angle
between the tube axis and the closest zig-zag direction
which is a line joining the hexagon centers separated by
the 0.246-nm lattice parameter. In chiral nanotubes, the
Fig. 7. Computer-generated constant current STM imagex(1.8  lines formed by the centers of the hexagons behave
1.0 nnf ) of three metallic nanotubes computed with a tip potential  Similarly like the line (¢) in Fig. 9. Therefore, when one
of 0.2 V. tries to take a cross sectional line along such a direction in
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to the nanotube issued from the tip apex [66]. Due to this
geometrical distortion, the angle between the zig-zag and
armchair directions in the STM image differs from°3B8y
squeezing the image in the transverse direction until
restoring the correct 3tbetween these two directions, the
chiral angle can be corrected for the asymmetric distortion
[64].

4.2. Scanning tunneling spectroscopy

In scanning tunneling spectroscopy (STS), the variations
(13,6) of the tunneling current are traced against the voltaye
applied between tip and sample, for a fixed position of the
STM tip. In first approximation, the derivative kV of the
tunneling current is proportional to the electronic density
of states of the sample. The first application of that
technique to the study of carbon nanotubes was performed
in 1994 [74]. When applied to SWNTSs, this technique can
make a distinction between metallic and semiconducting
nanotubes [19,57,58]. In a semiconducting nanotube, the
tunneling conductivity is zero in a range of potential whose
width corresponds to the band gap. With a metallic tube,
the gap is replaced by an interval of constant slope
associated with the plateau of density of states around the
Fermi level. The width of the band gdf and the metallic
plateauW is easily determined since both of them are
delimited by peaks at both ends corresponding to the first

an experimental STM image, it will not be possible to fit Van Hove singularities in the density of states. In first
rigorously a straight line over the row of dark spots @PProximation, the separation between these two peaks is
(corresponding to the centers of the hexagons), except INversely proportional to the nanotube diameter and is
when this cross section is taken in the topmost part of the independent of the chirality [75,76]. For SWNTs with
tube and the deviations on the two down-sloping sides of diameter in the nanometre range, the relations to be used
the tube are disregarded. However, in this case, when fOr semiconductors and metals are [#]=0.84/d, and
measuring a nanotube with a small radius, one may have W= 2.5/d,, respectively, when the energies are in eV and
just a few points over which to fit the straight line. the diameter in nm. In this way, the nanotube diameter can
The imaged atomic lattice generally appeared stretched P& measured with a reasonable precision [64]. By probing
in the direction normal to the nanotube axis [73], and this different nanotubes from the same sample with STS, a
distorts the measured angles. The largest current density isStatistical distribution of diameter can be determined [78].
indeed concentrated along the shortest path between tip [N @ddition to giving access to the diameter as explained

and sample, so that the atom that is imaged is not close to @0ve, STS may provide information on the actual chi-
the vertical projection of the tip apex but close to normal 'ality of the nanotube by comparing the positions of the
peaks in the spectrum with the distribution of the Van Hove

singularities predicted theoretically [79]. When examined
in a large enough interval, the positions of these peaks

Fig. 8. Computer-generated constant current STM imageX(1.8
1.0 nnf ) of the same (13,6) semiconducting nanotube computed
with a tip potential of—0.4 V (top) and+0.4 V.

form a fingerprint of the wrapping indicesand m of the
b’ nanotube [77]. The technique is not 100% reliable, how-
a \| a2’ N ) ever, since the electron bands of a nanotube can be
I\ N : modified by the interaction with the substrate [80], espe-
b c ¢ cially when a charge transfer takes place [81], and by a
radial deformation of the nanotube [82]. Finally, thigd/

curve is not an accurate representation of the density of
which will appear ‘straight’ as viewed from top—like the STM tip states of the nanotube, since '.t also depe.nd.s on the DQS of
does—uwill be the lines that are either parallel to the cylinder axis the STM tip and on the tunneling transmission probability,
(a; d) or perpendicular to that direction (b;')o All other which is non-symmetric upon reversing the bias voltage
directions will exhibit an ‘S'-like distortion, i.e. the lines will  [83].

spiral around the cylinder (c;'t In multiwall nanotubes, the tunneling current probably

Fig. 9. When folding a rectangle onto a cylinder, the only lines
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probes the last layer. Calculations indeed show that the ing it possible to see if a nanotube is in electric contact
STM image of a bi-layer nanotube looks very much the with a lead when inspecting a nanotube-based electronic
same as the one of the external, isolated tube [84]. Another device [95].

indication is that MWNTs analyzed by STS have been

found metallic or semiconducting depending on the diam-

eter and helicity of the outer layer as revealed by STM

[85]. However, this interpretation is not fully consistent 5. Optical spectroscopies

with Moiré patterns and other superstructures that have

occasionally been observed in the STM images of 5.1. Optical absorption spectroscopy
MWNTs, indicating that some interferences exist between

the last layers [54]. In addition, tHeV spectrum may vary The absorption spectrum of single-wall carbon
a lot along the same nanotube, especially for tubes packed nanotubes in the near infra-red and visible is generally
in a bundle [86]. composed of three peaks corresponding to interband
transitions between the first van Hove singularities of the
4.3. Atomic force microscopy density of states [96—98]. To understand these features, it
suffices to realize that théth van Hove singularityE, .

With the atomic force microscope (AFM), individual below the Fermi endegyof an SWNT correspond to a
nanotubes and bundles of tubes can be imaged on a scale local maximum ith tredence band along the wave
of tens to hundreds of nanometres [87,88]. Here, the vector axis. For energies clgsetie ith conduction
substrate that supports the nanotubes does not need to be branch presents a local minimum at the same wave vecto
conducting. where théth valence branch has a maximum and this

The diameter of an SWNT can be estimated from the leads to a van Hove singE|aripove the Fermi level.
height of the AFM topographic image. As with STM, the The joint density of states, which corresponds to vertical
width of the topographic profile is more a measure of the interband transitions, has sharp peaks at theEenergies
tip curvature radius than the diameter of the tube itself due E ;, — E,; between thath van Hove singularities in both
to tip/sample convolution [89]. In the contact mode, this the valence band and the conduction band [99]. The
measurement can be distorted by the radial compression of corresponding transitions are allowed when the electric
the nanotube produced by the tip [90]. The AFM is more field is parallel to the nanotube axis [100]. Their energy
often used in the tapping mode, but even there, the height ranges are given in Table 1 for nanotubes whose diameters
of the nanotube can be underestimated due to the me- vary between 1.2 and 1.5 nm. The first two peaks in the
chanical response of the nanotube being different from that absorption spectrum are due to the semiconducting
of the substrate. It is also found frequently that the nanotubes, the third is due to the metallic tubes [97]. By
apparent height of the nanotube examined in tapping-mode simply looking at the position and width of the absorption
AFM oscillates, as a consequence of mechanical vibration peaks, information is obtained on the diameter distribution
of the tube on the substrate [91]. Finally, a nanotube can of the nanotubes. This is a global technique.

be deformed by its van der Waals interaction with the
substrate, which also affects its apparent height [92].

Recently, atomic resolution has been achieved on in- 5.2. Raman spectroscopy
dividual SWNTs with a scanning force microscope oper-

ated with a low-amplitude resonator and equipped with a Raman spectroscopy is a powerful tool for the charac-
sharp tip [93]. This is an important issue since the AFM is terization of single-wall carbon nanotubes [101,102]. A
especially useful for the characterization of nanotubes used peculiarity of the SWNTSs is that the cross section of the
in electric transport measurements which require an in- Raman scattering is strongly enhanced when the energy of
sulating substrate [94]. With a conducting tip, scanning either the incident or scattered photons is in resonance with
force and tunneling microscopies can be combined, mak- an electronic transition [101,103]. This effect can be
Table 1

Resonance conditions in absorption spectroscopy and Raman scattering for a distribution of single-wall carbon nanotubes with diameters
1.2<d, <15 nm

AES AES, AEY, AES,

0.5<E<0.7 eV 1.0<E<1l4eV 1.5<E<22¢eV E>20eV

ES" denotes the vertical interband transition betweenithevan Hove singularities in both the valence and the conduction bands of a
semiconductingg) or metallic (M) nanotube. The transition energies have been computed with the tight-binding Hamiltonian of Ref. [77]
(%= —2.9 eV,s,=0.13).
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exploited to gain information on the electronic structure of Acknowledgements

the nanotube, and indirectly from that, on the chirality.
An SWNT has 15 or 16 Raman active modes depending
on its symmetry. Among these, sevetahgential modes
between 1500 and 1600 ¢rh  come from the G band of
graphite (E, C-C stretching vibration at 1582 T ) that
is split by the curvature of the network [104]. At low
frequency, the totally symmetricadial radial breathing
mode of an SWNT, typically around 180 ¢rh , is also
Raman active. For an isolated tube, the frequency of this
mode is inversely proportional to the nanotube diameter
[101,105]. In a rope of SWNTs, this relation between
frequency and inverse diameter is no longer valid. The
tube—tube interactions shift the frequency of the radial
breathing mode upwards by as much as 8—10% [106—109].
Even when all the nanotubes in the rope are identical,
several Raman lines may appear instead of one [110],
which complicates the interpretation of the spectrum.
Raman spectroscopy provides global information be-
cause the laser beam, pin size, probes many ropes. In
particular, the low-frequency region of the spectrum is the
superposition of the breathing modes of the many con-
stituent nanotubes whose relative intensities are strongly
affected by the resonant character of the scattering
[101,111]. For this reason, a quantitative analysis of the
tube diameter distribution requires detailed spectrum calcu-
lations [112]. However, it was shown recently that adsorb-

ing nanotubes on a rough metallic substrate designed for
surface-enhanced Raman spectroscopy (SERS) makes it
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