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Abstract

Nanowires and nanotubes are now at the forefront of materials science at the nanoscale. This article starts with introductory comments
about nanowires and nanotubes and then addresses in more detail the special structure and properties of bismuth nanowires and carbon
nanotubes, which are considered as prototype examples of nanowires and nanotubes. Both nano-materials are important for the new
nanoscience concepts that they introduce and for their promise for practical applications. Both provide a system that is simple enough so that
detailed calculations of their properties can be carried out, and predictions about their physical behavior can be made. The occurrence and
control of unusual and unique properties of specific nanostructures are the drivers for the exploitation of nanoscience in nanotechnology

applications.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Within the realm of nanoscience and nanotechnology,
nanowires and nanotubes play a special role because of their
one-dimensionality. When the nanowire or nanotube diam-
eter becomes small, singularities in the electronic density of
states develop at special energies, called van Hove singu-
larities, where the electronic density of states becomes very
large (see Fig. 1), resembling more closely the case of
molecules and atoms, but appearing to be very different
from the case of crystalline solids or even two-dimensional
systems. Thus, in the limit of small diameters, such as
pertaining to bismuth nanowires or single wall carbon
nanotubes, which are emphasized in this article, novel
quantum phenomena associated with this characteristic
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1-D density of states features are observed. In general, a
long thin nanowire [1] or a single wall nanotube, consisting
of a single atomic layer shell [2], is expected to show
pronounced quantum effects in the limit of small diameters.

The occurrence of nanotubes is normally associated with
layered bulk materials, such as graphite [2], BN [3], or
transition metal dichalcogenides (MoS, and WS;) [3-6],
which have strong in-plane forces within the layer plane, but
weak interplanar (interlayer) van der Waals forces. More
isotropic materials, such as Si [7], III-V and [I-VI semi-
conducting compounds [8,9], oxides such as SiO, or In,03,
IV—VI compounds such as PbTe [7,10,11], and metals such
as Ni [12,13], Co [13,14], all tend to form nanowires.

It is particularly interesting to note that some materials,
such as bismuth, can exhibit a variety of different 1-D
nanostructures, such as nanowires [1], nanotubes [15], and
nanolines [16], as shown schematically in Fig. 2. Since Bi
nanowires down to 7 nm diameter maintain the same basic
rhombohedral lattice structure with the same values of the
lattice constants as bulk bismuth, it is possible to make
many detailed predictions about the electronic properties of
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Fig. 1. Electronic density of states for (a) bulk 3-D crystalline semiconductor, (b) 2-D quantum well, (c) 1-D nanowire or nanotube and (d) 0-D quantum dot.

bismuth nanowires based on the bulk properties of bismuth
[1], and good agreement between predictions and experi-
mental observations is obtained.

For the case of bismuth nanotubes (see Fig. 3), neither the
structure nor the physical properties are well established at
this time. Early reports of X-ray diffraction measurements
suggest that the structure of single-walled bismuth nanotubes
appears to contain a single layer of the basic rhombohedral
structural unit of bulk bismuth, containing two atoms per unit
cell with the same space group and almost the same lattice
constants as bulk bismuth [15]. In this case, the properties of
bismuth nanotubes would be expected to bear some resem-
blance to those of crystalline bismuth, insofar as they have
common unit cells, though distinctly different detailed
behaviors would also be expected, reflecting the different
structural environments of these unit cells within the two
systems. Future experiments and calculations on Bi nano-
tubes will be very interesting in illuminating these relations.

Finally, we have a third type of one-dimensional struc-
ture for bismuth, namely the bismuth nanolines shown
schematically in Fig. 2c, consisting of two atom-wide
bismuth lines embedded within the surface layer of a silicon
crystal (see inset to Fig. 4), obtained by the substitution of
two bismuth atoms for three Si atoms in the silicon surface
lattice structure, with the bismuth nanolines oriented along
the 110 direction [16]. Such a self-assembly process works
because Bi acts as a surfactant in Si. Since two Bi atoms are
insufficient to establish a periodic potential resembling that
of bulk bismuth, the electronic structure of Bi nanolines is
expected to be very different from that of their Bi nanowire
or nanotube counterparts. Detailed calculations based on a
different potential function would be necessary to establish
the electronic structure of a bismuth nanoline although each

(a) Bi Nanowire

®e
(b) Bi Nanotube

bismuth atom has the same potential in the atomic limit.
Bismuth nanolines have attracted interest because of their
very straight line structure (see Fig. 4), their ability to self
assemble and to grow from a nucleation site in the silicon
surface layer, and their metallic electronic properties,
thereby suggesting possible future applications for nano-
connections in nano-electronic devices. In the context of
nanoscience, we see that a given elemental solid, such as
bismuth, can exhibit a number of different nanostructures,
implying that each has very different physical properties.
Such possibilities offer exciting opportunities for the dis-
covery of new scientific principles and applications.

From a technology standpoint, great progress has been
made by showing that it is possible to synthesize a large
number of highly crystalline semiconducting nanowires
[10,18,19], and when the nanowire diameters are small
enough, lasing action can be observed [20,21]. The avail-
ability of nanowire lasers, such as the ZnO laser shown in
Fig. 5, will be important for the development of the nano-
opto-electronics field. By varying the diameter of the nano-
wire for a given semiconducting material, the lasing fre-
quency can be controlled. In addition, band gap engineering
based on the selection of the semiconducting material (e.g.,
GaAs or GaP) provides another method for controlling the
laser frequency, which can further be fine-tuned by alloying
one semiconductor with another (e.g., GaAs; _ P,). Thus,
lasing nanowires offer many possibilities for nanoscale
opto-electronic devices, where individual heterojunctions
could be addressed by an optical gate.

A further breakthrough was recently provided by the
demonstration of segmented nanowires or an array of
periodic nanowire heterojunctions (see Fig. 6) [22—24]. In
the context of semiconducting nanoelectronic devices, a

(¢) Bi Atomic Line

Fig. 2. Various nano-structural forms of elemental bismuth that have been achieved experimentally, including (a) a Bi nanowire, (b) a Bi nanotube, and (c) a Bi
nanoline consisting of two adjacent bismuth atoms along a (110) direction on a Si surface.



M.S. Dresselhaus et al. / Materials Science and Engineering C 23 (2003) 129-140 131

S

Fig. 3. A transmission electron microscope image of bismuth nanotubes.
The X-ray diffraction pattern shows that bismuth nanotubes have the same
space group R3m(166) as bulk bismuth with similar lattice constants [15].

segmented nanowire can be viewed as a superlattice of
quantum wells and barriers, where each well-barrier junc-
tion could in some way be addressed, as for example by a
semiconducting sleeve that could be used as a gate and
might be self-assembled or fabricated around the junction
between the quantum well and barrier. In the context of
thermoelectricity applications, such a segmented nanowire

Fig. 4. Bismuth nanolines formed by the exposure of a clean Si surface to
Bi below its desorption temperature, followed by annealing close to the
desorption temperature. The inset is a close-up (12.9 X 12.9 nm?) STM
image of Bi nanolines in a silicon surface layer [16].
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Fig. 5. Emission spectra for ZnO nanowire arrays below (line a) and above
(line b) the lasing threshold. The inset shows various lasing modes for the
ZnO nanowire cavity [17].

might be constructed of isoelectronic materials (such as
Bi,Te; and Bi,Se;) that permit easy electron transport along
the nanowire, but strongly inhibit phonon transport by
enhanced phonon scattering at each interface because of a
large difference in atomic mass between the chemical
constituents at the two sides of the interface [25,26].

At this early stage of studying nanowires and nanotubes,
it would appear useful to look for distinctive aspects within

Fig. 6. STEM image of two Si/SiGe segmented nanowires. The darker
regions represent SiGe segments while the lighter regions represent Si
segments. The background shows a holey carbon net used for TEM
observations [22].
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these structures. If we view nanotubes as being formed by
the rolling up of a strongly bonded layer that is weakly
coupled to the external world, we can envisage the external
surface of the nanotube as weakly interacting from a
chemical standpoint, requiring little passivation when even-
tually used for electronic devices. In contrast, a semicon-
ducting nanowire grown along the (100), (110), or (111)
directions will exhibit many dangling bonds at the interface.
For some applications, which might benefit from bonding to
the nanowire, such dangling bonds might be desirable,
while for other applications requiring chemical stability of
the interface, passivation of the surface is necessary.
Depending on the intended application, the dangling bonds
at the exposed surface of semiconducting nanowires could,
if it were a silicon nanowire, be passivated by oxide
formation or by hydrogen termination. The very much
smaller concentration of dangling bonds on the exposed
surface of a carbon nanotube substantially simplifies the
passivation problem in device applications based on carbon
nanotubes, even though care must be taken to control the
amount and nature of the adsorbed gases, if these adsorbed
gas molecules should affect device performance. Adsorbed
gases, on the other hand, could be useful for applications of
carbon nanotubes as a gas sensor, or for p-type doping of
carbon nanotubes by adsorbed oxygen.

Many of the unique properties of carbon nanotubes arise
because of the linear £ vs. k relations at the Fermi level of 2-
D graphite, rather than the parabolic E(k) relation commonly
found in semiconductors. This unique linear £ behavior is
responsible for many unique electronic and vibrational
properties of 2-D graphite and of their related carbon
nanotubes. One of the unique properties that follow from
these special dispersion relations is the possibility of met-
allic or semiconducting nanotubes, depending on the nano-
tube geometry. While carbon nanotubes offer this amazing
flexibility in electronic properties, the control of their
geometry during synthesis, or the external control of the
metallic vs. semiconducting properties of a nanotube by
external perturbations, still remains illusive. In contrast, BN
nanotubes are always insulating (or semiconducting), inde-
pendent of diameter and chirality.

Nanowires and nanotubes are complementary materials,
each having novel and remarkable properties; many of

Semimetal

which are now being explored for the first time. It is hoped
that some of these novel and remarkable properties will
someday be exploited in important nanotechnology appli-
cations. In this article, we focus on two examples of new
physics provided by nanowire and nanotube structures,
namely the semimetal—semiconductor transition and recent
progress with observations of this effect in bismuth nano-
wires (Section 2), and the observation of single nanotube
spectroscopy for the case of carbon nanotubes (Section 3).
We choose the bismuth nanowire and carbon nanotube
systems as model systems of nanoscience because they
can be understood from a fundamental standpoint and
predictions about their properties can be made. Thus bis-
muth nanowires and carbon nanotubes provide a corner-
stone for discussing fundamental principles of nanoscience
and for the development of applications based on nano-
materials.

2. Bismuth nanowires

Bismuth provides a very attractive model system for
studying low-dimensional physical phenomena because of
the very large anisotropy of the three ellipsoidal constant
energy surfaces for electrons, their high carrier mobility,
and the very light effective masses that can be observed
with these carriers. Since bismuth is a semimetal with a
very small band overlap energy, the fabrication of nano-
wires of sufficiently small diameters provides an oppor-
tunity to observe a strong dependence of its electronic
properties as the nanowire diameter becomes smaller,
thereby decreasing its band overlap and decreasing its
carrier density. As the wire diameter becomes even
smaller, semimetallic bismuth is transformed into a semi-
conductor below a certain wire diameter (see Fig. 7),
depending on the temperature, the crystalline axis of the
nanowire, and the amount of antimony that is added to the
bismuth. The occurrence of the semimetal—semiconductor
transition makes it possible to exploit the highly desirable
anisotropic electronic properties of bismuth for new cate-
gories of applications that depend on having a new form of
bismuth with only electrons or only holes. In addition,
bulk bismuth has carriers with very long mean free paths

Semiconductor\/

Fig. 7. Schematic diagram of the bismuth nanowire semimetal —semiconductor electronic transition as the lowest conduction subband at the L-point moves up
in energy, and the highest valence subband at the T-point moves down in energy as the nanowire diameter dy; decreases. (a) dw >>50 nm, (b) dyw =50 nm, (c)

dw <50 nm.
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which is useful for electronic transport, and heavy mass
ions which are highly effective for scattering phonons,
making bismuth a very attractive material for thermo-
electric applications. Bismuth can also be alloyed isoelec-
tronically with antimony to yield a high mobility alloy,
thereby giving much greater flexibility in tailoring the
properties of bismuth-related nanowires for specific appli-
cations [1].

As a bulk crystalline material, bismuth is semimetallic
with an equal number of electrons and holes. This condition
makes 30 bismuth undesirable for certain applications, such
as thermoelectricity, because of the approximate cancella-
tion between the contributions to the Seebeck coefficient
(thermopower) S from the electron (—) and hole (+)
carriers. It was early recognized that bulk bismuth could,
however, be a good thermoelectric material, if the hole
carriers could somehow be removed, and bismuth could
be made into an n-type semiconductor. It was further found
[27] that the addition of antimony could transform bismuth
into a semiconductor for a narrow range of antimony
concentrations and still maintain a reasonably high carrier
mobility.

Low dimensionality offers us an opportunity to transform
bismuth from a semimetal to a semiconductor without the
addition of antimony (see Fig. 7). As the quantum wire
width decreases, the band edge for the lowest subband in the
conduction band rises above that for the highest subband in
the valence band, thereby inducing a semimetal—semicon-
ductor transition. Since the electronic structure of bulk
bismuth is well understood, it has been straightforward to
predict the wire diameter below which bismuth nanowires
become semiconducting [28]. This value turns out to be on
the order of 40—50 nm at 77 K, depending on the crystalline
orientation of the nanowires. These nanowire diameters are
relatively large and can readily be fabricated in the labo-
ratory by presently available synthesis methods [1].

Arrays of hexagonally packed parallel bismuth nano-
wires, 7—110 nm in diameter and 25—65 pm in length, have
been prepared (see Fig. 8a) [29]. These nanowires are
embedded in a dielectric matrix of anodic alumina, which,
because of its array of parallel nanochannels, is used as a
template for preparing Bi nanowires. Materials science
principles serve to confine the bismuth to these nanochan-
nels because the bismuth does not diffuse into the anodic
alumina matrix, which forms an excellent barrier material
[1]. The Bi nanowires are each highly crystalline (see Figs.
8 and 9) and are highly oriented with a common crystallo-
graphic direction along the wire axis, as shown by the X-ray
diffraction pattern in Fig. 8b. Since the band structure of Bi
is highly anisotropic, the transport properties of Bi nano-
wires are expected to be dependent on the crystallographic
orientation along the wire axes. In addition, structural
analysis shows that the crystal structure of bulk Bi is
maintained in the nanowires, indicating that many properties
of bulk Bi may be utilized in modeling the behavior of Bi
nanowires.

(a)
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Fig. 8. (a) Cross-sectional view of the cylindrical channels of 65 nm
average diameter of an anodic alumina template shown as a transmission
electron microscope (TEM) image. The template has been mostly filled
with bismuth (dark regions), and the TEM image was taken after the top
and bottom sides of the sample had been ion milled with 6 kV Ar ions. (b)
X-ray diffraction (XRD) pattern for the anodic alumina/Bi nanowire
composites. The average wire diameter of the Bi nanowires is about 52 nm.
The inset in the figure shows the selected area electron diffraction (SAED)
pattern taken from the same sample. The XRD and SAED experimental
results indicate that Bi nanowires are highly crystalline and possess two
preferred growth orientations: (101) for dw>50 nm and (012) for dw <50
nm [28,29].

To model the electronic structure, we assume, as a first
approximation, the simplest possible model for an ideal 1-
D quantum wire, where the carriers are confined inside a
cylindrical potential well, bounded by a barrier of infinite
potential height. An extension of this simple approach
provides a reasonable approximation for a Bi nanowire
embedded in an alumina template, in view of the large
band gap of the anodic alumina template (3.2 eV), which
provides excellent carrier confinement for the embedded
quantum wires. Due to the small electron effective mass
components of Bi, the quantum confinement effects in Bi
nanowires are more prominent than for other wires with
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Fig. 9. High resolution TEM lattice image of a bismuth nanowire showing
the excellent ordering of the lattice planes. The inset is a selected area
diffraction pattern for this nanowire [1].

the same diameter. This model has been used successfully
to predict the wire diameter where the semimetal—semi-
conductor transition occurs as a function of crystallo-
graphic orientation and temperature [28].

Measurements of the transport properties of these arrays
of Bi nanowires have been carried out for wires of differ-
ent diameters as a function of temperature and magnetic
field, demonstrating the semimetal—semiconducting transi-
tion, and showing ballistic transport at low temperature
[30]. Good agreement between transport measurements and
the modeling calculations has been achieved, thereby
validating the use of bismuth nanowires as a model system
for studying nanowire structure/property relations. The
ability to control the electronic properties over a wide
range by alloying with Sb has been shown to be important
for selected applications. As mentioned above, alloying
provides another parameter in controlling the properties of
bismuth-related nanowires. The same basic synthesis meth-
ods used for preparing bismuth nanowires can be used to
prepare Bi; _ ,Sb, alloy nanowires [31]. For example, bet-
ter thermoelectric performance is predicted for Bi; _,Sb,
alloy nanowires than for pure Bi nanowires of the same
diameter [33]. This has recently been verified experimen-
tally by studying the Seebeck coefficient of bismuth and
Bi; _ ,Sb, nanowires as a function of diameter (keeping the
composition constant) and as a function of Sb concen-
tration keeping the nanowire diameter constant [31,32].

Furthermore, Sb alloying is even more important for
improving the capabilities for p-type bismuth, which has
lower mobilities than n-type bismuth, in both bulk and
nanowire forms [1]. This can be understood by examining

the phase diagram of bismuth nanowires as a function of
wire diameter and Sb concentration shown in Fig. 10. The
semimetal and the indirect semiconductor states in the low
antimony content region (x < 0.13) have the highest valence
band extremum at the 7-point, while those states in the
higher antimony content region (x=0.13) have their H-
point hole pockets at the highest energy. Along the solid
lines in this “phase diagram”, the extrema of the first
subband of carrier pockets at two different points in the
Brillouin zone coalesce in energy. The bold arrow in the
center of the diagram points to the particularly interesting
situation where the extrema of all 10 hole pockets coalesce
in energy (wire diameter is 60 nm, x=0.13), resulting in a
high density of states, which is, for example, beneficial for
increasing the magnitude of the Seebeck coefficient. This
diagram also predicts a shift to higher values of the critical
diameter at which the overlap between the L-point electron
subbands and the 7-point hole subbands vanishes (semi-
metal-to-semiconductor transition) as Sb is added to pure
Bi. We therefore expect to obtain higher thermoelectric
performance at larger diameters when compared to Bi
nanowires. This is confirmed by experimental observation
[32]. New physics, arising from the wire diameter and Sb
composition dependence of the electronic structure of Bi
nanowires, gives rise to the simultaneous confluence [33] of
the valence band edge energies for the six H-point hole
pockets, the three L-point hole pockets and the 7-point hole
pocket in p-type Bi; _ ,Sb, nanowires (see Fig. 10), indicat-
ing a new strategy for designing nanostructures to achieve
superior thermoelectric properties. The good agreement
between transport measurements on Bi; _ ,Sb, nanowires
and model calculations [31] offers promise that it may be
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Fig. 10. Phase diagram of the electronic band structure of Bi; _,Sb,
nanowires. The bold arrow in the center of the diagram points at the
condition where the 10 hole pockets (about the T-point, the three L-points
and the six H-points in the Brillouin zone) coalesce in energy. The locations
of these points in the Brillouin zone are shown in the inset [33].
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possible to produce both n-type and p-type nanowire arrays
of interest for thermoelectric and many other applications of
bismuth nanowires.

In addition to their promise for thermoelectric applica-
tions, Bi; _ ,Sb, nanowires also constitute an attractive
model system to study their transport behavior in low-
dimensional structures due to their tunable band structures
[35], small electron effective masses, and long carrier mean
free paths. Various transport measurements have been per-
formed in conjunction with theoretical models to investigate
the unique semimetal-to-semiconductor transition in
Bi; _Sb, nanowires. Fig. 11 shows the temperature
dependence of the resistance for Bi nanowires with various
diameters (7 < dw < 200 nm) normalized to their resistance
at 300 K [34]. The temperature dependence of the resistance
ratio of Bi nanowires is very sensitive to the wire diameter
due to the semimetal-to-semiconductor transition in Bi-
related systems. In Fig. 11, the measured resistance ratio
of semimetallic Bi nanowires exhibits a non-monotonic 7
dependence with a maximum for wire diameters > 70 nm,
while the resistance ratios of the smaller diameter nanowire
samples that are expected to be semiconducting (dw < 50
nm) decrease monotonically with increasing 7. In addition,
the resistance ratio of the semiconducting Bi nanowires
(dw <50 nm) displays a weaker T dependence as the
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Fig. 11. Measured temperature dependence of the normalized resistance of
bulk Bi and Bi nanowires of various wire diameters (7 < dyw <200 nm)
[30,34].
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Fig. 12. Measured temperature dependence of the resistance normalized to
the resistance at 270 K of 65 nm Bi, _ ,Sb, nanowires with different Sb
concentrations [32]. Such measurements are used to provide information on
the semimetal—semiconductor transition, which occurs at larger wire
diameter as a result of Sb addition.

diameter decreases. This non-monotonic shift in the T
dependence of the resistance ratio as the wire diameter
varies is also observed in the normalized R(7T) results of
65 nm Bi; _,Sb, nanowires of different Sb contents, as
shown in Fig. 12, where the measured resistance ratio of
pure Bi nanowires (x=0) exhibits a non-monotonic 7'
dependence with a maximum at ~ 70 K, while the resist-
ance ratio of the two alloy nanowire samples (with 5 and 10
at.% Sb) decrease monotonically with increasing 7. In
addition, the resistance ratio of the Bij 95Sbg g5 nanowires
displays a stronger 7 dependence than that of the
Big.90Sbg 19 nanowires. The resemblance in the two sets of
experimental findings both suggests that variation of the
temperature dependence of the resistance of Bi; _ Sb,
nanowires is caused by a common effect on the band

T

SM-SC transition

~

0 0.05 0.1
Sb (x)

Fig. 13. Predicted values of the resistance ratio R(10 K)/R(100 K) as a
function of Sb content in 65 nm Bi; _ ,Sb, nanowires [32]. The semimetal—
semiconductor transition is expected to occur at the peak in this plot for a
given nanowire diameter. The solid curve gives theoretical predictions
consistent with the experimental points.
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Fig. 14. Measured Seebeck coefficient as a function of temperature for Bi
(O, v) and Big95Sbg o5 (@, ¥) nanowires with different diameters. The
solid curve denotes the Seebeck coefficient for bulk Bi [32].

structure and transport properties, i.e. the semimetal-to-
semiconductor transition [28]. The resistance ratio R(10
K)/R(100 K) for 65 nm Bi; _ ,Sb, nanowires has been
calculated as a function of x, and the results for this
calculation are also shown in Fig. 13 [32]. We note that as
x increases, the resistance ratio of semimetallic wires rises
due to the decreased band overlap between the conduction
and the valence bands. In contrast, the resistance ratio
decreases for semiconducting wires due to the increasing
dominance of extrinsic carriers. The maximum in the
resistance ratio R(10 K)/R(100 K) at x ~ 0.02 corresponds
to the Sb content for the predicted semimetal—semiconduc-
tor transition. Thus, by examining the resistance ratios of Bi
and Bi; _ ,Sb, nanowires as a function of wire diameter and
x, we can experimentally identify the actual wire diameter

and Sb content at which the semimetal—semiconductor
transition occurs [32].

The Seebeck coefficient measurements are essential for
evaluating the performance of thermoelectric materials.
Since the Seebeck coefficient measurement is independent
of the number of nanowires contributing to the signal, the
measurements on nanowire arrays are in theory as informa-
tive as single-wire measurements, and the results, in con-
junction with some modeling, can provide valuable
information about the Fermi energy and the carrier concen-
tration. Fig. 14 shows the measured Seebeck coefficient as a
function of temperature for nanowire arrays with different
diameters and Sb contents, confirming that the Seebeck
coefficient increases as the wire diameter decreases and the
Sb concentration increases, in agreement with theoretical
expectations.

The ability to prepare bismuth in semiconductor form
through the growth of nanowires with diameters less than 50
nm opens up many new opportunities to study a material
with an unusual electronic structure under new conditions,
thereby providing new possibilities for interesting applica-
tions to nanotechnology.

3. Carbon nanotubes

Carbon nanotubes can be considered as a prototype for
1-D nanotubes because of their relative simplicity, their
unique properties, the large amount of information available
about them, and their promise for practical applications.
There are in fact many types of carbon nanotubes, including
single wall carbon nanotubes, double wall carbon nano-
tubes, multi-wall carbon nanotubes, intercalated nanotubes,
and nanotubes filled with various species constituting inter-
nal nanowires including fullerenes and even fullerenes filled
with metal species (endohedral fullerenes) (see Fig. 15). We
focus our attention here on single wall carbon nanotubes
because of their simplicity relative to other nanotubes, and

Fig. 15. Schematic diagram of (a) a single wall carbon nanotube (SWNT), (b) a multi-wall carbon nanotube (MWNT), (c) a double wall carbon nanotube
(DWNT) and (d) a peapod nanotube consisting of a SWNT filled with fullerenes (e.g., Cgo)-
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the high ability for theory to predict nanotube properties
based on their structure.

A single wall carbon nanotube (SWNT) can be consid-
ered as a single atomic layer of 2-D graphite rolled up into a
seamless cylinder. The structure of each nanotube is
uniquely described by two integers (n, m), which refer to
the number of a; and @, unit vectors of the 2-D graphene
lattice that are contained in the chiral vector, C; = nzl +
m 32, which spans the circumference of each nanotube [2],
The chiral vector C; together with the translation vector 7'
along the nanotube axis and normal to Cj, define the unit cell
of the nanotube [2]. Furthermore, from the (n, m) indices,
one can directly determine the nanotube diameter d;, and the
chiral angle 6. We can then calculate for each (n, m)
nanotube the electronic energy band structure. The density
of electronic states and the electron energy dispersion
relations are uniquely determined for each (n, m) nanotube
[2,36], as well as the energies of the so-called van Hove
singularities in the density of states, where the magnitude of
the density of states is very high (see Figs. 1c and 16a). If
we keep the nanotube diameter approximately constant and
change the chiral angle, we see significant changes in the
density of states for the six (n, m) nanotubes shown in Fig.
16a.

It is well established [2] that the (n, m) indices are crucial
to the nanotube electronic structure. Most striking is the
distinction between metallic and semiconducting nanotubes,
namely those SWNTs for which |n —m|=3¢ are metallic,
and those for which |n —m|=3g 1 are semiconducting,
where ¢ is an integer [2,40]. Thus we see that 2/3 of the
nanotubes correspond to semiconducting nanotubes and 1/3
to metallic nanotubes. This remarkable property about
carbon nanotubes is a quantum mechanical phenomenon
based on the special symmetry of 2-D graphite. It has,
however, proven difficult to measure (n, m) experimentally
and then to carry out property measurements on the same
SWNT.

It has recently been shown that the resonance Raman
spectra from one isolated nanotube (such as shown in Fig.
17b) can conveniently provide a determination of (n, m).
The ability to use resonance Raman spectroscopy to deter-
mine the geometrical structure is another remarkable prop-
erty about carbon nanotubes [43]. Generally speaking,
Raman spectroscopy measures phonon frequencies, but
under resonance conditions where the phonons and elec-
trons are strongly coupled, this technique can also be used to
provide information about the electronic structure. Carbon
nanotubes are special materials for which the electronic
structure for each nanotube is uniquely determined by its (7,
m) indices, and for this reason it is possible to determine the
geometrical structure of a single wall carbon nanotube from
resonance Raman spectroscopy, as explained below.

The weak dependence of the electronic energy bands of
SWNTs on the nanotube chiral angle 0 relates to the wave
vector k along the nanotube axis and to the three-fold
symmetry of the electronic dispersion relations of 2-D
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Fig. 16. (a) The 1-D electronic density of states vs. energy E (plotted from
the Fermi level £=0) for several metallic nanotubes of approximately the
same diameter, showing the effect of chirality and trigonal warping (see
text) on the van Hove singularities in the density of states: (10, 10)
(armchair), (11, 8), (13, 7), (14, 5), (15, 3) and (18, 0) (zigzag). Only the
densities of states for the conduction n* band are shown; the mirror image
of these plots gives the electronic density of states for the valence n band
[37,38]. The calculations are based on the tight binding approximation,
assuming the energy overlap integral is 70=2.9 eV and the wave function
overlap integral vanishes s =0 [2]. (b) Plot of the 2-D equi-energy contours
of 2-D graphite, showing trigonal warping effects in the contours, as we
move from the K-point in the K—I" or K—M directions. The equi-energy
contours are circles near the K-point and near the center of the Brillouin
zone. But near the M-points on the zone boundary, the contours are straight
lines, which connect the nearest M-points [37,39].

graphite about the K-point of the 2-D graphene Brillouin
zone (see Fig. 16b), where the graphene (2-D graphite)
valence and conduction bands are degenerate, forming a
zero band gap semiconductor [2]. Very close to the K-point,
the graphene electronic energy bands exhibit circular con-
stant energy contours, but as we move away from the K-
point, a trigonal warping effect becomes apparent [37,44],
as shown in Fig. 16b. This trigonal warping effect is
responsible for the unique spectrum of the singularities in
the density of states of the conduction and valence bands for
each (n, m) SWNT (Fig. 16a), when the energy bands of the
graphene lattice are zone folded to form the energy bands of
the SWNTs [2,37]. This chirality dependence stems from
the dependence of the direction of the nanotube axis on the
(n, m) indices, thus leading to one-dimensional lines cutting
the constant energy contours differently, depending on the
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Fig. 17. (a) Calculated [41] energy separations E; between van Hove
singularities 7 in the 1-D electronic density of states of the conduction and
valence bands for all (rn, m) values vs. nanotube diameter 0.4 < d; < 3.0 nm,
using a value for the carbon—carbon energy overlap integral of y,=2.9 eV
and a nearest neighbor carbon—carbon distance ac—c=1.42 A [37.42].
Semiconducting (S) and metallic (M) nanotubes are indicated by crosses
and open circles, respectively. The index i in the interband transitions E;;
denotes a particular transition between the van Hove singularities, with i=1
being closest to the Fermi level taken at £= 0. The superscripts M and S on
E;; denote the interband transition energies for metallic and semiconducting
tubes, respectively. (b) The three Raman spectra (solid, dashed, and dash-
dotted curves) were taken at three different spots on the Si substrate,
showing the presence of only one resonant nanotube and one RBM
frequency for each of the three laser spots. The RBM frequencies (widths)
and the (n, m) assignments for each resonant SWNT are displayed. The 303
cm™ ! feature comes from the Si substrate and is used for calibration of the
SWNT spectra [43].

(n, m) indices. The existence of the band degeneracy at the
K-point and the presence of trigonal warping effects in
graphite are phenomena based on symmetry considerations,
and are not related to the method used for calculations of the
electronic structure.

Since the peak energies in the density of states are unique
for each pair of (n, m) integers, the interband transition
energies E;; between the ith singularities in the valence and
conduction bands are also unique. Here the integer i denotes
a particular singularity in the joint density of states (JDOS)
and i increases as the magnitude of the energy E;; increases
relative to the Fermi level Ex. A plot of all the £; where the
singularities in the JDOS occur is presented in Fig. 17a as a
function of nanotube diameter d, in the range 0.4 < d, < 3.0
nm [41]. From the above discussion, we conclude that each
nanotube (n, m) has a unique set of interband energies E;;
denoting the energy differences between the ith van Hove
singularities in the conduction and valence bands. And,
conversely, if one interband energy E; and a nanotube
diameter d; are specified (Fig. 17a), then its corresponding
unique (n, m) can in general be identified from this plot.

A large enhancement in the Raman signal occurs in the
resonance Raman effect, when the incident or scattered
photon is in resonance with a singularity in the 1-D joint
density of states (JDOS) of the SWNT. This large enhance-
ment allows the observation of a well-resolved Raman
signal from an individual SWNT as shown in Fig. 17b.
This figure shows three Raman spectra in the low frequency
radial breathing mode region, taken for three different
isolated SWNTs, each within a different light spot, about
1 pm in diameter, on a sample of isolated SWNTs. It is
noteworthy that the intensity of the Raman signal from a
strongly resonant tube, such as the (11, 11) SWNT in Fig.
17b, is comparable to that from the Si substrate, even though
the SWNT signal comes from only a small fraction of the
number of C atoms relative to the number of substrate Si
atoms (C/Si ~ 10~ ®) within the optical beam. This high
sensitivity for SWNTs in resonance with the incident photon
is the basis for the ability to observe a Raman spectrum from
a single nanotube [43].

We now summarize the necessary ingredients for carry-
ing out a (n, m) determination from the measured resonance
Raman spectra. From the experiment, the radial breathing
mode frequency, where all the atoms are vibrating in phase
in the radial direction, wrpp, 1S used to obtain the nanotube
diameter according to the relation [2,45]

WRBM = OC/ d, (1)
and o has been experimentally found to be 248 + 8 cm ™'
nm for isolated SWNTSs on an oxidized silicon substrate. In
addition to d,, it is necessary to have an experimental value
for E; in order to determine (n, m) from Fig. 17a. The
evaluation of E;; can be carried out in various ways and to

various degrees of accuracy, but the important concern is to
use sufficient accuracy to be able to distinguish d; and Ej;
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values of a given (n, m) tube from those of another (' , m’)
tube.

The determination of E; can, in principle, be carried
out simply by using a tunable laser to bring FEj,s, into
perfect resonance with E;, where the maximum intensity
in the Raman spectrum occurs at E;;=FEj,, or at E;=
Ejaser T Epnonon- In practice, such a tunable laser system is
not yet available as a standard laboratory tool. One
method that is readily available to determine the magni-
tude of Ej; directly requires measurement of both the
radial breathing mode spectra for the Stokes (phonon
emission) and anti-Stokes (phonon absorption) processes
[46,47]. This procedure is very sensitive to E; even when
the wrpwm values for two or more SWNTs are very close
to each other. In this method, the ratio of the anti-Stokes
to Stokes intensities /o5 # Ig for the radial breathing
modes is measured. This ratio is found to be very
sensitive to the energy difference between E; and FEjuge,
and can thus be used to determine the magnitude of Ej;
to 10 meV accuracy [46,47].

The E;; determination for an isolated nanotube can be
even more simply carried out by using a single laser
excitation energy Ej,s.r When the nanotube is in approximate
resonance with Ejs by: (1) measuring the intensity of the
radial breathing mode, (2) calculating the E; values of
various candidate (n, m) nanotubes with similar d; values
as determined by the frequency of the radial breathing
mode, and (3) then making a comparison between the
relative RBM intensities of the test SWNT with the inten-
sities of other SWNTs whose (n, m) indices have previously
been determined. When this very simple method is used for
the (n, m) identification, the tentative (n, m) assignment is
checked by considering the characteristics of the other
features in the Raman spectra that are sensitive to (n, m)
[48]. If the (n, m) values of every nanotube in the sample
must be found, then a tunable laser is needed to provide a
resonant excitation energy for each nanotube, so that a
complete (n, m) Raman characterization can be carried out
for each SWNT. The use of a tunable laser is also useful for
an experimental determination of the profile of the van
Hove singularity [49].

The determination of the geometrical structure of a
nanotube can be combined with other measurement techni-
ques to explore many physical properties at the single
nanotube level as a function of the nanotube diameter and
chirality. In this way, many fundamental aspects about the
physical properties of nanotubes should be illuminated at
the single nanotube level in the near future.
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