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[. Introduction

Dimensionality plays a critical role in determining the
properties of materials due to, for example, the different
ways that electrons interact in three-dimensional, two-
dimensional (2D), and one-dimensional (1D) structures.}—>
The study of dimensionality has a long history in chem-
istry and physics, although this has been primarily with
the prefix “quasi” added to the description of materials;
that is, quasi-1D solids, including square-planar platinum
chain and metal trichalcogenide compounds,2¢ and quasi-
2D layered solids, such as metal dichalcogenides and
copper oxide superconductors.3~57-8 The anisotropy in-
herent in quasi-1D and -2D systems is central to the
unique properties and phases that these materials exhibit,
although the small but finite interactions between 1D
chains or 2D layers in bulk materials have made it difficult
to address the interesting properties expected for the pure
low-dimensional systems.

Are pure low-dimensional systems interesting and
worth pursuing? We believe that the answer to this
question is an unqualified yes from the standpoints of
both fundamental science and technology. One needs to
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look no further than past studies of the 2D electron gas
in semiconductor heterostructures, which have produced
remarkably rich and often unexpected results,®° and
electron tunneling through 0D quantum dots, which have
led to the concepts of the artificial atom and the creation
of single electron transistors.11=15 |In these cases, low-
dimensional systems were realized by creating discrete 2D
and 0D nanostructures. 1D nanostructures, such as nano-
wires and nanotubes, are expected to be at least as
interesting and important as 2D and 0D systems.16:17 1D
systems are the smallest dimension structures that can
be used for efficient transport of electrons and optical
excitations, and are thus expected to be critical to the
function and integration of nanoscale devices. However,
little is known about the nature of, for example, localiza-
tion that could preclude transport through 1D systems.
In addition, 1D systems should exhibit density of states
singularities, can have energetically discrete molecular-
like states extending over large linear distances, and may
show more exotic phenomena, such as the spin—charge
separation predicted for a Luttinger liquid.1? There are
also many applications where 1D nanostructures could
be exploited, including nanoelectronics, superstrong and
tough composites, functional nanostructured materials,
and novel probe microscopy tips.16-29

To address these fascinating fundamental scientific
issues and potential applications requires answers to two
questions at the heart of condensed matter chemistry and
physics research: (1) How can atoms or other building
blocks be rationally assembled into structures with na-
nometer-sized diameters but much longer lengths? (2)
What are the intrinsic properties of these quantum wires
and how do these properties depend, for example, on
diameter and structure? Below we describe investigations
from our laboratory directed toward these two general
questions. The organization of this Account is as follows.
In section Il, we discuss the development of a general
approach to the rational synthesis of crystalline nanowires
of arbitrary composition. In section I, we outline key
challenges to probing the intrinsic properties of 1D
systems and illustrate solutions to these challenges with
measurements of the atomic structure and electronic
properties of carbon nanotubes. Last, we discuss future
directions and challenges in section IV.

Il. Synthesis of Nanowires

How can atoms or other building blocks be rationally
assembled into structures with nanometer-sized diameters
but much longer lengths (1D nanostructures)? There are
now well-developed methods for the synthesis of 0D
nanoclusters, such as arrested precipitation,3°—32 and for
the growth of 2D layers using molecular beam epitaxy.33
General methods for the growth of 1D nanostructures
have not been available, although a number of strategies
have been pursued.1617 For example, multiwalled carbon
nanotubes (MWNTS) have been obtained from hot carbon
plasmas.3435 The growth mechanism producing MWNTSs
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under these conditions appears to be specific to the sp2-
bonded carbon and isostructural hexagonal boron ni-
tride,36:37 although it is possible that other layered mate-
rials could form nanotube structures.383% Alternatively, the
synthesis of single-walled carbon nanotubes (SWNTSs)
from carbon plasmas may be favored by adding certain
metals.40—42 These metals appear to function as catalysts,
although a sufficiently good understanding of the growth
mechanism needed to control the diameter and helicity
of SWNTSs is not presently available. Templates have also
been utilized to direct the growth of 1D nanostructures.3—47
The nanometer-sized pores in membranes and zeolites
have been used to confine the growth of wires,*344 and
carbon nanotubes have been converted to carbide and
nitride nanowires.45=47 Alternatively, lithography and
deposition have been combined to create quantum wires
on single-crystal surfaces.*®4° Template-based techniques
are conceptually simple to implement but do have im-
portant limitations. For instance, growth in porous mem-
branes typically produces polycrystalline materials with
diameters greater than required to observe the effects of
quantum confinement. Our goal has been to develop a
general and predictive method for preparing composi-
tionally diverse single-crystal materials with nanometer
to tens of nanometer diameters in order to understand
the intrinsic behavior of 1D structures in a size regime
where quantum effects produce new phenomena.

From the outset we believed that a catalytic approach,
in which the catalyst is used to direct growth in a highly
anisotropic or 1D manner, would enable us to meet this
overall goal (Figure 1). Here we envision the catalyst as a
cluster that defines the diameter of the structure and
localizes the reactant at the end of the growing nanowire
much like a catalyst in living polymerization. An important
feature of this idea is that it readily provides the intel-
lectual underpinning needed for the prediction of good
catalysts and synthesis conditions. First, one uses equi-
librium phase diagrams to choose a catalyst that can form
a liquid alloy with the nanowire material of interest. The
phase diagram is then used to choose a specific composi-
tion (catalyst:nanowire material) and synthesis tempera-
ture so that there is a coexistence of liquid alloy and solid
nanowire material. The liquid catalyst alloy cluster serves
as a preferential site for absorption of reactant (i.e., there
is a much higher sticking probability on liquid vs solid
surfaces) and, when supersaturated, the nucleation site
for crystallization. Preferential 1D growth occurs in the
presence of reactant as long as the catalyst remains liquid.

reactant reactant
catalyst nanowire nanowire
nanocluster nucleation growth

FIGURE 1. Schematic diagram illustrating the catalytic synthesis
of nanowires. Reactant material, which is preferentially absorbed
on the catalyst cluster, is added to the growing nanowire at the
catalyst—nanowire interface.
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Within this framework one can readily imagine syn-
thesizing nanowires of many different materials and
diameters, if catalyst clusters of nanometer dimensions
are available. This raises an important point, because
equilibrium thermodynamics can be used to define the
minimum radius, rmin, Of a liquid metal cluster as

Imin = 20,V /RT Ino 1)

where oy is the liquid—vapor surface free energy, V. is
the molar volume, R and T have the usual meaning, and
o is the vapor phase supersaturation.>%-51 Substituting
typical values into eq 1 yields a minimum radius on the
order of 0.2 um, and thus under equilibrium conditions
we do not expect to be able to grow nanowires with
sufficiently small diameters to exhibit interesting new
properties. Indeed, previous studies using a growth pro-
cess similar to that described above, which is termed
vapor—liquid—solid growth in the materials science lit-
erature, has only yielded micrometer diameter whis-
kers.5051 The large, ca. micrometer diameter clusters at
the ends of these whiskers suggested strongly that the
constraint imposed by eq 1 led to the large lower diameter
limit in these previous studies. We have overcome this
constraint from equilibrium thermodynamics in a general
way by employing laser ablation and condensation, which
has been studied extensively in the past,52:53 to generate
nanometer diameter clusters. Below we illustrate our
general method and its power with examples of the
synthesis of elemental and compound nanowire materials.

Consider the synthesis of Si nanowires.16.17:54.55 The
critical catalyst, Si:catalyst composition, and temperature
for nanowire growth can be determined by examining the
Si-rich region of binary metal—Si phase diagrams. For
example, the Fe—Si phase diagram (Figure 2a) tells us that
there is a broad area above 1200 °C in the Si-rich region
where FeSik(l) and Si(s) coexist. Within the framework of
our approach, Si nanowire synthesis is achieved by laser
ablation of a SiggFep; target at temperatures >1200 °C
(Figure 2b,c). Laser ablation of the Si;_sFe, target produces
a vapor of Si and Fe that rapidly condenses into Si-rich
liquid Fe—Si nanoclusters, and when the nanoclusters
become supersaturated in Si, the coexisting pure Si phase
precipitates and crystallizes as nanowires. Ultimately, the
growth terminates when the gas flow carries the nanowires
out of the hot zone of the furnace.

Transmission electron microscopy (TEM) studies of the
product obtained after laser ablation confirmed these
predictions and showed that primarily wire-like structures
with remarkably uniform diameters on the order of 10 nm
with lengths >1 um were produced by this approach
(Figure 3a). The TEM images recorded on individual
nanowires further show that the nanowires consist of very
uniform diameter crystalline cores, which are typically
6—20 nm in diameter, surrounded by an amorphous
coating (Figure 3b,c). By recording electron diffraction
patterns perpendicular to the wire axes and lattice re-
solved images, it is also possible to determine that the
nanowires grow preferentially along the [111] direction at
1200 °C. We elucidated the composition of the core and
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FIGURE 2. (a) Silicon-rich region of the Fe—Si binary phase diagram.
(b) Schematic diagram of the nanowire growth apparatus. The output
from a pulsed laser is focused onto an Fe—Si target located within
a quartz tube; the reaction temperature is controlled by a tube
furnace. (c) Nanowire growth process. Laser ablation of the Fe—Si
target creates a dense, hot vapor that condenses into nanoclusters
as the Fe and Si species cool through collisions with the buffer gas.
The furnace temperature is controlled to maintain the Fe—Si
nanocluster in a liquid state. Nanowire growth begins after the liquid
becomes supersaturated in Si, and continues as long as the Fe—Si
nanoclusters remain in a liquid state and Si reactant is available.
Growth terminates when the nanowire passes out of the hot zone
of the reactor.

amorphous sheath using energy-dispersive X-ray (EDX)
analysis of individual nanowires before and after etching
with HF to remove the amorphous coating. These experi-
ments demonstrate that the crystalline core is pure Si
without detectable Fe and that the amorphous coating is
SiO,. Taken together, these data have shown that the
nanowires produced using our method consist of single-
crystal silicon cores that are surrounded by an amorphous
and insulating silicon oxide sheath.>*

The observation of nanocluster spheres at the ends of
the nanowires also provides a strong indication that our
overall growth mechanism (Figures 1 and 2c) is correct.
One can, of course, provide more detailed support for the
mechanism than simply observing clusters at the nanow-
ire ends. Specifically, the Fe—Si phase diagram (Figure 2a)
predicts that the terminating solid nanoclusters are FeSi,
and that nanowire growth terminates below ca. 1200 °C.
Our quantitative EDX analysis showed that the composi-
tion of the clusters at the nanowire ends was FeSi,, and
moreover, lattice-resolved TEM images confirmed the

FIGURE 3. (a) TEM image of the nanowires produced following
ablation of a SiggFey, target. The white scale bar corresponds to
100 nm. (b) Diffraction contrast TEM image of a silicon nanowire
Crystalline material (the silicon core) appears darker than amorphous
material (SiO, sheath) in this imaging mode. The scale bar corre-
sponds to 10 nm. Inset: Electron diffraction recorded along the [211]
zone axis. (c) High-resolution TEM image of the crystalline silicon
core and amorphous SiO; sheath. The (111) planes (spacing 0.31
nm) are oriented perpendicular to the growth direction (white arrow).
Reprinted with permission from ref 54. Copyright 1998 American
Association for the Advancement of Science.

crystalline structure of this solid. Last, we found that the
growth of the Si nanowires occurred only for temperatures
greater than 1150 °C using the Fe catalyst, thus confirming
the essential features of our growth model.>*

The growth of Si nanowires using an Fe catalyst
provides a nice illustration of the potential of our ap-
proach for the synthesis of crystalline nanowires, but how
general is this method? We believe that the synthetic
framework outlined above is indeed quite general and can
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FIGURE 4. (a) Au—Si binary phase diagram. (b) Field-emission scanning electron micrograph of the Si nanowire product produced following
ablation of a Au target in the presence of silane at 450 °C. (c) High-resolution TEM image of the end of a 15 nm diameter wire exhibiting Si
lattice planes and a gold nanocluster. The Au appears dark in the image.

lead to rapid identification of catalyst materials and
growth conditions. We substantiate this claim with several
further examples. Maintaining our focus on Si, the pre-
dictability afforded by phase diagrams can first be tested
by examining different metal catalyst systems. For ex-
ample, we have studied in some depth the growth of Si
nanowires using Au—catalyst nanoclusters, which are
produced via ablation of pure gold metal, and the gaseous
reactant SiH,.5° There are several important results to
come from these studies. First, examination of the Au—Si
phase diagram (Figure 4a) suggests that nanowire growth
via our proposed mechanism should occur at tempera-
tures more than 800 °C lower than in the case of the Fe-
based catalyst, and moreover that the solid nanocluster
catalyst observed upon termination of growth should be
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Au metal, not a Au—Si alloy. Our experimental results are
in full agreement with these predictions. We have ob-
served facile growth of single-crystal Si nanowires at
temperatures between 370 and 500 °C, and found that
these wires terminate in Au nanoclusters of similar size
(Figure 4b,c). The ability to generate Au nanoclusters
independent of Si during ablation and subsequently react
these catalyst clusters with the Si reactant (SiH,) under
growth conditions predicted from the Au—Si phase dia-
gram provides unambiguous support for our synthetic
model, and has led to the growth of Si nanowires with
diameters as small as 3 nm.

The generality of this approach is perhaps best il-
lustrated through the rational synthesis of nanowire
materials having different compositions. First, we have
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FIGURE 5. (a) Pseudobinary Au—GaAs phase diagram. The shaded area indicates the region of composition and temperature at which the
GaAs nanowires were grown. (b) Lattice-resolved TEM image of the body of a 15 nm diameter GaAs nanowire. The (111) lattice planes are
perpendicular to the nanowire axis. (c) TEM image showing a Au nanocluster catalyst at the end of the crystalline GaAs nanowire.

prepared single-crystal Ge nanowires with diameters
between 3 and 9 nm from Ge—Fe targets in a manner
analogous to that for the synthesis of Si nanowires from
Si—Fe targets,>* the major difference in the growth of Ge
vs Si nanowires being that the growth temperature is
predictably lowered nearly 400 °C (820 vs 1200 °C) on the
basis of the eutectic temperature given by the binary Fe—
Ge phase diagram.

For a chemist, it is certainly possible to argue that the
rational synthesis of Ge nanowires is hardly surprising
following our Si nanowire work. However, recent synthe-
ses of a variety of compound semiconductor nanowires
are a different story entirely.56:57 Compound semiconduc-
tors, such as GaAs and CdSe, are especially intriguing
targets since their direct band gaps afford optical and
electrooptical properties that are of considerable impor-
tance to basic science and technology. The synthesis of
compound semiconductor nanowires using our catalytic

approach at first appears a more daunting task when one
considers the much greater complexity of ternary versus
binary phase diagrams. The analysis of catalyst and growth
conditions can be substantially simplified by considering
pseudobinary phase diagrams for the metal and com-
pound semiconductor of interest.56-57 For example, the
pseudobinary phase diagrams of GaAs with Cu, Ag, and
Au exhibit a large GaAs rich region in which liquid
M—GaAs (M = Cu, Ag, Au) coexists with solid GaAs (Figure
5a). Significantly, we have found that single-crystal GaAs
nanowires with diameters of a few nanometers and larger
can be synthesized in large yield via laser ablation using
this information from the phase diagrams to set the
catalyst:GaAs composition and growth temperature.5®
Field-emission scanning electron microscopy images show
that the GaAs product obtained using a gold catalyst
consists almost completely of 1D nanostructures often
extending tens of micrometers in length. More detailed
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structural analysis has further shown that these nanowires
are indeed single crystal in structure and are capped at
one end with well-defined Au nanoclusters (Figure 5b,c).
The presence of Au nanoclusters at the nanowire ends
following the termination of growth is again clear evi-
dence supporting our predictive synthetic model (Fig-
ure 1).

We believe it is now possible to exploit this framework
for nanowire synthesis to yield a wide range of elemental,
binary, and perhaps more complex 1D nanostructures.
The crucial points of our approach are that (i) known
equilibrium phase diagrams can be used to predict catalyst
materials and growth conditions and (ii) laser ablation can
be used to generate nanometer-sized diameter clusters of
virtually any material, thus enabling rational growth of
nanowires of many different materials. We believe that
this synthetic approach represents an exciting opportunity
for chemists and materials scientists and, moreover, that
the properties and applications of these emerging 1D
structures will be quite rich.

1. Properties of Quantum Wires

Connecting to the Nanoworld. What are the intrinsic
properties of 1D nanostructures, and do they exhibit any
novel phenomena? The synthetic studies described above
have expanded significantly the availability of 1D nano-
structures, and thus offer great opportunity to study how
size and dimensionality affect physical properties. Eluci-
dating the intrinsic properties of nanostructures is, how-
ever, an experimentally challenging problem in several
respects. First, it is necessary to connect from the outside
world to the nanometer scale to enable investigations of,
for example, electrical conduction and mechanical defor-
mation. Second, nanostructures prepared by either syn-
thesis or fabrication approaches are not identical objects,
and typically exhibit dispersions in size and/or structure.
Hence, connections to or probes of individual nanostruc-
tures offer obvious advantages for elucidating their in-
trinsic physical properties. This point has been demon-
strated clearly in several recent studies, including optical
investigations of the luminescence from individual CdSe
nanoclusters®® and scanning tunneling microscopy (STM)
studies of the atomic structure and local electronic
properties of individual SWNTs.69-63 |n our work, we
have exploited scanning probe microscopies, such as STM
and atomic force microscopy (AFM), to interrogate the
electrical and mechanical properties of individual 1D
nanostuctures.'6:17.60.62-66 These techniques provide unique
opportunities for defining and uncovering new behavior.
Below we focus on relationships of atomic structure and
electronic properties of carbon nanotubes probed by
STM.

Atomic Structures and Electronic Properties of Car-
bon Nanotubes. SWNTSs represent a unique connection
between the molecular and solid state worlds. The struc-
ture of SWNTSs can be viewed simply as an extension in
1D of different fullerene molecular clusters, and their
electronic properties also can be built from relatively
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FIGURE 6. Schematic diagram of a 2D graphene sheet illustrating
lattice vectors a; and a,, and the roll-up vector ¢, = na; + ma,.
The limiting cases of (n, 0) zigzag and (n, n) armchair tubes are
indicated with dashed lines. The nanotube axis is indicated by the
vector T.

simple Huckel-type approaches using only the p(xr) atomic
orbital on each carbon atom.

We can systematically characterize the structures and
electronic properties of 1D SWNTs by mentally rolling up
a strip cut from an infinite graphene sheet. In particular,
the diameter and helicity of a SWNT are uniquely char-
acterized by the vector

¢, =na; + ma, =(n, m) (2)

that connects crystallographically equivalent sites on this
sheet, where a; and a, are the graphene lattice vectors
and n and m are integers (Figure 6). Remarkably, elec-
tronic band structure calculations suggested early on that
metallic and semiconducting nanotubes should be pos-
sible depending only on (n, m);¥7=71 that is, subtle
variations in structure produce dramatic changes in
electronic properties. These calculations suggest that (n,
0) or zigzag SWNTSs should exhibit two distinct types of
behavior: the tubes will be metals when n/3 is an integer,
and otherwise semiconductors. As ¢, rotates away from
(n, 0), chiral (n, m) SWNTSs are possible with electronic
properties similar to the zigzag tubes; that is, when (2n +
m)/3 is an integer, the tubes are metallic, and otherwise
semiconducting. Finally, when cy, rotates 30° relative to
(n, 0), nis equal to m and the (n, n) SWNTSs are expected
to be metallic with band crossings at k = +2/3 of the 1D
Brilluoin zone.

Observation of this unique behavior requires that the
atomic structure and electronic properties of individual
tubes be measured simultaneously, since present methods
used to synthesize SWNTs have no control over diameter
and helicity (i.e., samples contain tubes with many dif-
ferent (n, m) indices). STM represents an ideal tool for
obtaining this critical information. In our initial studies,
which were carried out in competition with Cees Dekker’s
group at Delft (both groups’ work published in back to
back articles in Nature),6%61 we elucidated the atomic
structure of SWNTSs supported on Au(111) substrates using
a low-temperature, ultrahigh vacuum STM (Figure 7a).
Significantly, we showed that high-resolution images of
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FIGURE 7. (a) Large-area STM image showing several small bun-
dles of SWNTs deposited on a stepped Au(111) surface. The large
orange and yellow areas correspond to different height terraces of
the Au surface. Inset: Schematic diagram of the STM experiment.
(b, ¢) STM images of SWNTs. The solid, black arrows highlight the
tube axes, and the dashed lines indicate the zigzag directions. The
images were recorded in the constant-current mode with bias
voltages of 50 and 300 mV, respectively, and a tunneling current of
150 pA. The filled, colored circles in (b) and (c) correspond to the
locations where /—V data were recorded. Adapted from ref 60.
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FIGURE 8. (a, b) Calculated normalized conductance, (V//) diidV,
and measured /—V (insets) from the locations indicated in parts b
and c, respecively, of Figure 7. The curve colors correspond to the
colored circles in parts b and ¢ of Figure 7. Adapted from ref 60.

the nanotubes exhibit a graphite-like honeycomb lattice,
thus enabling us to define the (n, m) indices from these
images (Figure 7b,c). As an example, the measured chiral
angle and diameter of the tube in Figure 7b constrain the
(n, m) indices to either (11, 2) or (12, 2). Note that an (11,
2) tube is expected to be metallic, while a (12, 2) tube
should be semiconducting. On the other hand, the chiral
angle and diameter of the SWNT in Figure 7c constrain
the indices to (14, —3) and show that this tube has chirality
opposite that of the SWNT in Figure 7b.

The ability to characterize the electronic properties of
the atomically resolved tubes by tunneling spectroscopy
has enabled us to determine whether the electronic
properties depend on structure. Specifically, current (1)
vs voltage (V) is measured at specific sites along the
SWNTs and differentiated to yield the normalized con-
ductance

(V/1) di/dV = LDOS ©)

which provides a good measure of the local density of
electronic states (LDOS). The 1-V data that we recorded
on the two tubes discussed above exhibit very different
characteristics (Figure 8). On the SWNT that we assigned
(11, 2) or (12, 2) indices, the current increases with
increasing |V|, while there is a large voltage region of near
zero current for the (14, —3) tube. Similarly, the LDOS
determined from these 1-V data sets are quite distinct.
For the first tube, the LDOS is finite and constant between
—600 and +600 mV. This behavior is indicative of a metal.
Moreover, the normalized conductance data determined
for the (14, —3) tube exhibit an absence of electronic states
at low energies but sharp increases in the LDOS at —325
and +425 mV. These sharp increases are characteristic of
the conduction and valence band edges of a semiconduc-
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tor, and thus confirm our expectation that the (14, —3)
indices correspond to a semiconducting SWNT.

The characterization of semiconducting and metallic
SWNTSs with subtle changes in structure®:61 confirmed the
remarkable electronic behavior of the nanotubes, and
represents a significant step forward in understanding
these 1D nanostructures. We also believe that this initial
work only scratches the surface of a very rich area. The
ability to characterize atomic and electronic structures
represents a unique opportunity for testing the level of
our understanding of the electronic band structure of
these 1D materials; for example, can we obtain quantita-
tive agreement between experiment and theory for the 1D
singularities in the density of states vs diameter, and
interpret the electronic properties of defect and end
electronic states, as well as understand the role of sym-
metry-breaking distortions? Below we look at just one of
these issues as an example of the emerging richness of
these materials.

The sharp peaks in the DOS that we have determined
from our tunneling spectroscopy measurements (e.g.,
Figure 8b) correspond to van Hove singularities (VHSSs)
arising from the 1D band structure of the SWNTs.62.:63
These features represent well-defined experimental mark-
ers that can, when compared with theory, test and further
develop our understanding of the electronic properties of
these fascinating materials. For example, chiral SWNTs
have unit cells that are typically much larger than the cells
of achiral SWNTSs of similar diameter, and thus chiral tubes
could be expected to exhibit a larger number of VHSs than
achiral ones.”? In contrast, other work has suggested that
semiconducting (or metallic) SWNTs of similar diameters
will have a similar number of VHSs near the Fermi level,
independent of the size of the unit cell.”® By extending
our tunneling spectroscopy measurements to larger ener-
gies, we have been able to test these ideas.

In general, |-V data recorded over large voltage ranges
on the SWNTs exhibit rich structure.®® The tunneling
current in Figure 9a exhibits relatively sharp, steplike
increases at larger |V|. At small V, the I-V curves have
finite slope, and thus the normalized conductance or
LDOS has appreciable nonzero value around V = 0 as
expected for a metal. This is consistent with the (13, 7)
indices determined from the atomic structure of this tube
(i.e., 2n + m)/3 is an integer). The steplike structure in
the 1=V curves seen at larger |V|, leads to a series of sharp
peaks in both dI/dV and the LDOS. These peaks cor-
respond to the VHSs resulting from the extremal points
in the 1D energy bands.

We have made a direct comparison of these experi-
mental data to the theoretical electronic band structure
calculated within a tight-binding framework (Figure 9b).63
For example, we calculated the band structure of the (13,
7) SWNT using & and z* orbitals and zone-folding the 2D
graphite band structure into the 1D Brillouin zone speci-
fied by the (13, 7) indices. Significantly, our spectroscopy
data show good agreement with the calculated DOS for
the (13, 7) tube. The agreement between the VHS positions
determined from our diI/dV data and calculations is
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FIGURE 9. (a) I—V data recorded on the (13, 7) SWNT shown in
the inset. (b) The top curve shows the conductance calculated from
the /—V data in (a). This curve is proportional to the density of states.
The middle and bottom plots show the calculated densities of states
for (13, 7) and (12, 6) nanotubes, respectively. The densities of states
were obtained from a s-only calculation.®

especially good below the Fermi energy (Ef) where the first
seven peaks correspond well. Above the Fermi energy
some deviation between the experimental data and cal-
culations exists. The observed differences may be due to
band repulsion, which arises from curvature-induced
hybridization. However, a more detailed calculation re-
ported for the (13, 7) tube shows deviations similar to
those of our w-only calculation.” We have also investi-
gated the sensitivity of the VHSs to variations in the (n,
m) indices by calculating the DOS of the next closest
metallic SWNT, that is, a (12, 6) tube. It is important to
note that the poor agreement in this case demonstrates
that subtle variations in diameter and helicity do produce
distinguishable changes in the DOS for a given class
(metallic or semiconducting) of SWNTSs.

These results demonstrate a growing sophistication in
our understanding of the electronic structure of these
fascinating carbon materials, and we believe that by using
STM and other microscopic techniques we have the
means to learn much more. For example, it will be
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interesting in the future to explore and understand (i) how
broken rotational symmetry and mechanical strain affect
the low-energy electronic states of SWNTs, (ii) how
nanotube—nanotube and nanotube—substrate couplings
perturb the electronic properties, (iii) the nature of end
states and other finite size effects, and (iv) whether the
signatures of a Luttinger liquid can be detected.

IV. Concluding Remarks

In this Account, we have given a brief survey of work,
drawn primarily from the authors’ laboratory, directed
toward understanding the synthesis and properties of 1D
nanostructures. Nanowires of a wide range of single-
crystal elemental and compound semiconductor materials
have now been prepared using a general catalytic syn-
thetic approach. The ability to predict successfully catalyst
materials, catalyst:reactant composition, and reaction
conditions represents, we believe, a major step forward
and makes us confident that nanowire synthesis by design
is no longer a dream of the future. STM has also been
shown to be a powerful tool for elucidating the structure
and electronic properties of 1D nanostructures. By focus-
ing on individual SWNTs within existing heterogeneous
samples, we have been able to elucidate their intrinsic
properties, thereby demonstrating the remarkable struc-
ture—electronic properties of these carbon materials and
providing data that have served and are serving to create
a much needed dialogue between theory and experiment.

There is, we believe, a very bright future in science and
technology for 1D nanostructures. The elemental and
compound semiconductor quantum wires emerging from
our synthesis represent exciting systems to test funda-
mental questions about the localization and delocalization
of optical excitations in 1D. There remain many funda-
mental and fascinating issues about the electronic proper-
ties of carbon nanotubes and likewise emerging nanow-
ires, such as the coherence of extended states, the role of
finite size and symmetry breaking, and new phenomena
at low energies, that will require future developments to
address. Understanding these points will be critical to
many envisioned electronic applications of these 1D
materials. We also expect that 1D nanostructures will serve
as important building blocks for the assembly of a wide
range of functional, nanostructured systems, such as
photonic and thermoelectric materials. Ultimately, by
cross-cutting ideas and techniques from chemical syn-
thesis, physical chemistry, and physics, we have made and
have the opportunity to continue to make quantum jumps
forward in our basic understanding of the growth and
properties of nanostructures that will define a rich array
of technologies in the future.
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