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Chapter 4

Nanomaterials Galore
In This Chapter
� Working with carbon atoms as building blocks

� Kicking off nanotechnology with buckyballs

� Changing the world around us with nanotubes

� Energizing electronics with nanowires

Read the popular science journals out there and you’ll see a lot of ink
slung about how things made with nanomaterials are going to be

stronger, more sensitive, lighter in weight, or have more load capacity than
regular old materials. Delve into the issue a bit more, and you find out that
actually getting simple carbon atoms to do all this for us is rather a complex
little story.

To understand how nanomaterials will be used, you need a clear look at not
only how they are formed but also their various configurations. In this chap-
ter, we look at nano building blocks, and how they’re currently being cajoled
into enhancing all kinds of materials and products. Some of this work is still
in the research phase; other work has graduated to the big bad world of real,
existing consumer products and applications.

It All Starts with Carbon
Carbon atoms are all over the place. In fact, you can find them in millions of
molecules. These molecules have a wide range of properties, meaning they
pop up in every possible form — from gases such as propane to solids such
as diamonds, the hardest material found in nature (and reportedly a girl’s
best friend).



There are three significant reasons for the wide range of properties of materi-
als containing carbon:

� Carbon atoms can bond together with many types of atoms, using a
process called covalent bonding (we discuss the details of covalent
bonding later in this section). When carbon atoms bond with different
types of atoms, they form molecules with properties that vary according
to the atoms they’ve bonded with.

� Each carbon atom can form these covalent bonds with four other atoms
at a time. That’s more bonds than most other atoms can form. Each nitro-
gen atom (for example) can form only three covalent bonds, each oxygen
atom can form only two covalent bonds, and so on. This four-bond capa-
bility allows carbon atoms to bond to other carbon atoms to make chains
of atoms — and to bond with other kinds of atoms at various points along
such chains. This wide range of potential combinations of atoms in a mol-
ecule allows for a correspondingly wide range of potential properties.

� There’s no other element in the periodic table that bonds as strongly to
itself and in as many ways as the carbon atom. Carbon atoms can bond
together in short chains, in which case they may have the properties of 
a gas. They may bond together as long chains, which might give you a
solid, like a plastic. Or, they can bond together in 2- or 3-dimensional lat-
tices, which can make for some very hard materials, such as a diamond.

With capabilities like these, carbon atoms are a natural for use in nanomateri-
als (as you discover in the following sections).

How Carbon-Based Things 
Relate to Nanotechnology

Buckyballs and carbon nanotubes are two types of molecules composed of
carbon atoms that have many applications in nanotechnology. (Peruse the
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“Bond, carbon bond . . .”
In covalent bonding, the atoms that bond share
two electrons, regardless of whether they’re
shaken or stirred; this sharing of electrons is
what holds the atoms together in a molecule. If
the ability of each atom to attract all those nega-
tively charged electrons (called electronegativ-
ity) is reasonably close (that is, if the difference in

electronegativity is no more than 2), then they
can form covalent bonds. Because the elec-
tronegativity of carbon atoms is 2.5 (roughly in
the midrange), they can form strong, stable,
covalent bonds with many other types of atoms
with higher or lower values.



index of any book on nanotechnology — including this one — and you’ll find
umpteen references to buckyballs and nanotubes, a sure sign that they are
the Big Kahunas of the nanotechnology field.) We give you the lowdown on
both types of molecules later in this chapter. For the moment, however, we
tell the tale of benzene and graphite (two natural carbon-based materials).
A look at how their molecular structure influences their properties can help
explain how the same thing happens with buckyballs and nanotubes.

Delocalizing with benzene
Electrons in some carbon-based molecules are organized in orbitals that allow
the electrons to travel between atoms in the molecule. These traveling elec-
trons are called delocalized electrons. Carbon-based materials that have delo-
calized electrons can conduct electric current. One example is benzene — a
ring of six carbon atoms, each with one hydrogen atom attached, and plenty
of delocalized electrons. (Figure 4-1 shows a benzene molecule in all its glory.)

In benzene, each carbon atom uses one electron to bond with each of two
neighboring carbon atoms and one hydrogen atom. This leaves one of the
carbon atom’s four electrons hanging around, unused. The atomic orbitals
that contain these extra electrons overlap with orbitals on the adjacent
carbon atoms, forming an orbital represented by the ring-shaped cloud above
and below the ring of carbon atoms shown in Figure 4-1. This orbital allows
the electrons to move freely around the ring of carbon atoms. (These are the
delocalized electrons we told you about.)

Nanotechnologists have demonstrated that molecules such as benzene —
because they contain these handy delocalized electrons — can be used to
conduct electrical current in nano-scale electronic devices. (We discuss this
process in more detail in Chapter 8.)

This bonding method was originally called conjugated. This term springs from
a previous model of carbon bonding — which held that the extra electrons
formed bonds between every other pair of carbon atoms. This situation
would create alternating single bonds (where two electrons are shared) and
double bonds (where four electrons are shared) between carbon atoms.
Although scientists have replaced this model, some nanotechnologists still
use the term conjugated bond to indicate the presence of extra electrons that
can be used in a bonding process.

Delocalized
electrons

Benzene
(C6H6)

Figure 4-1: A
benzene

ring.
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Letting things slide with graphite
Benzene gives you a simple example of how delocalized electrons work;
based on that understanding, now you can see how a slightly more complex
material, graphite (the tip of your #2 pencil), also conducts electricity.

A graphite molecule is, like benzene, a collection of carbon rings — but it’s
built differently: The same electrons that benzene uses to bond each carbon
atom to a hydrogen atom are used instead to bond carbon atoms to other
carbon atoms in adjacent carbon rings. What you get for a molecule is a
sheet of interlocking hexagonal carbon rings, as shown in Figure 4-2. In this
structure, each carbon atom bonds covalently to three other carbon atoms.
The bonds are all carbon-to-carbon till you get to the edge of the graphite
sheet, where the carbon atoms bond to hydrogen atoms (one each).

As with benzene, each carbon atom in graphite has an “extra” electron — one
more than the number of atoms it’s bonded to. The atomic orbitals for these
electrons overlap to form a molecular orbital that allows delocalized electrons
to move freely throughout an entire graphite sheet. That’s why graphite con-
ducts electricity.

A sheet of graphite is very strong because of the interlocking carbon-to-carbon
covalent bonds. But wait a minute: The graphite in pencil lead doesn’t seem all
that strong (and it smudges all over you if you’re not careful). That’s because
it’s composed of many parallel sheets of graphite. Although each individual
sheet of graphite is very strong, it’s only one carbon atom thick — that’s less
than a nanometer. Because all the electrons have been put to use within the
molecular sheet, the bonding between sheets of carbon is done with van der
Waals’ forces, which are very weak. The graphite sheets can slide across each
other easily, which makes graphite useful as a lubricant or as a drawing tool —
when you draw a picture of your house, sheets of graphite slide off onto the
piece of paper.

Covalent bond
Carbon atom

Figure 4-2:
The

structure of
carbon
atoms

connected
by covalent

bonds in a
sheet of

graphite.
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Two properties of graphite sheets make them especially useful in nanotech-
nology: their strength and their ability to conduct electricity. Buckyballs and
nanotubes are essentially graphite sheets shaped into spheres or tubes —
and the next few sections provide a closer look.

Bouncing Buckyballs
A buckyball (short for buckminsterfullerene, a term we explain shortly) is a
molecule containing 60 carbon atoms. Each carbon atom is bonded to three
adjacent carbon atoms, just as in graphite. However the carbon atoms in a
buckyball form a teensy-weensy sphere that’s about 1 nanometer in diameter,
as shown in Figure 4-3. Because one of the properties of carbon atoms is that
they can bond to many other types of atoms, researchers can use them to
create customized molecules, useful in various applications discussed
throughout this book.

Covalent
bond

Carbon atomFigure 4-3:
Sixty carbon
atoms in the

shape of a
sphere — a

buckyball.
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Desperately seeking buckyballs
Buckyballs were discovered through an inter-
esting collaboration of researchers from two
universities. Richard Smalley at Rice University
was studying semiconductor materials. He had
a device that shined a laser at a solid sample,
vaporized part of it, and analyzed the clusters of
atoms that formed in the vapor.

Meanwhile, at the University of Sussex, Harry
Kroto was attempting to reproduce a material
found in deep space that generated specific
molecular spectra from carbon atoms. Bob Curl,
also from Rice University, was doing similar
work. Curl ran into Kroto at a symposium and
suggested he drop by Rice University because

Smalley’s scientific instrumentation might be
helpful in his work. Kroto dropped by Rice, and
after seeing the work that Smalley was doing,
he became interested in using that equipment
to reproduce his carbon molecules.

Time spent working with high-end scientific
equipment is always at a premium, so Kroto had
to wait about a year until the equipment was
available. In August of 1985, Smalley, Kroto, Curl,
and some graduate students performed a series
of experiments producing carbon molecules
and clusters. They found that under certain con-
ditions, most of the molecules generated con-
tained 60 carbon atoms. Voilà: buckyballs.



While many of the atoms in buckyballs are connected together in hexagons
(just as in graphite sheets), some of the atoms are connected together in pen-
tagons. The pentagons allow the sheet of carbon atoms to curve into the
shape of a sphere. Every buckyball surface contains 12 pentagons and 20
hexagons.

After much discussion and modeling, researchers determined that 60 carbon
atoms form a single stable molecule only if they’re arranged in 20 hexagons and
12 pentagons that are linked to form a sphere — as it happens, it’s the same
arrangement of hexagons and pentagons proposed by American architect and
engineer Buckminster Fuller for his famed geodesic dome. No wonder these
molecules got dubbed buckminsterfullerenes (that’s fullerenes for short) in his
honor. This type of spherical carbon molecule has been found in various other
sizes. The fullerene family of molecules is often identified by the letter C fol-
lowed by the number of carbon atoms, for example C60, C70, C80.

Creating buckyballs
Richard Smalley, one of the scientists credited with discovering buckyballs
(see sidebar), produced the little wonders in a device by vaporizing carbon
with a laser and allowing the carbon atoms to condense. However, this device
could only produce a very small number of buckyballs — enough to show
their existence but not enough to allow thorough study of their capabilities.

It took collaboration between researchers at the Max Planck Institute in
Germany and the University of Arizona to figure out how to make larger quan-
tities of buckyballs. Operating on a shoestring, they vaporized carbon by
placing two carbon electrodes close together and generating an electric arc
between them in a reaction chamber filled with a low pressure of helium or
neon (neither of which will bond with carbon). This method generated much
larger quantities of buckyballs than Smalley’s device did, although the bucky-
balls had to be separated from carbon soot by using solvents such as ben-
zene. The method produced enough buckyballs to analyze for their electrical
and physical properties.

But what if you want to produce buckyballs by the truckload (as you’d need to
for most commercial applications)? A little tech school in Massachusetts called
MIT, working with a company called Nano-C, Inc., developed a method called
combustion synthesis, which produces big enough quantities of buckyballs — at
a low enough cost — for use in commercial applications. This method mixes a
hydrocarbon with oxygen and burns the hydrocarbon at a low pressure. Nano-
C states that its latest version of this process produces buckyball material pure
enough (about 95 percent) to skip the step that separates the product from the
carbon soot — and that reduces costs significantly.
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Do you need buckyballs by the ton? The Frontier Carbon Corporation, a sub-
sidiary of the Mitsubishi Corporation, has built a facility capable of produc-
ing 40 tons of buckyballs per year. They started production with an early
version of the combustion-synthesis process developed by MIT and Nano-C,
but have since switched to an undisclosed technique developed at Kyoto
University.

Using buckyballs in the real world
At the time of this writing, most of the commercial applications of buckyballs
are still in development. But just where does the most promise lie?

Buckyballs as antioxidants
The medical field is one place that buckyballs appear to have a promising
future. C Sixty, Inc., is one of the companies developing medical applications
for buckyballs. They are focusing on the ability of buckyballs to act as antiox-
idants, counteracting free radicals in the human body.

A free radical is a molecule or atom that has an unpaired electron — which
makes it very reactive. An antioxidant is a molecule that can supply an elec-
tron and neutralize a free radical. The human body normally has a balance of
free radicals and antioxidants; a certain level of free radicals is actually nec-
essary to make your immune system work. However, the level of antioxidants
found naturally in your body decreases as you get older. The resulting high
level of free radicals roaming around your system could be the cause of cer-
tain diseases.

Buckyballs can act as antioxidants to neutralize free radicals. When a bucky-
ball meets a free radical, the unpaired electron in the free radical pairs up
with one of the buckyball’s delocalized electrons, forming a covalent bond
between the free radical and a carbon atom in the buckyball.

One problem with using buckyballs as an antioxidant is that antioxidants have
to be soluble in water to be truly useful as medical applications. Buckyballs are
not naturally soluble in water, and therefore not soluble in the bloodstream.
(Remember that water makes up about 80 percent of blood.) To make bucky-
balls soluble, C Sixty has added a water-soluble molecule to them. This is done
by covalently bonding an atom in the water-soluble molecule to one of the
carbon atoms in the buckyball.

Bonding an atom or molecule to a buckyball to change the properties of the
buckyball is called functionalization.

Merck, Inc., has obtained a licensing option on C Sixty’s antioxidant, and is
jumping through the various hoops of evaluation and qualification that the
government requires before new drugs can be provided to the medical field.
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They are going to all this trouble because studies have shown that buckyball-
based antioxidants are several times more effective than antioxidants avail-
able today. Each buckyball-based antioxidant can counteract several free
radicals because each buckyball has many carbon atoms for the free radicals
to bond to. Antioxidant molecules currently in use can only counteract one
free-radical molecule apiece; they have fewer places to which free radicals
can attach themselves.

Improving medical imaging and drug delivery with buckyballs
Another potential use of buckyballs in medicine involves delivering elements
for medical imaging. When you make a buckyball, you vaporize carbon. If you
vaporize a metal along with the carbon, buckyballs conveniently form around
the metal atoms. Fast-forward to the metal gadolinium, which is used for med-
ical imaging, but with gadolinium there’s a danger that some of the metal can
remain in a body and cause damage. By containing these potentially harmful
metal atoms in a buckyball, researchers hope to be able to flush the metal-
enclosed-in-a-buckyball combination completely from the body after it has
accomplished its medical imaging task, rather than leaving it there where it
could be absorbed into tissue. (Chapter 10 details the use of buckyballs for
medical imaging.)

Another use of buckyballs is to deliver drugs directly to infected regions of
the body. It turns out that such regions have pH levels that differ from the pH
of the healthy bits (pH measures the acidity of a solution). Researchers hope
to functionalize a buckyball by bonding it to molecules that react to changes
in pH, so the drug is only released at the infected area. In Chapter 11 we dis-
cuss this method in more detail.

One other reason buckyballs are useful for drug delivery is that they are
small enough to move around inside the body quite easily.

Buckyballs at work everywhere
Here’s a quick rundown of various efforts that are going on today to develop
products using the capabilities of buckyballs. When these products will
become available is anybody’s guess at this point, but it depends in part on
our ability to produce low-cost buckyballs.

� Dupont and Exxon are using buckyballs to develop stronger polymers.
These companies are looking at two ways of doing this: by integrating
the buckyballs in the polymer with chemical bonding, or by simply toss-
ing buckyballs into the polymer and embedding them there.

� Additional buckyball-based antioxidant type drugs are being developed
or tested. For example, anti-aging or anti-wrinkle creams are being devel-
oped by Mitsubishi, Taiwan University is testing a buckyball-based drug
to fight arteriosclerosis, and C Sixty is working on both burn creams and
an HIV drug.
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� Sony is developing more efficient fuel cell membranes using buckyballs.

� Siemens has developed a buckyball-based light detector.

� Seagate is using buckyballs to develop diamond-hard coatings for com-
puter disk drives.

Buckyballs Grow Up to 
Become Nanotubes

As far back as 1959, Roger Bacon had produced images of carbon nanotubes.
In the 1980s, Howard Tennant applied for a patent for a method to produce
them. In 1990, Richard Smalley postulated the concept that if buckyballs get
big enough, they become carbon cylinders. But it wasn’t until 1991 that
Sumio Iijima, a researcher at NEC’s Fundamental Research Lab, not only took
photos of nanotubes, but also put two and two together to explain what nan-
otubes actually are — and put a name to them. He placed a sample of carbon
soot containing buckyballs in an electron microscope to produce some pho-
tographs of buckyballs — which he in fact did — but some odd, needle-
shaped structures caught his attention.

It turned out that these needle shapes were actually cylinders of carbon
atoms that were formed at the same time that the buckyballs were formed.
Like buckyballs, these cylinders (called carbon nanotubes) are each a lattice
of carbon atoms — with each atom covalently bonded to three other carbon
atoms. Carbon nanotubes are basically buckyballs, but the end never closes
into a sphere when they are formed. Instead of forming the shape of a sphere,
the lattice forms the shape of a cylinder, as illustrated in Figure 4-4.

Nanotubes come in a couple of varieties. They can either be single-walled
carbon nanotubes (SWNT) or multiwalled carbon nanotubes (MWNT). As you
might expect, an SWNT is just a single cylinder, whereas an MWNT consists
of multiple concentric nanotube cylinders, as illustrated in Figure 4-5. We’ll
tell you about SWNTs rather than MWNTs, because most research is focused
on developing uses for single-walled nanotubes.

The length and diameter of SWNTs varies, but a typical SWNT would be about
1 nanometer in diameter and a few hundred nanometers in length. The small-
est diameter anybody has ever seen in SWNTs is about the same as the C60
buckyball, just under 1 nanometer.
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Figure 4-5:
Illustration

of a
multiple-

walled
carbon

nanotube.

Carbon atom

Covalent bond

Figure 4-4:
Illustration

of a carbon
nanotube.
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Producing nanotubes from thin air
Researchers found that by adding just a few percentage points of vaporized
nickel nanoparticles to the vaporized carbon (using either the arc-discharge
or laser-vaporization method to produce the vapor), they could make as
many nanotubes as buckyballs — or even more. Here’s why: Carbon atoms
dissolve in the metal nanoparticle. When the metal nanoparticle is filled to
the brim with carbon atoms, carbon atoms start sweating onto the surface of
the particle and bond together, growing a nanotube. When you anchor one
end of the growing nanotube to the metal nanoparticle, it can’t close into the
sphere shape of a buckyball. This also allows the nanotubes to incorporate
many more carbon atoms than a buckyball.

This method produces both single and multiple walled nanotubes intermin-
gled with carbon soot. (If you want to know how to get nanotubes out of the
marshmallows you roast over your campfire, flip over to Chapter 5, where we
discuss methods of removing nanotubes from the carbon soot and untangling
them.)

Once they discovered nanotubes, researchers set about trying to figure out
ways to produce lots of them. There are three methods that various compa-
nies have developed to produce carbon nanotubes in bulk quantities and at a
lower cost:

� The first method is called high-pressure carbon monoxide deposition, 
or HiPCO. This method involves a heated chamber through which
carbon monoxide gas and small clusters of iron atoms flow. When
carbon monoxide molecules land on the iron clusters, the iron acts as a
catalyst and helps a carbon monoxide molecule break up into a carbon
atom and an oxygen atom. The carbon atom bonds with other carbon
atoms to start the nanotube lattice; the oxygen atom joins with another
carbon monoxide molecule to form carbon dioxide gas, which then
floats off into the air.

� The second method is called chemical-vapor deposition, or CVD. In this
method, a hydrocarbon — say, methane gas (one carbon atom and four
hydrogen atoms) — flows into a heated chamber containing a substrate
coated with a catalyst, such as iron particles. The temperature in the
chamber is high enough to break the bonds between the carbon atoms
and the hydrogen atoms in the methane molecules — resulting in carbon
atoms with no hydrogen atoms attached. Those carbon atoms attach to
the catalyst particles, where they bond to other carbon atoms — forming
a nanotube.

� A brand-new method uses a plasma process to produce nanotubes.
Methane gas, used as the source of carbon, is passed through a plasma
torch. Nobody’s revealed the details of this process yet, such as what, if
any, catalyst is used. One of the initial claims is that this process is 25
times more efficient at producing nanotubes than the other two methods.
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Eying the structure of carbon nanotubes
A carbon nanotube is a cylinder of carbon atoms covalently bonded together,
sort of like a sheet of graphite rolled into a cylinder. Some of these cylinders
are closed at the ends and some are open. Each carbon atom is bonded to
three other carbon atoms and forms a lattice in the shape of hexagons (six-
sided rings of carbon atoms), except near the end. For nanotubes with closed
ends, where the ends start to curve to form a cap, the lattice forms pen-
tagons (five-sided rings of carbon atoms).

The lattice can be orientated differently, which makes for three different
kinds of nanotubes. As shown in Figure 4-6, in armchair nanotubes, there is 
a line of hexagons parallel to the axis of the nanotube. In zigzag nanotubes,
there’s a line of carbon bonds down the center. Chiral nanotubes exhibit a
twist or spiral (called chirality) around the nanotube. We discuss how the ori-
entation of the lattice helps determine the electrical properties of the nan-
otube later in this chapter.

Scanning the properties of nanotubes
One property of nanotubes is that they’re really, really strong. Tensile strength
is a measure of the amount of force an object can withstand without tearing
apart. The tensile strength of carbon nanotubes is approximately 100 times
greater than that of steel of the same diameter.

There are two things that account for this strength. The first is the strength
provided by the interlocking carbon-to-carbon covalent bonds. The second 
is the fact that each carbon nanotube is one large molecule. This means it

Armchair ChiralZigzag

Figure 4-6:
Armchair,

zigzag, and
chiral

nanotubes.

76 Part II: Building a Better World with Nano-Materials 



doesn’t have the weak spots found in other materials, such as the boundaries
between the crystalline grains that form steel.

Nanotubes are strong but are also elastic. This means it takes a lot of force to
bend a nanotube, but the little guy will spring right back to its original shape
when you release it, just like a rubber band does. Researchers have used
atomic force microscopes to physically push nanotubes around and observe
their elastic properties. Evaluations with transmission electron microscopes —
the kind of microscope sensitive enough to give you a peek at atomic shapes —
show that the bonds in the atomic lattice don’t break when you bend or com-
press a nanotube.

Young’s modulus for carbon nanotubes, a measurement of how much force it
takes to bend a material, is about 5 times higher than for steel, so if you were
thinking of going out and bending a nanotube, think again. The fact is, there’s
not another element with a lattice structure in the whole periodic table that
bonds to itself with as much strength as carbon atoms. And, since carbon
nanotubes have such a perfect structure, they avoid the degradation of
strength that you get with other materials.

In addition to being strong and elastic, carbon nanotubes are also light-
weight, with a density about one quarter that of steel.

As if that weren’t enough, carbon nanotubes also conduct heat and cold
really well (they have a high thermal conductivity); some researchers predict 
a thermal conductivity more than 10 times that of silver — and if you’ve ever
picked up a fork from a hot stove, you know silver and other metals are
pretty darn good conductors of heat. While metals depend upon the move-
ment of electrons to conduct heat, carbon nanotubes conduct heat by the
vibration of the covalent bonds holding the carbon atoms together; the
atoms themselves are wiggling around and transmitting the heat through 
the material. The stiffness of the carbon bond helps transmit this vibration
throughout the nanotube, providing very good thermal conductivity.

A diamond, which is also a lattice of carbon atoms covalently bonded, uses
the same method to conduct heat, so it’s also an excellent thermal conductor,
as well as a stunning piece of jewelry.

Carbon nanotubes are a little bit sticky, as well. The electron clouds on the
surface of each nanotube provide a mild attractive force between the nan-
otubes. This attraction is called van der Waals’ force (which we discuss in
Chapter 3). This involves forces between nonpolar molecules (a molecule
without a positive end and a negative end). A carbon nanotube just happens
to be a nonpolar molecule.
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But not all nanotubes are exactly alike. Armchair nanotubes all have electri-
cal properties like metals — but only about a third of all zigzag and chiral
nanotubes have electrical properties like metal; the rest (roughly two thirds)
have electrical properties like semiconductors. (For more about the differ-
ence, see the “Metallic or semiconducting?” sidebar, later in this chapter.) A
metallic carbon nanotube conducts electricity when you connect different
voltages to each end, just like a wire. Applying a negative voltage at one end
and a positive voltage at the other end causes electrons to flow towards the
positive voltage. To get electrons to flow through a semiconducting carbon
nanotube, you also have to add some energy. (You could shine light on the
nanotube, for example.)

Carbon nanotubes conduct electricity better than metals. When electrons
travel through metal there is some resistance to their movement. This resis-
tance happens when electrons bump into metal atoms. When an electron
travels through a carbon nanotube, it’s traveling under the rules of quantum
mechanicals, and so it behaves like a wave traveling down a smooth channel
with no atoms to bump into. This quantum movement of an electron within
nanotubes is called ballistic transport.
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Metallic or semiconducting?
The diameter of a carbon nanotube and the
amount of twist in its lattice determines whether
it’s metallic or semiconducting. Electrons in
carbon nanotubes can only be at certain energy
levels, just like electrons in atoms. A nanotube is
metallic if the energy level that allows delocal-
ized electrons to flow between atoms through-
out the nanotube (referred to as the conduction
band) is right above the energy level used by
electrons attached to atoms (the valance band).
In a metallic nanotube, electrons can easily
move to the conduction band. A nanotube is
semiconducting if the energy level of the con-
duction band is high enough so that there is an
energy gap between it and the valance band. In
this case, additional energy, such as light, is
needed for an electron to jump that gap to move
to the conduction band. While there is no gap
between the valance and conduction bands for

armchair nanotubes (which makes them metal-
lic), an energy gap does exist between the
valance and conduction bands in about two
thirds of zigzag and chiral nanotubes — which
makes them semiconducting.

Obviously, it’s important to be able to control
what type of nanotube you are growing. Most
current production processes for nanotubes
create both metallic and semiconductor nan-
otubes. Researchers at Rice University have hit
on a way to control this process. They take short
lengths of nanotubes of the type they want and
attach nanocatalyst particles (typically a metal
such as nickel) to one end. These nanotubes are
placed in the reaction chamber and act like
seeds. New, long, nanotubes are grown from
these seeds, kind of like nanotube cloning.



Carbon atoms in nanotubes, like those in buckyballs, have the ability to cova-
lently bond to other atoms or molecules creating a new molecule with cus-
tomized properties. Bonding an atom or molecule to a nanotube to change its
properties is called functionalization.

Putting nanotubes to good use
Researchers at Rice University are developing a way to form wires out of nan-
otubes. The process used to spin polymer fibers together to make Kevlar
cables was used as a model to figure out how to spin nanotubes together into
a wire. The wire is a bunch of metallic armchair nanotubes bundled together.

In a wire made of carbon nanotubes, electric current could zip through like a
skater on ice. In addition, less energy would be wasted as heat. It would also
weigh less than conventional wire, while being able to conduct huge doses of
current. The impact of such wire on energy technologies could be big.

Researchers are also looking into using carbon nanotubes to detect chemical
vapors. The way this would work would be that molecules that make up a
chemical vapor would land on the nanotube and attach themselves to it by
forming covalent bonds with the carbon atoms in it. This would change the
electrical conductivity of the nanotube by decreasing or increasing the
number of delocalized electrons available for conduction, which would then
trigger an alarm of some kind.

Sensors using carbon nanotubes have been shown to detect chemical vapors
with concentrations in the parts per billion (ppb). One problem is that many
molecules can interact with carbon nanotubes in this way. In order to ensure
that sensors are detecting the right chemical, researchers coat nanotubes with
a polymer that allows certain molecules to reach the nanotube and blocks
others. (We discuss nanotube-based chemical-vapor sensors in Chapter 8.)
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What’s in a name?
Electrons travel ballistically within the nan-
otubes formed into a wire; however, in order to
transfer between nanotubes, electrons use a
method called quantum tunneling. This jump in
space is something like riding along the high-
way in a car and suddenly finding yourself in a
car in the next lane. This type of wire is being

called armchair quantum wire because of the
use of armchair nanotubes and the quantum
nature of electron transport within the wire. If
armchair quantum wire becomes available, its
first application would be in situations where
reducing weight is critical, such as in satellites
and airplanes.



There’s also the possibility of storing hydrogen in nanotubes. Imagine a mate-
rial that can absorb hydrogen like a sponge absorbs water. This material
could be used as a fuel tank for hydrogen fuel cell-powered cars. (We discuss
various research efforts using nanotechnology to improve hydrogen produc-
tion and storage in Chapter 9.)

Researchers are looking at using nanotubes, as well as other nano-size mate-
rials, to make transistors, memory cells, and wires. As the complexity of com-
puter chips increases, it’s very important to reduce the size of the devices
and wires. Currently the narrowest device or wire used in computer chips 
is 90 nanometers. With nanotubes and nanowires (see the next section) we
could produce transistors and memory devices about a nanometer wide.
This effort is called molecular electronics and we talk about it in more detail
in Chapter 8.

Wire made from nanotubes is not the same as nanowire. Nanowire is a
nanoscopic solid wire made of various metals — too small to be seen by the
human eye. Wire made from nanotubes is like a woven fiber made from many,
many nanotubes — and that could be as big as a standard electrical cord.

Getting Wired with Nanowires
Nanowires are simply very tiny wires. They are composed of metals such as
silver, gold, or iron, or semiconductors such as silicon, zinc oxide, and germa-
nium. Nanoparticles are used to create these little nanowires, which can have
a diameter as small as 3 nanometers.

Growing nanowires
The production of nanowires is similar to nanotubes; it requires using a cata-
lyst particle in a heated reaction chamber. To grow nanowires composed of
gallium-nitride, researchers at Harvard University flow nitrogen gas and
vaporized gallium through the reaction chamber containing an iron target.
Iron nanoparticles are vaporized from the target by a laser to act as a cata-
lyst. Both gallium and nitrogen molecules dissolve in the iron nanoparticle.
When you get so much gallium and nitrogen in the particle that it starts to
sweat off of the surface, molecules precipitate onto the surface of the particle
where they combine to grow the nanowire.

When you grow any nanowire, the materials you use must be soluble in the
catalyst nanoparticle. For example, to grow silicon nanowires, a gold catalyst
nanoparticle is used because silicon dissolves in gold.
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To grow arrays of nanowires — great for making electronic devices or sen-
sors — you can use catalyst nanoparticles positioned on a solid substrate,
rather than nanoparticles in a vapor. For example, researchers at the National
Institute of Standards and Technology have used gold nanoparticles on a 
sapphire surface as catalysts to grow arrays of nanowires composed of zinc
oxide. By changing the size of the gold nanoparticles, they are able to control
whether the nanowires grow tilted vertically at a 60-degree angle up from the
surface, or horizontally along the surface.

Nanowires at work
Several research groups have demonstrated the use of nanowires to create
memory devices and transistors. Researchers at Hewlett-Packard and the
University of California at Los Angeles have demonstrated that a memory cell
can be formed at the intersection of two nanowires. You can see a crossbar
array of these nanowires in Figure 4-7 (courtesy of Hewlett-Packard). Using a
somewhat more complicated array of nanowires, they have also come up
with a transistor-like device called a crossbar latch.

Folks at the University of Southern California and the NASA Ames Research
Center have demonstrated a memory device that uses indium oxide nanowires.
They are predicting that this device will be able to store 40 gigabits per square
centimeter, which is a lot of data by anybody’s standards.

Building transistors and memory devices used in computer chips from mate-
rials about the width of a nanometer, such as nanowires, is called molecular
electronics. We discuss molecular electronics in more detail in Chapter 8.

Meanwhile, over at Harvard University they’ve demonstrated a nanowire-
based sensor that can detect diseases in blood samples. The working part 
of the sensor is a nanowire that has been functionalized by attaching certain
nucleic acid molecules to it. The nucleic acid molecules bond to a cystic
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fibrosis gene if it is present in a blood sample. When this happens, the con-
ductance of the nanowires changes. The change in the nanowire conductance
causes a current to flow.

This type of sensor has the potential to provide immediate analysis of blood
samples for a variety of diseases, possibly right in your doctor’s office with
just a pinprick in your finger. That’s much more convenient than giving vials
full of blood and waiting for a test to come back from a lab. Add to that, this
sensor is highly sensitive and might detect diseases we’ve never even been
able to detect before, or detect viruses at an earlier stage.

But there’s a major challenge for researchers developing this technique,
either with nanowires or nanotubes: They have to find a way to make the sen-
sors selective and prevent false signals. In the Harvard demonstration, they
did this by using a specific nucleic acid that would only bond to the cystic
fibrosis gene. We talk more about nanotechnology in medical diagnosis in
Chapter 10.

Finally, researchers at the National Institute of Standards and Technology, 
as well as the folks at the Max Planck Institute, are investigating the use of
nanowires to increase the density of a magnetic recording medium (such as
the disk drives used in computers). Both groups have been able to deposit
arrays of magnetic nanowires — and their work shows that it’s feasible to use
this type of structure to store information at a much higher density than cur-
rent disk drives can. However, other researchers are investigating the idea of
using certain arrangements of nanoparticles to do the same thing as
nanowires. It’s a toss-up as to which idea will win out.
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