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ABSTRACT A concept for creating a future ultra-low-resistivity material based on
a carbon nanotube—metal composite is presented. Using a simple effective-medium
model it is shown that a room-temperature resistivity 50% lower than Cu is achievable.
This article sets a goal for future R&D activities, although a number of technical as
well as scientific problems are to be solved before realising the suggested concept. The
ultra-low resistivity is possible because the ballistic conducting carbon nanotubes have
an electron mean free path several orders of magnitude longer than metals like Cu and
Ag. This implies that a system with parallel-connected tubes can indeed have a room-
temperature resistivity far below the resistivity of conventional metal conductors like

Al, Cuand Ag.
PACS 72.15.-v; 81.05.Zx

1 Introduction

Cu and Al have been the two
dominating conductor materials during
the past 100 years. In high-technology
applications, Ag is sometimes used be-
cause its resistivity is ~ 5% lower than
for Cu. However, Ag is a much more
expensive material. A new conductor
material with a room-temperature re-
sistivity much lower than Al, Cu and
Ag would have large technological and
economical impact. A large amount of
the ohmic losses could be avoided and
a new low-resistivity material would
permit completely new system solu-
tions, since the present electrical pro-
ducts/equipment are optimised for the
conventional conductor materials. After
the discovery of high-temperature su-
perconductors in 1986, a large amount
of research and development has been
conducted in this field in the search
for a loss-free conductor. However, the
problems with cooling, fragile materi-

als and current-density limitations have
been extremely difficult to overcome.
Today superconductors are almost ex-
clusively used in research and medicine.

In recent years, a large number of
publications regarding the electronic
properties of carbon nanotubes have
appeared in scientific journals [1]. An
important discovery is that carbon nano-
tubes can be either metallic or semi-
conducting depending on the detailed
geometry of the tubes, and the metallic
nanotubes are predicted to be so-called
ballistic conductors with a resistance
(6454 Q2 /tube) independent of the tube
length [2]. For tubes in the range of
5—10 wm in length, this would corres-
pond to a bulk resistivity several times
lower than for Cu.

This article presents a new concept
of how to realise the ballistic conduc-
tion of carbon nanotubes and to make
a new ultra-low-resistive bulk material
with a resistivity far below that of Al, Cu
and Ag.
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2 Ballistic conduction
2.1 Theory of ballistic conductors

Before discussing the con-
ductivity of carbon nanotubes, CNTs,
let us review the fundamental proper-
ties of conventional ohmic conductors
and ballistic conductors. In an ohmic
conductor, the conductance G can be
written as

A
G=0—,

L
where o is the conductivity of the ma-
terial, A is the area and L is the length
of the conductor. In general a conduc-
tor has an ohmic behaviour if its dimen-
sions are larger than certain characteris-
tic lengths like the mean free path, [y,
the phase-relaxation length, /,p,, and the
de Broglie wavelength, /gg. An electron
in a perfect crystal (at low temperature)
moves as if it were in vacuum but with
a different mass. Any deviation from
a perfect crystal, such as impurities or
phonons, leads to collisions that scat-
ter the electrons from one state to an-
other in which they lose some momen-
tum. This loss of momentum gives rise
to what we at a macroscopic level call
resistivity /conductivity. The mean free
path, [, is the average distance an elec-
tron is travelling before it has lost all
of its original momentum. The conduc-
tivity of a sample is proportional to the
mean free path, i.e. the longer the mean
free path the higher the conductivity will
be. This can be described as
o= g2,
vgm*
where ¢ is the electron charge, ng the
density of conduction electrons, v the
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Fermi velocity and m* the effective
mass. At room temperature the mean
free path of Cu is approximately 40 nm.

It is found, both theoretically and
experimentally, that as the length of
a conductor approaches zero, the con-
ductance approaches a value G., and
not infinity as one might expect from
the equation above. This conductance
has its origin at the interface between
the conductor and the contact pads. This
type of conductor is referred to as a bal-
listic conductor. If the conductor has
a length much less than the mean free
path of the electron all losses occur at
the contacts. According to the Landauer
formula [3] the conductance for a ballis-
tic conductor can be written as

22

where M is the number of electron
bands at the Fermi level and T is the
probability that an electron injected at
one end of the conductor will be trans-
mitted to the other end. In a ballistic
conducting single-walled carbon nano-
tube M =2. The constant G = 2¢*/h
is the so-called conductivity quantum.
If no reflection occurs at the contacts,
and no scattering occurs inside the con-
ductor, T = 1. In this case of T = 1 the
resistance (G ') of a carbon nanotube,
as well as other ballistic conductors with
M = 2,1s 6454 Q2. Notice that this resis-
tance is independent of the length of the
conductor!

A conductor will be a ballistic con-
ductor if the mean free path is larger than
the length of the conductor. If one as-
sumes that we have a defect-free carbon
nanotube which does not interact with
the surroundings (and does not have any
symmetry breaking due to phonons or
other thermal effects), the mean free
path of that tube would be infinite and
we would thus have a conductor which
shows a truly length-independent con-
ductivity. This ideal situation never ex-
ists in reality. From a theoretical point
of view it is realistic to believe that
ballistic transport can be sustained in
CNTsup to alength of 10 pm or slightly
longer [2]. Quasi-ballistic conductors
with only a few weak scattering cen-
tres (defects) along the entire conductor
will almost behave as a ballistic conduc-
tor. The conductivity of a quasi-ballistic
conductor could be described using the
Landauer formula with 7' < 1.

For a more detailed description of
the general theory of ballistic conduc-
tors see for example [3].

2.2 Ballistic transport in carbon
nanotubes

Below follows areview of the
present understanding of ballistic trans-
portin CNTs. In general, to achieve bal-
listic transport in carbon nanotubes one
has to pay attention to the quality of the
tubes used as well as which type of elec-
trical contacts that are used.

Recently, H. Dai’s group at Stan-
ford University [4,5] have proven that

least 2 wm. In the experiment by Frank
et al. [6] each MWNT only was con-
ducting by 1 Gy. A possible explanation
of this is given in [7]: only the outer
carbon nanotube can conduct since the
wave-function overlap between succes-
sive tubes is very small (~ 5%). Further-
more, the tube—tube interaction inside
the MWNT reduces the number of con-
duction bands M from M =2to M = 1.
A similar argument, including tube—
tube interaction, is presented by Sanvito
etal. [8].

McEuen et al. [9] used an experi-
mental result to calculate the mean free

single-walled carbon nanotubes (SWNTs) path in SWNTs from the charging en-

can be ballistic conductors. The key to
success was to use high-quality SWNTs,
produced by a chemical vapour deposi-
tion (CVD) method and carefully con-
tacted with Ti contacts. In [5], a 4-pum-
long SWNT with a diameter of 1.2 nm
proved to be a ballistic conductor with
a conductance of 1.6 Gy (i.e. 8 k) at
low temperatures. At room temperature
the conductance of the same tube was
0.7 G (i.e. aresistance of 18 k£2).
There are strong indications that bal-
listic transport can also occur in multi-
walled carbon nanotubes, MWNTs [6].
However, the conduction mechanisms
in these high-quality MWNTs is not
yet fully understood. It is unclear if
each shell contributes with 1 Gg or
2 Gy. Furthermore, it is not clarified if
only the outermost shell or all shells in
the MWNT are ballistic conductors. In
1998 Frank et al. [6] performed experi-
ments on the conductivity of MWNTSs
with typical lengths of 1-10 um and
diameters of 5—25 nm. Using an atomic
force microscope, AFM, witha MWNT
attached to the tip, they contacted the
MWNT with a liquid-metal surface (i.e.
mercury and gallium). Their interpre-
tation of the experiment was that the
MWNTs acted as ballistic conductors.
In Frank’s experiment the conductance
generally jumped in steps of 1 Gy. This
was interpreted as when one additional
MWNT reached the liquid-metal sur-
face the conductance increased by one
quantum. In some cases, the conduc-
tance jumped by 0.5 G¢, which was in-
terpreted as defects affecting the trans-
mission coefficient, and when a defect
was pushed below the liquid-metal sur-
face the defect was ‘shorted out’. The
distance in which the ballistic effect was
sustained (at room temperature) was at

ergy at low temperature. Based on a
‘particle in a box’ model they calculated
a mean free path in the order of 10 pm,
which is close to the actual tube length
of 8 um. The fact that the mean free path
of carbon nanotubes might be as large as
~ 10 pm while the mean free path of Cu
is approximately 0.04 pm suggests that
carbon nanotubes might be the building
blocks of ultra-low-resistivity materials.
Dekker [10] gives the following picture
of why the mean free path in carbon
nanotubes is so much longer compared
to other materials: “Whereas a local de-
fect will have a drastic effect in a sin-
gle row of atoms, leading to localisation,
the same defect will be much less se-
vere in a nanotube because its effect will
be averaged out over the whole tube cir-
cumference due to the doughnut-shaped
electron wave function.”.

An interesting but yet unanswered
question about ballistic transport in
CNTs regards the upper length limit and
its temperature dependence. So far the
upper limit for ballistic conduction in
CNTs is unknown. In this area more re-
search activities are clearly needed.

3 Ultra-low resistivity in
carbon nanotube-based
composites

As stated above, the mean
free path of the electrons in SWNTs
can be much shorter than the mean free
path in conventional conducting ma-
terials such as Cu. One can therefore
speculate that SWNTs (or MWNTs)
might be used as building blocks in fu-
ture ultra-low-resistive materials. Let us
therefore estimate how low the resistiv-
ity of a material with parallel-coupled
high-quality SWNTs might be. Ac-
cording to [5], a 4-wm-long tube with



HIJORTSTAM et al. Can we achieve ultra-low resistivity in carbon nanotube-based metal composites?

1177

a diameter of 1.2 nm is ballistic, at low
temperature, with a resistance of 8 k<2
(i.e. 1/1.6 Gy). Now, assume that the
parallel-connected tubes are packed in
a hexagonal structure with a bonding
distance of 0.3 nm [11]. Based on these
numbers the resistivity of such a system
could be calculated to be 0.39 w2 cm.
At room temperature the same tube was
shown to have a resistance of 18 kQ2 [5],
which gives a resistivity of 0.88 €2 cm.
Notice that the room-temperature resis-
tivity is 1.67 and 1.59 u2cm for Cu
and Ag respectively. Thus the resistiv-
ity in a system of parallel-connected
SWNTs has the potential to be much
lower than for Cu and Ag. Let us in an
ad hoc way assume that we have ballistic
transport over 10-pm-long SWNTs, as
indicated in [2, 9], and that these tubes
have the same properties as the 4-pum-
long tube investigated in [5]. Under such
conditions the resistivity of parallel-
connected tubes would be 0.13 p2 cm
and 0.35 €2 cm at low temperature and
room temperature, respectively. It re-
mains to be shown in the future whether
such tubes exist or not. Of course even
longer ballistic conducting tubes with
a ballistic transport would give an even
lower resistivity.

After performing the encouraging
estimates above one might ask the ques-
tion of how to realise a CNT-based bulk
material with a room-temperature resis-
tivity far below the resistivity of Cu and
Ag. It is obvious that such a material
would have a tremendous effect upon
a large number of types of electrical
apparatus and installations. In the liter-
ature we have found no evidence that
direct contact between different CNTs
should have a low contact resistance. On
the other hand as discussed above Ti-
metal contacts are found to form ideal
contacts providing the lowest possible
contact resistance. We are suggesting
that:

A composite based on aligned, bal-
listic conducting carbon nanotubes em-
bedded in a metal matrix might work as
an ultra-low-resistive material with the
potential of having a room-temperature
resistivity far below Al, Cuand Ag.

In such a material the aligned CNTs
will work in a similar manner as the
example with parallel-coupled SWNTs
discussed above. If the metal matrix
is properly designed it will form good
electrical contact with the tubes and at

the same time be a material with a rea-
sonably low resistivity, which can ‘help’
the current/electrons to be transferred
between the tubes. In the next section
the resistivity for a few different scenar-
ios of such a material will be estimated
using a simple model.

31 Estimations of the resistivity
in a carbon nanotube

composite

Below follows a description
of a simple effective-medium model
that is used to estimate the resistiv-
ity of metal-CNT composites. In an
effective-medium model the surround-
ings of a filler particle are replaced
by a homogenous material, the effect-
ive medium. The effective conductivity
is obtained from calculating the con-
ductivity when a part of the effective
medium is replaced by a filler particle;
for further details see for instance [12].
To visualise the significance of the
shape of the filler particles, calcula-
tions are made for spheres and rods; the
latter calculation is made for both ori-
ented and random distributions of the
rods [13]. The model assumes perfect
contacts between the nanotubes and the
metal material, and that the formation
of conducting paths through the matrix
is neglected, i.e. percolation effects are
not incorporated in the model. Further-
more, the model does not include the
anisotropic behaviour of the conduc-
tivity in the carbon nanotubes. Despite
these limitations and the disregard of

1,8
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scattering effects [14] in this simple
model, we believe that it will give a rea-
sonable estimate of the filling needed
in order to achieve a composite with
a given conductivity /resistivity.

The resistivity /conductivity (i.e. the
inverse of the calculated effective con-
ductivity) is calculated as a function of
the volume fraction of carbon nanotubes
(filler). In Fig. 1 the calculated resis-
tivity of a CNT-filled Cu composite is
shown. In this, room-temperature, cal-
culation a Cu resistivity of 1.67 2 cm
and a CNT resistivity of 0.35u2cm
are assumed. It is not surprising that
the calculations using parallel rods give
a significantly lower resistivity com-
pared to the randomly oriented rods and
the spheres. If one aims at a composite
with a resistivity 50% lower than for Cu,
Fig. 1 indicates that a filling factor in the
range of 30%—40% is needed.

To our knowledge, no evidence ex-
ists that a metal like Cu can form ideal
contacts with SWNTs. Thus, our calcu-
lations shown in Fig. 1 might seem unre-
alistic. Let us therefore perform a simi-
lar calculation in which a SWNT in-
stead is embedded in a Ti-metal ma-
trix with a resistivity of 42 p2 cm. The
results of such calculations are shown
in Fig. 2. Since the resistivity of Ti is
much higher than for Cu we expect the
resistivity of the ideal Ti-SWNT com-
posite to be higher than for the ideal
Cu-SWNT composite. This is exactly
what we are observing in Fig. 2. If we
again aim for a resistivity 50% lower
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FIGURE 1

Calculated resistivity in a composite of SWNTs and Cu. The resistivity is shown as a func-

tion of SWNT filling. Three different geometrical models are used (see text). The dashed line shows
a resistivity level that is 50% below the Cu resistivity at room temperature
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FIGURE 2 Calculated resistivity in a composite of SWNTs and Ti. The resistivity is shown as a func-
tion of SWNT filling. Three different geometrical models are used (see text). The dashed line shows
a resistivity level that is 50% below the room-temperature Cu resistivity

than Cu our calculations indicate that
we need a SWNT filling in the range
of 50%—-60% of the composite, which
is significantly higher than for our ideal
Cu—-SWNT composite.

A practical drawback of a Ti-based
composite is that Ti is very chemi-
cally reactive and quickly oxidises in
an oxygen atmosphere. One possible re-
alisation of our concept is to contact
the carbon nanotubes with a thin Ti
layer which totally or partly covers the
SWNTs. One preferred configuration
is that the CNTs are contacted selec-
tively with Ti at the ends. The rest of
the composite could be filled by Cu,
which covers the Ti layer and prevents it
from oxidation. Furthermore, the lower
resistivity as well as the lower price
of Cu compared to Ti also make this
design attractive. Based on the simula-
tions presented above it is realistic to
assume that a material with a resistiv-
ity 50% below Cu at room temperature
could be designed with a Ti/Cu—SWNT
composite with a SWNT filling some-
where in the range of 30%—60%. This
should be regarded as one possible de-
sign of an ultra-low-resistivity material.
It is obvious that other combinations
of metals which provide a good con-
tact to the CNTs and which have a low
resistivity would reach a similar per-
formance. It is likely that other refrac-
tive metals such as Cr, V, W, Mo, Ta
and other carbide-forming metals will
have contact properties similar to Ti
contacts.

4 How to realise the vision

In Sects. 2 and 3 above we
have indicated that in an ideal case
a CNT-metal composite could have
a room-temperature resistivity far be-
low the resistivity of Al, Cu and Ag.
However, a large effort is required be-
fore fabrication of such a material can
be realised. One has to find a process
route to fabricate a CNT-metal compos-
ite including:

e High-quality (non-deformed/defect-
ive) metallic and ballistically con-
ducting CNTs available in bulk quan-
tities.

e Well-dispersed and preferably aligned
CNTs.

e Ideally contacted tubes.

e Tubes in which the ballistic conduc-
tion is not disturbed by the presence
of the contacts or other matrix mate-
rial.

Today a number of different pro-
duction methods for producing CNTs
are known [15,16]. CVD-produced
SWNTs [4,17,18] and arc-produced
MWNTs [6] have the highest quality in
terms of transport properties. It seems at
present that some continuous process-
ing such as CVD will be the most suit-
able method for large-scale production.
In an ultimate production method highly
pure carbon nanotubes with equal size,
length and electronic property are pro-
duced. This may be achievable with pre-
cise size and morphology control of the

catalytic particles from which the CNTs
are synthesised. At present it seems that
such an ultimate method needs a lot
more research before it can be realised.

Besides a process for high-quality
CNT production, new cleaning methods
may be needed, as well as methods to
safely introduce the carbon nanotubes
and to contact them in a metal matrix.
Once a solid body of a carbon nanotube
metal matrix is formed, methods for ma-
chining the material will be called for in
order to form the material into desired
shapes, such as wires. In each process
step one has to make sure that the novel
properties of the carbon nanotubes are
not harmed.

For industrial scale production it is
necessary that neither the cost of the
raw material nor the production cost is
too high. At present, the price for high-
quality carbon nanotubes is ~ 500 $/g,
which is about three orders of magni-
tude too high for commercial use. How-
ever, the prices of CNTs are predicted to
drop drastically in the near future.

The discussion above clarifies that
a lot of research is required before
a suitable method for producing low-
resistivity CNT-metal composites can
be established. This is a challenge for re-
searchers in a number of different fields.

5 Conclusion

A concept for an ultra-low-
resistivity material based on a CNT-
metal composite has been suggested.
It seems realistic that a material with
a room-temperature resistivity 50% be-
low the resistivity of Cu can be achieved.
However, in order to reach this level
a large number of scientific problems
have to be solved:

(i) high-quality, well-defined CNTs

have to be produced in bulk quan-

tities.

A method for producing a CNT-

metal composite with well-contact-

ed and dispersed tubes has to be de-

veloped.

(iii) The manufacturing cost must di-
minish to allow for CNT usage in
mainstream applications.

(ii)

A new ultra-low conductor at a rea-
sonable cost will have an extremely
large impact on electrotechnology and
electronics. Conduction losses can be
drastically decreased and metals with



HIJORTSTAM et al. Can we achieve ultra-low resistivity in carbon nanotube-based metal composites?

1179

high environmental impact can be re-
placed by metals that are more envi-
ronmentally friendly. Products can be
re-designed and new possibilities may
open up.

—_
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