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Multishell Carrier Transport in Multiwalled
Carbon Nanotubes
Saurabh Agrawal, Makala S. Raghuveer, Rampi Ramprasad, and Ganapathiraman Ramanath

Abstract—Understanding carrier transport in carbon nanotubes (CNTs) and their networks is important for harnessing
CNTs for device applications. Here, we report multishell carrier
transport in individual multiwalled CNTs, and films of randomly
dispersed multiwalled CNTs, as a function of electric field and
temperature. Electrical measurements and first-principles density
functional theory calculations indicate transport across CNT
shells. Intershell conduction occurs across an energy barrier range
60 meV in CNT netof 60–250 meV in individual CNTs, and
works. In both cases, the conductance behavior can be explained
based upon field-enhanced carrier injection and defect-enhanced
transport, as described by the Poole–Frenkel model.
Index Terms—Carbon nanotubes, electrical characteristics,
multishell conduction.

I. INTRODUCTION

C

ARBON nanotubes (CNTs) are promising materials for
nanodevice wiring due to ballistic carrier transport along
the CNT axis arising from the unique molecular dimensions and
structure. Metallic singlewalled CNTs of small diameters (e.g.,
1–3 nm) would be the preferred solution over multiwalled CNTs
which typically have larger diameters (e.g., 5–50 nm). But, the
state of the art does not yet allow scalable separation or selective
growth of metallic singlewalled CNTs in exclusion to semiconducting singlewalled CNTs. Hence, there is interest in exploring
multiwalled CNTs as an alternative solution [1].
It is generally believed that charge carrier transport in multiwalled CNTs occurs primarily through the outermost shell [2].
The large diameters of multiwalled CNTs would ensure that
even if the outermost shell is semiconducting (depending on chirality), the bandgap would be negligibly low ( 1.5 meV for a
50-nm-diameter shell) to cause rectification [3]. Recent works
have demonstrated the growth of aligned multiwalled CNT of
controllable lengths in multiple predetermined orientations [4],
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Fig. 1. Top graph showing room-temperature I -V characteristics of a Au-contacted CNT network test structure (inset) showing super-linear behavior. Dashed
line denotes extrapolation of the linear regime at  < 5 V cm . Bottom plot
shows differential conductance (G = dI=dV ) plotted as a function of V and
 (top axis).

on a variety of substrates [5]–[7], and shown the proof-of-concept of using them as vertical interconnects in vias [8]. These
attributes are advantageous for scalable device fabrication, and
are yet to be realized in singlewalled CNTs. In order to fully
evaluate the feasibility of using multiwalled CNTs for device applications, however, the electrical transport properties need to be
more completely understood. Our findings reported here reveal
that intershell carrier transport within each multiwalled CNTs,
and across overlapping CNTs in networks, can significantly increase conductance. These features are not only interesting from
a fundamental viewpoint, but also would be important considerations for designing CNT-based wiring and networks for device
applications.
Charge transport along the CNT axis has been extensively
studied, and reasonably well understood [9], [10]. Much less is
known regarding the nature of carrier transport perpendicular to
the axis in multiwalled CNTs [5], [11], [12]. Theoretical studies
have predicted significant coupling between the 1-D electronic
states associated with adjacent concentric graphene cylinders in
multiwalled CNTs even in the absence of defects [13] due to
the lack of electron wave confinement in a particular shell [14],
[15]. Experimental verification has been impeded by difficulties
in forming isolated electrical contacts between adjacent shells
in the CNT. In a clever experiment, Collins and Avouris [16]
obviated this difficulty by partially burning off the outer shell
[17], [18] by current injection at selected locations, and formed
contacts between adjacent shells. Their electrical measurements
showing multiwalled CNT conduction even after removal of
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Fig. 2. Representative plots showing dependence of electrical conductivity  on electrical field  and temperature T , for individual multiwalled CNTs (– – –),
and films of CNT networks (—). (a)  versus  at different T . (b) Semilog plot of  vs 1= T for different  . (c) Semilog plots of  versus 
at different
T . (d)  versus  showing super-linear behavior with 
 in CNT networks. The upper curves in (a), (c), and (d) are referred with respect to the top axes.

/

more than ten shells revealed coupling between graphene shells.
However, since the CNTs are damaged due to current injection
and are likely to have defects that could significantly alter electrical transport, the exact nature of the coupling is not clear.
Recently we reported the existence of an energy barrier for
thermally activated intershell conduction within each CNT, in
individual multiwalled CNTs [19], and between neighboring
CNTs in their random networks [20]. Similar behavior has been
reported previously by other groups [21] in bundles of singlewalled CNTs [22], [23], and –axis conduction in graphite [24].
Here, we report a qualitatively similar behavior observed in
mats of multiwalled CNTs, and reveal the effect of electric field
on the energy barrier on carrier transport in individual multiwalled CNTs and their assemblies. We find that a significant
component of the total conduction arises from thermally activated carrier hopping across a barrier at low fields, and fieldassisted defect-mediated intershell carrier transport [20]–[23]
at high electric fields, described by the Poole–Frenkel model.
The presence of energy barrier is consistent with first principles
density functional theory (DFT) calculations of double-walled
tubes.
II. EXPERIMENTAL DETAILS
A 200-nm-thick Au film was deposited on an oxidized
Si(001) substrate with a 650-nm-thick SiO capping layer, and
rectangular Au contact pads of dimensions 2 2 mm were
carved using standard lithography and lift-off techniques. A
50-nm-thick interfacial layer of Cr was used in between Au
and SiO for enhancing adhesion. Multiwalled CNTs with
diameters between 30 and 200 nm, prepared by standard
arc-discharge technique, were dispersed in ethanol without
sonication, and drop-coated to form a film consisting of randomly oriented CNTs over the Au pads (see Fig. 1 inset). The

electrode separation is 2 mm and the cross-sectional area of the
CNT film for current flow is 1 mm . Contacts to individual
multiwalled CNTs were formed by depositing Pt lines from
PtCl using a 30 keV focused ion beam. The ion dose on CNTs
was limited to 2 10 cm , which has been shown to be
sufficient to create point defects in the shells without destroying
50 nm diameter [25]. These procedures ensure
CNTs with
that the metal contacts are formed only to the outermost shells
of the CNTs. Two-point-probe electrical measurements were
carried out. The test devices were pretreated by heating in
10 torr vacuum to 650 K, to remove moisture and adsorbed
gases. The electrical measurements were carried out at different
temperatures between 300 and 600 K.
III. RESULTS AND DISCUSSION
Fig. 1 shows the room temperature electrical characteristics of a CNT network test structure. The nearly linear
current-voltage ( - ) profile and a constant differential conductance (
) indicate ohmic behavior with a nominal
5 V cm obresistance of 113 for nominal electric fields
V.
tained across the mm-spaced electrodes for voltages
The - characteristics become field-dependent at higher ,
such that
. The - characteristics of individual
multiwalled CNTs and their networks [see Fig. 2(a)] are similar
to those reported earlier [16].
The conductivity of individual CNTs is about three to four orders of magnitude higher than the films of randomly dispersed
CNTs presumably, suggesting that the intertube contact resistance in the latter samples is high. The net conductivity is a
function of both and , and can be fit to the expression
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Fig. 3. (a) Activation energy E plotted as a function of  . The solid line captures the linear decrease in E at high  , while the dashed line denotes constant
for a Pt-contacted individual multiwalled CNT. (b) The electron potential energy 
(referred
E at low  . Inset shows linear decrease in E with 
plotted as a
to the Fermi Energy) in a double-walled CNT (5,5)–(n , n ) plotted as a function of the perpendicular distance to the CNT axis. (c) 
function of intershell spacing. The inset TEM micrograph from our multiwalled CNTs shows an intershell spacing of 0.34 nm. (d) Sketch illustrating multishell
carrier transport. Carrier injection into the inner shells at high fields is depicted by the curved wiggled arrow.

where
denotes the activation energy for carrier transport. The two additive contributions represent parallel carrier
, bears
transport pathways. The first term, designated as
an Arrhenius dependence on temperature for both individual
to
tubes as well as networks [see Fig. 2(b)]. We attribute
intershell carrier transport. This designation is supported by
our recent work demonstrating that shell crosslinking leads
50 decrease in
and threefold enhancement in
to
electrical conductivity in individual multiwalled CNTs [19].
is a function of for both sample configuAdditionally,
with
rations, as seen in Fig. 2(c) showing semilog plots of
at different temperatures. The electrical characteristics
5–14 Vcm , and individual CNTs for
of networks for
1500 Vcm , are comparable. This difference in range
across the networks between
arises because the nominal
mm-spaced electrodes is orders of magnitude lower than the
localized electric fields expected across individual tubes and
junctions.1 Since individual shell conductivity starts to saturate
2000 Vcm , similar to that used in our exper[26] at
iments over individual CNTs, our results showing continual
is
conductance increase with increasing suggests that
due to contributions from field-assisted carrier injection into
additional parallel conduction channels.
can be exThe temperature-independent second term
where
for CNT networks [see
pressed as
Fig. 2(d)], suggesting space-charge limited carrier transport
that does not require thermal activation. The value of could
not be estimated for individual CNTs due to the higher noise
level in the data. The presence of nonthermally activated par1Nevertheless, the use of the nominal field  to describe electrical transport
in the networks is reasonable because  will affect the local fields across the
individual nanotubes in networks, but it is difficult to measure the local fields
directly. The use of nominal  for the networks is validated by the qualitative
correspondence between the individual tubes data, and that of networks, and the
similar activation energies at high fields.

allel conduction pathways is not surprising. Previously it has
been observed that the barrier for conduction between two adjacent shells could be as small as 3 meV, causing nonthermally
activated transport. In our samples, neighboring CNTs with
outermost shells at atomic level proximity due to – stacking
could cause nonthermally activated parallel transport. However,
100 meV when conduction is over
the barrier increases to
10 shells deep [21].
For CNT networks, the variation of activation energy
as
a function of
exhibits two different regimes [see Fig. 3(a)].
At low electric fields,
5 V cm ,
is only weakly dependent on and is characterized by
60 meV.
At higher fields
decreases with , and can be expressed as
, where
meV and
1.38
10
Jm V
. We observe no systematic variation in
within 10 meV for different samples of networks, indicating
that uncorrelated variations of the layout of the individual tubes
in a large ensemble of randomly dispersed tubes do not have
a major effect on the key electrical properties measured in our
experiments. The high-field behavior is reminiscent of field-enhanced thermally activated charge transport described by the
Poole–Frenkel model [27], [28], suggesting defect-assisted intershell hopping. Individual multiwalled CNTs also show a similar field-dependent behavior, i.e.,
, albeit with slightly higher activation energies in the 60–250 meV
range [see inset in Fig. 3(a)] for
1500 Vcm . The high
noise levels in data obtained at lower fields (not shown) for individual tubes preclude the comparison of
of individual
CNTs with that of the networks.
The activation energy in CNT networks is 65 5 meV in
more than 10 samples studied, whereas individual multiwalled
CNTs exhibit a much larger scatter from 70 to 250 meV. This
difference is not surprising since the experimentally determined
for the network represents the smallest barrier
lower limit of
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amongst a range of inter-CNT spacings in the network, while
individual CNTs with different diameters and defect structure
. Joule heating
would be expected to yield large variations in
is too small to account for the changes with increasing electric field. For example, even if we consider that the maximum
heat generation rate (i.e., the total power input) for the highest
voltage used in our experiments is balanced solely by thermal
conduction along the CNT length, the temperature increase
K2. Inclusion of other heat dissipation mechanisms,
e.g., radiation, convection, and heat transport to the substrate,
even smaller.
would make
First principles density functional theory (DFT) calculations
to intershell carconfirm the validity of our attribution of
rier transport. We determined the potential energy perpendicular to the CNT axis for double-walled CNTs composed of two
concentric armchair (n,n) metallic shells: a (5,5) inner tube and
, 10, 11, and 12. Armchair
different outer shells of
shells serve as valid analogues that qualitatively mimic the two
outermost shells of the 30–50-nm multiwalled CNTs investigated experimentally because the latter can be either metallic or
semiconducting with negligibly small bandgap ( few meV).
The results [Fig. 3(b)] reveal the minimum energy intershell
as a function of intershell lattice spacing. For
barriers
meV the intershell spacing is 0.39 nm,
which is within 15% of the experimentally measured value of
0.01 nm by TEM [see Fig. 3(c)], supporting the va0.34
attribution to intershell transport. In light of the
lidity of
several simplifying assumptions made to render the modeling
effort tractable, these results may be open to overinterpretation.
Nevertheless, the model confirms the existence of a finite energy
barrier for intershell transport, corroborating our experimental
results.
Our DFT calculations were performed at the local density approximation [29] level of theory using the local orbital SIESTA
code [30]. A double zeta plus polarization basis set was used
in all calculations, and a Troullier–Martins type [31] norm-conserving nonlocal pseudopotentials were used to describe C in
electronic configuration. The equilibrium atom
the [He]
positions were determined by requiring the forces on each atom
to be 0.4 eV nm. A schematic of the charge transport model
is shown in Fig. 3(d).
IV. SUMMARY
In summary, at low electric fields carrier transport in multiwalled CNTs occurs primarily through thermal hopping of
60–250 meV energy barrier between indicarriers across a
vidual shells in the same or adjacent CNTs. As the field increases the barrier decreases linearly with the square root of
the electric field, causing superlinear I–V behavior attributed to
incremental field assisted intershell injection of charge carriers
to the inner shells of the multiwalled CNT. - characteristics
at high fields follow the Poole–Frenkel charge transport model
suggesting that cross-shell defects might play an important role

1 =

4

2 T
V IL= A for one-dimensional thermal transport where V , I , L, ,
and A are the voltage, current, length, thermal conductivity (3000 W/m-K), and
cross-section area of the CNT, respectively. Heat dissipation from the transverse
surfaces of the CNT by conduction, convection, or radiation are neglected to
consider a worst case scenario.
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in intershell conduction. Intershell hopping of charge carriers is
further confirmed by DFT calculations.
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