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We report on laterally resolved measurements of the current-induced gradient in the electrochemical poten-
tial of multiwall carbon nanotubes. Nanotubes with different classes of defects were studied at room tempera-
ture. The potential profile of the outermost shell along the tube was measured in a local as well as in a nonlocal
geometry. The data have been used to separate the contributions of various shells to the total resistance of the
whole tube. For this purpose, a classical resistivity model was used that describes the measured potential
profiles well. Additionally, the influence of structural defects on the conductivity has been quantified. Particu-
larly, defects such as an ending outermost shell, an intratube junction, and a plastically stretched tube with a
kink were investigated.

DOI: 10.1103/PhysRevB.82.115451 PACS number�s�: 73.63.Fg

Although multiwall carbon nanotubes �MWCNTs� were
apparently first imaged in the 1950s,1 modern nanotube re-
search was triggered by Iijima in 1991.2 In his experiments,
the spatial resolution was good enough to reveal their mul-
tiple shell configuration. Soon conductivity measurements
were carried out to determine the electronic properties of
MWCNTs. Several studies on free standing or suspended
tubes report ballistic as well as diffusive electron transport at
room temperature.3–6

Since typically only the outermost shell is contacted the
contribution of inner shells to the conductivity is directly
connected with the intershell conductivity. Several groups
reported that the current flows predominantly in the outer-
most shell.3,7 Calculations, however, are discordant.8–13 They
predict suppressed intershell transport for a long tube10 but
also that the electronic wave function may spread over sev-
eral shells.9 Measurements on tubes with removed outer
shells between the contacts and telescopically extended tubes
revealed that the intershell conductivity cannot be
neglected.14,15 Bourlon et al.16 determined the intershell con-
ductivity with local and nonlocal four-point measurements
using an array of evaporated contact electrodes. They report
a value of the intershell conductance per length of
��10 k��−1 /�m. Using scanning probe potentiometry tech-
niques with less invasive voltage probes, we reported in a
previous paper that the intershell conductivity can exceed
this value by more than one order of magnitude.17

In this paper, we expand the resistivity model proposed by
Bourlon et al.16 and solve it for various MWCNT configura-
tions. In particular, we compare our experimental results ob-
tained on MWCNTs with different types of defects with the
results obtained from the simulations. Our results show that
the extracted values of the shell resistivities as well as the
intershell conductivity may depend on the type of contacts
used in the experiment.

In Ref. 17, we used a numerical simulation based on the
resistivity model proposed by Bourlon et al.16 with current
injection at a single point. Here we improve this model by
introducing spatially extended current driving electrodes. In
the diffusive limit, the voltage Vi�x� and current Ii�x� for
shell i are linked to the intrashell resistivity �i by

dVi�x�
dx

= − �iIi�x� . �1�

The variation of Ii�x� is given by the intershell current be-
tween shell i and neighboring shells. For the outermost shell
below, one electrode one obtains, for example,

dI1�x�
dx

= − g�V1�x� − V2�x�� − ��V1�x� − V0� �2�

with g being the intershell conductivity between outermost
and second shell and � the contact conductivity to the elec-
trode with the constant voltage V0 ��0=0 if the metal elec-
trode is highly conductive�. Forming individual differential
equation systems for the regions below, between and beyond
the electrodes and connecting them with boundary conditions
results in an extensive but analytically solvable equation sys-
tem. The boundary conditions result from the continuity
equation for the current and take the discontinuity of the
electrodes into account. Due to limited computing power
solving the model is reasonable only for symmetrical con-
figurations with two shells. Despite these simplifications, the
model gives a fairly good picture of the underlying physics.
For a MWCNT contacted by two electrodes, the model pre-
dicts a slightly bent potential profile with higher slope near
the electrodes and an exponential-like behavior beyond the
electrodes. The latter is a pure exponential decrease for infi-
nitely long tubes but is slightly distorted in other cases, see
fit in Fig. 2�a�.

Our experimental setup and the measurement technique
was reported before and is illustrated in Fig. 1.17 Tubes are
contacted by two metal electrodes. We drive a constant cur-
rent through the electrodes �typically Is=1 �A� and measure
the local potential using a scanning tunneling microscope
�STM� tip and by recording I-V curves at each point along
the tube with the feedback control switched off.

For reference reasons first a MWCNT with d�33 nm
and no obvious defects �sample A� was contacted with metal
electrodes. The contacts are evaporated asymmetrically to
have a sufficiently long part of the tube beyond the contacts
in order to allow local as well as nonlocal measurements.
The whole potential profile recorded at room temperature of
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local and nonlocal measurements is shown in Fig. 2�a� �black
filled circles� for a current of Is=1 �A. The bending of the
local potential is noticeable as well as a decrease in the non-
local potential, both predicted by the present resistivity
model.

The best-fit �solid red line in Fig. 2�a�� results in the fol-
lowing set of parameters:

resistivity of outer shell:

�1 = 52 � 5 k�/�m,

resistivity of second shell:

�2 = 9 � 3 k�/�m,

intershell conductivity:

g = �220 ��−11/�m � 7 � 10−4 �−1/�m,

contact conductivity:

� = �150 ��−11/�m � 2 � 10−5 �−1/�m.

The value of �2 is mainly extracted from the bending of the
potential between the electrodes and therefore has a rela-
tively high error of about 30%. The value of �1 is directly
connected with the potential profile of the outermost shell
and can therefore be extracted more precisely. The current
that exits the part of the tube between the electrodes depends

strongly on g and can be extracted mainly from the potential
step between the electrode and the nonlocal potential at
about −250 nm. The contact conductivity �, however, shifts
the potential jumps at both sides of the electrode �x=0 nm,
x=−240 nm� and can be determined very exactly.

The difference between �1 and �2 is remarkably high and
far beyond the error bars. Bourlon et al.16 interpreted these
differences with the existence of adsorbents or defects in the
outermost shell whereas the lower shells are protected by the
outermost one. Another interpretation is that the outermost
shell has a chiral vector of a semiconducting shell and the
inner tube is metallic.

The deviation for x�400 nm can easily be explained by
the asymmetry of the contact electrodes. To significantly re-
duce the computing time, the fit has been performed with a
symmetric configuration, with the tube protruding from both
contacts. Thus, the configuration of the right part of the tube
ending directly below the contact cannot be reproduced ex-
actly. In fact, for shorter tubes the model predicts a stronger
bending and a higher slope �Fig. 2�b�� as observed experi-
mentally. Additionally the current distribution �Fig. 2�c��
shows that our model reproduces the results of Nemec et
al.18 which show that current injection for highly transparent
contacts occurs predominantly at the edges of the electrodes.

The second tube studied �sample B� in our experiments
shows a diameter change at x=270 nm from d�24 nm to
d�29 nm probably due to an intramolecular junction.19 The
potential profile �Fig. 3�a�� exhibits two distinct regions cor-
responding to the two sectors of different diameters. For the
sector connecting to the right contact, local as well nonlocal
measurements could be done. These measurements can also
be fitted well using our resistivity model �red line in Fig. 3�.
The fit parameters are

�1 = 47 � 5 k�/�m,

�2 = 40 � 8 k�/�m,

g = �1 k��−11/�m � 2 � 10−4 �−1/�m,

� = �200 ��−11/�m � 5 � 10−5 �−1/�m.

For the sector connecting to the right contact, no nonlocal
potential measurements could be performed due to the fluc-
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FIG. 1. �Color online� The potentiometric setup. MWCNTs are
deposited on the Al2O3 /Ta /SiO2 /Si surfaces and contacted with
two Pd/Au contacts using electron-beam lithography and standard
lift off techniques. A fixed constant current of typically Is=1 �A is
sent through the tube and local I-V characteristics are measured
using a STM tip.

FIG. 2. �Color online� �a� Potential profile of sample A �black dots�. For −240�x�0 nm and x�590 nm, the measurements were
performed on the contact electrodes �see scanning electron microscopy �SEM� image in upper inset�. The calculated potential profile �solid
red curve and blue circles below the contact� agrees well with the measurements, in particular, for x�400 nm. �b� Influence of the
protruding part of the tube in the model �black: hypothetic tube only between the contacts �schematics: lower inset�; red: long tube where a
symmetric protruding part was added �schematics: upper inset��. �c� Calculated current distribution.
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tuating contact resistivity. Therefore and due to the bad sig-
nal to noise ratio for x�270 nm, a reasonable fit for the left
part of the tube was not possible. For a rough estimate of the
main differences, we can use the mean gradient �green line in
Fig. 3� that is much lower than for the thicker sector corre-
sponding to a mean resistivity of 10 k� /�m compared to a
mean resistivity of 24 k� /�m of the right sector. Assuming
a similar defect density in the crystal lattice in both sectors,
we conclude that at least one of the shells must have a tran-
sition from a metallic to a semiconducting tube. The anomaly
at the defect position can be due to a Schottky barrier.

Sample C, originally “defectless,” was stretched and
kinked by applying a force perpendicular to the tube axis
with the STM tip �see lower inset of Fig. 4�. In this proce-
dure, the two point resistivity between the contacts increased
irreversibly from 21 to 49 k� indicating plastic deforma-
tions in the tube.20,21 The deformation of the left electrode
�upper inset of Fig. 4� indicates that the tube moved with
respect to the contact during stressing.22 The originally uni-
form diameter of �19 nm is decreased for parts II and III
which are separated by the 90° kink. Comparing the total
length of the tube before and after manipulation, we find an
elongation of 130 nm which can be attributed to sectors II
and III only. The corresponding strain in these regions is
20%. Elongations of this magnitude were already observed

for single-wall nanotubes20 and theoretically described as
formation of �5-7-7-5� defects with followed plastic flow
�ductile behavior�.23

The locally measured potential profile �Fig. 4� exhibits
three different slopes corresponding to the V structure. The
resistivity does not scale directly with the diameter. Parts II
and III have similar diameters but exhibit strongly differing
slope values. The kink separating part II and III induces a
potential step indicating a tunnel barrier.24 Although part II is
narrowed and therefore obviously defective its resistivity is
closer to the expected value before manipulation. The other
parts have a highly increased resistivity. The potential steps
at the edges of the contacts are now larger than for previous
samples. This is a result of the increased tube resistivity at
the border area below the contact that shifts the injection
zone to the middle of the contact. Therefore the resistance
increase is mainly connected to a change in the intrinsic tube
resistivity. The left contact resistance where the tube was
pulled out has not changed as dramatically as reported by
Paulson et al.22

The part of the tube outside of the contacts is not altered
during manipulation and therefore should exhibit original
properties. Nevertheless the modification between the con-
tacts influences the nonlocal potential since it defines how
the current spreads over the shells. A large defect density
increases scattering events and therefore the probability of
scattering into a neighboring shell. It was also shown that
broken bonds can rearrange with other shells increasing the
intershell conductivity.25 Consequently, it is not completely
surprising that the nonlocal potential is larger than that of the
previous samples, indicating a larger amount of current
flowing in the inner shells �Fig. 5�. The decay length
La= ��g��1+�2��−1, however, is an intrinsic property of the
protruding part of the tube. The exponential fit determines
La=154 nm which is in the same range as that of sample B
�La=110 nm�.

All our results are based on a model including only two
complete shells. Considering the current distribution, e.g., of
sample A �Fig. 2�c�� we realize that the inner shell carries
more than 80% of the total current. Thus the assumption that
only the two outermost shells are relevant for transport has to
be reconsidered. In fact �2 can be viewed as an effective
resistivity of an inner tube consisting of the second shell and
the shells below. This approximation is plausible because

FIG. 3. �Color online� �a� Measured potential profile of sample
B. The contact resistance of the left electrode was fluctuating result-
ing in an unstable potential for x�0. The green line illustrates the
mean slope of the potential of the left sector of the tube. The red
line �blue below the contact� is the fit to the resistivity model. Inset:
SEM image of sample B with electrodes. �b� Calculated current
distribution.

FIG. 4. �Color online� Sample C exhibits three regions with
different electronic properties corresponding to the modifications of
the tube. At x=300 nm, the tube is narrowed from a diameter
d�19 nm to d�14 nm. The kink at x=480 nm causes a strong
increase in the slope of the potential profile. The resistivities are
30 k� /�m, 15 k� /�m, and 53 k� /�m for parts I, II, and III,
respectively. The upper inset compares the left electrode before
�left� and after �right� manipulation.

FIG. 5. �Color online� Nonlocal potential profile of sample C
�black filled dots� compared to the nonlocal voltage of sample A
�open dots�, each with the according fit. In case of sample C, the
tube is long enough �	La� that it behaves purely exponentially �red
line� as predicted by the model for long tubes.
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even for configurations with strongly different resistivities of
the shells �like in sample A� the resulting potential profile is
roughly linear, i.e., tolerates a uniform resistivity.

The deduced intrashell resistivities are slightly larger than
the results of Bourlon et al.16 On the other hand, our inter-
shell conductances are up to a factor of 100 higher. To ex-
plain these differences, we try to argue with two different
reasons. First, the tubes investigated in our work are thicker
by a factor of approximately 2. Including the differences in
the tube diameter and therefore also a factor of 2 in the
perimeter and the contact area reduces the discrepancies but
leaves a deviation in the intershell conductance of more than
one order of magnitude. For diameters larger than 15–20 nm,
polygonal cross sections have been observed.26,27 In this
range, the intershell spacings of about 0.39 nm for small
diameters decrease to nearly that of graphite of 0.34 nm.28

The results above mentioned indicate that for large diameters
the tubes consist of several planar regions joined together. It
was suggested that in these planar regions the stacking is
closely commensurate to the graphitic stacking. In such tube
sectors, it is obvious that the intershell coupling should ap-
proach that of graphite. Including the tube perimeter and the
intershell distance, we obtain an intershell resistivity which
is larger than that of graphite by three orders of magnitude.29

Consequently, we can exclude complete graphitic stacking
even for small sides of the polygonal cylinder. In fact, if
planar regions in our tubes exist the interlayer coupling is
strongly decreased probably due to incommensurate stack-
ing. This reduction in the interlayer coupling was also ob-
served in twisted graphene.30

Furthermore, for thicker tubes the one-dimensional sub-
bands are moving together giving rise to the suspicion that
the unavoidable doping causes more channels contributing to
electron transport. Our measurement, however, reveals
higher values for the intrashell resistivities. Consequently,
the difference in diameter alone cannot be responsible for the
discrepancy between the experimental data.

The second argument can be provided by the differences
in the electrical contacting of the tubes. Bourlon et al.16

evaporated several fixed contacts with a width of 200 nm
separated by a 200 nm metal-free tube. Therefore about one
half of the tube was coated with metal. With the model pre-
sented here, we calculated a configuration with an additional
electrode in the middle of the tube which does not inject

electric current �Fig. 6�. This single additional electrode
modifies the current distribution significantly. The current
exits the tube at the beginning of the middle contact and
reenters the tube again at the other border resulting in a re-
duced effective resistivity. Since this electrode carries a part
of the current, the current in the inner shell is also reduced.
Consequently, the current is more localized in the outermost
shell between the electrodes. Additional contacts increase
this effect. In fact the different contacting setups explain the
discrepancies: the resistivity is reduced by additional con-
tacts and at the same time the current flows preferentially in
the outermost shell giving a reduced intershell conductance.

In conclusion, we reported on laterally resolved local and
nonlocal potential profiles of MWCNTs without and with
obvious defects during current flow. The potential decreases
continuously indicating diffusive transport. From these pro-
files, we separated the contributions of outer and inner shells
and determined the intershell conductivity by fitting with a
resistivity model. The differences between our results and
previously reported ones could be traced back to a lower
interference of our voltage probe with the tube. Furthermore,
the influence of specific defects in the tube structure on trans-
port behavior was determined. Particularly, changes in the
tube conductivity or steps in the potential profile could be
directly assigned to specific structural defects.
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