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Abstract
E-beam lithography is used to make four leads on an individual multi-wall carbon nanotube for
carrying out electrical transport measurements. Temperature dependence of conductance of an
individual multi-wall carbon nanotube (MWNT) is studied over a temperature range of
(297–4.8 K). The results indicate that the conduction is governed by variable range hopping
(VRH) for the entire temperature range (297–4.8 K). This VRH mechanism changes from three
dimensions (3D) to two dimensions (2D) as we go down to 70 K. Three-dimensional variable
range hopping (3D VRH) is responsible for conduction in the temperature range (297–70 K),
which changes to two-dimensional VRH for much lower temperatures (70–4.8 K). For 3D
VRH, various Mott parameters such as density of states, hopping distance and hopping energy
have been calculated. The 2D VRH mechanism has been applied for the temperature range
(70–4.8 K) and, with the help of this model, the parameters such as localization length and
hopping distance are calculated. All these parameters give interesting information about this
complex structure, which may be useful for many applications.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Carbon nanotubes (CNTs) have generated a great deal of
interest and scientific curiosity due to their many unique
properties and potential applications [1]. CNTs offer intriguing
possibilities for the fabrication of nanometer-scale molecular
electronic devices [2]. They are also promising candidates
for studying low-dimensional physics including band struc-
tures [3], electron–electron interactions [4], electron–lattice
coupling [5] and electron localization [6]. Electrical transport
properties of multi-wall carbon nanotubes (MWNTs) are
expected to depend on their structures such as multiplicity,

5 Author to whom any correspondence should be addressed.

chirality, imperfection, etc. Since the discovery of CNTs,
studies on the transport properties of CNTs [7, 8] involving
electron–electron interactions have drawn a lot of attention.
Most of these studies are reported on bulk CNT samples. From
the bulk samples, only average properties can be obtained.
On the other hand, experiments on individual nanotube
samples may provide more precise and reliable information
about the electrical transport mechanism. Tans et al [9]
reported Coulomb blockade properties on a individual SWNT,
indicating that the SWNT indeed act as genuine quantum
wires. From the measurements on rope (bundle) SWNTs,
reports on Coulomb blockade and Luttinger-liquid behavior
are also available in the literature [10, 11]. Agrawal et al [12]
demonstrated that ozone exposure of individual multi-walled
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carbon nanotubes (CNTs) results in up to a threefold increase
in CNT conductivity and 50% decrease in carrier transport
activation energy. Their results suggested that controlled defect
creation could be an attractive strategy to induce electrical
conductivity increase in multi-walled CNTs for use in
nanodevice wiring and related applications. Ebbesen et al [13]
performed the first four-probe measurements of the individual
MWNTs, which showed a great diversity in the conduction
properties. Later on, both ballistic conduction [14, 15]
and diffusive transport [16, 17] on individual MWNTs were
reported. Measurements of the Aharonov–Bohm oscillation
in MWNTs showed that the current flows only through the
outermost shell [18]. Huang et al [19] reported the atomic-
scale imaging with concurrent transport measurements of the
breakdown of individual multi-wall carbon nanotubes inside
a transmission electron microscope equipped with a piezo-
manipulator. They observed a significant amount of current
drop was observed when an innermost wall is broken, proving
unambiguously that every wall is conducting. They also
reported that the breakdown of each wall in any sequence
initiates in the middle of the nanotube, not at the contact,
proving that the transport is not ballistic. Cao et al [20]
observed various low-temperature transport regimes in true-
metallic, small- and large-bandgap semiconducting nanotubes,
including quantum state shell-filling, -splitting and -crossing
in magnetic fields owing to the Aharonov–Bohm effect.
Their clean transport data showed a correlation between the
contact junction resistance and the various transport regimes
in single-walled carbon nanotube devices. Furthermore, they
reported that electrical transport data can be used to probe
the band structures of nanotubes, including nonlinear band
dispersion. In another experiment Xu et al [21] proposed
two device models of outer-wall disordered carbon nanotubes
where lead contacts of multi- and single-wall nanotubes are
proposed for both measurement and control of carrier mobility
in multi-wall carbon nanotubes and found that the average
conductance and localization length largely exceed those in
the bulk disorder, showing the relative robustness of the model
device to surface disorder. There are many reports available
on electrical properties of carbon nanotube (CNT) film/bulk
in the literature [22, 23], but only a few of them address
the electrical transport properties of an individual CNT using
the four-probe method, which can measure the intrinsic tube
conductivity [24, 25].

In the present work, we have also studied the electrical
transport properties of an individual MWNT to understand the
conduction mechanism of this complex structure. We have
observed the variable range hopping (VRH) type of conduction
mechanism for the entire temperature range (297–4.8 K). The
conduction takes place via three-dimensional variable range
hopping (VRH) for the temperature region 297–70 K and,
for the temperature range of 70–4.8 K, this VRH mechanism
changes from three-dimensional to two-dimensional as we
reduce the temperature to 70 K. Therefore, the data for the
temperature region 297–70 K is plotted for the 3D VRH
model, while, for the lower-temperature range (70–4.8 K),
the 2D variable range hopping is found to give a good fit to
the data. Applying this model, we have calculated various

parameters such as density of states, hopping distance and
hopping energy. These parameters give important information
about this individual carbon nanotube.

2. Experimental procedure

Carbon nanotubes have been synthesized by a low pressure
chemical vapor deposition (LPCVD) technique on an iron–
palladium (Fe70Pd30) catalyst film. The reactive gas mixture
is N2:C2H2:H2 with a flow rate of 300:50:50 sccm. The
chamber pressure and temperature are maintained at 10 Torr.
and 800 ◦C, respectively. The growth time is kept fixed
at 1 h. A field emission scanning electron microscope
(FESEM, JEOL 6500) is employed to observe the size and
shape of Fe–Pd catalyzed carbon nanotubes. The structure of
CNTs is confirmed by high-resolution transmission electron
microscopy (HRTEM, JEOL-264 JEM 3011) at 300 kV.
The amorphous structure of CNTs is verified by a Fourier-
transformed (FT) Raman spectrometer (Bruker, RFS 100/S),
using a Nd:YAG laser with an excitation wavelength of
1064 nm.

To study the electrical transport measurements of
individual disordered MWNTs, we have used a conventional
e-beam lithography technique to connect individual MWNT
with fine leads of 1 μm. We have measured the temperature
dependence of conductance using a standard method of ac bias
current lock-in voltage detection. For the preparation of the
sample for e-beam lithography, we have used a solution of
MWNTs dispersed in acetone and then spread a small drop
of this solution onto a specially designed electrode pattern
made on a silicon (100) substrate coated with a silicon oxide
layer 600 nm thick, as shown in figure 5. Using SEM, the
dispersed MWNTs are first located and then a bilayer PMMA
photoresist is spun over the sample followed by subsequent
baking at 160 ◦C for 4–5 h inside an oven (figure 6(a)). After
preparing the sample using this process, an e-beam lithography
technique is used to define the pattern of fine leads on an
individual MWNT using the process shown in figure 6(b).
Once the e-beam exposure is over, the sample is taken out and
developed, and finally the pattern is checked under a high-
resolution optical microscope. Once the desired pattern is
written, a 200 nm thin niobium (Nb) film is sputtered onto the
sample. The sample is kept in acetone for a very short time
to wash away the unwanted niobium (Nb) from the sample
and finally we are left with the four electrodes on individual
MWNTs. With the help of these electrodes, we have measured
the resistance of the individual disordered MWNTs over a
wide temperature range. Before starting the measurements,
ohmic behavior is verified and a linear I –V curve is obtained.
A standard method of ac bias current with lock-in voltage
detection is employed to measure the resistance of the sample
at different temperatures (297–4.8 K).

3. Results and discussion

The FESEM image of carbon nanotubes grown on a Fe70Pd30

film for 1 h growth time is presented in figure 1. The
diameter of these carbon nanotubes varies from 40 to 90 nm.
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Figure 1. FESEM image of Fe70Pd30-catalyzed MWNTs.

Figure 2. TEM image of Fe70Pd30-catalyzed MWNTs.

The TEM image of these CNTs shown in figure 2 reveals
that these nanotubes are multi-walled and contain a lots of
defects, thereby showing a disordered structure. Figure 3
shows the HRTEM image of the multi-wall carbon nanotube.
As is evident from this image, these MWNTs do not possess
a coaxial cylindrical structure, but contain a lot of defects,
thereby showing a disordered structure. The graphene layers
are also not parallel but look somewhat broken.

Raman spectroscopic measurement is also performed to
confirm the amorphous structure of carbon nanotubes. Raman
spectra of carbon nanotubes are presented in figure 4, which
shows a sharp peak of the D-band and a weak peak of the
G-band located at 1345 and 1580 cm−1, respectively. These
carbon nanotubes show a strong peak at 1350 cm−1 (roughly
corresponding to the D-line associated with disorder-allowed
zone-edge modes of graphite). Normally, the higher intensity
of the 1350 cm−1 peak is an indication of an increased amount
of amorphous carbon in the samples, which is in agreement
with the HRTEM image.

Figure 3. HRTEM image of Fe70Pd30-catalyzed MWNTs.

Four leads on individual CNTs are presented in figure 7.
The width of each lead is 1 μm with about 2 μm interspacing.
The length and diameter of the connected individual MWNTs
is about 15 μm and 80 nm, respectively.

Several models are available in the literature to explain
the nonlinear behavior of conductance in CNTs. For
MWNTs containing a lot of impurities or disorder, the
mechanisms responsible for the decrease in conductance
at lower temperatures include thermally activated transport,
variable range hopping and weak localization [26–28]. For
the present system of an individual MWNT, the temperature
dependence of conductance for the temperature region 297–
4.8 K is presented in figure 8. It is found that the entire data
for the temperature region 297–4.8 K could also be fitted well
with the help of a variable range hopping model. Here, we have
explained the temperature dependence of conductance using
variable range hopping for the entire temperature region (297–
4.8 K).
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Figure 4. Raman spectra of Fe70Pd30-catalyzed MWNTs.

Figure 5. Pattern drawn on silicon wafer to connect individual
CNTs.

The data have been fitted for three-as well as two-
dimensional variable range hopping (VRH) for the entire
temperature region (297–4.8 K). For the temperature range
297–70 K, it is observed that the 3D VRH is fitted well only
up to a temperature of 70 K. Below 70 K, the 2D VRH model
gives a good fit to the data for the present sample. The data
is divided into two different ranges, i.e. 297–70 K for the 3D
VRH model and 70–4.8 K for the 2D VRH model. Initially,
for the temperature range 297–70 K, the data is re-plotted as
ln G

√
T versus T −1/4 for 3D variable range hopping (figure 9).

From the plot of ln G
√

T versus T −1/4 it is observed
that the conductance over the temperature region 297–70 K
increases slowly with increasing temperature, which suggests
that the conduction is due to variable range hopping which is
characterized by the Mott [29–33] expression of the form

G = G ′
0√
T

exp(−AT −1/4) (1)

where G is the conductance, G ′
0 is the pre-exponential factor

and A is the constant, which is given as

A4 = Td = λα3

k N(EF)
(2)

N(EF) is the density of localized states at EF, λ is a
dimensionless constant (about 18), Td is the degree of disorder,
k is the Boltzmann constant and α−1 represents the spatial
extension of the wavefunction exp(−αR) associated with the
localized states. It is given by

α = 22.52G ′
0 A2 cm−1 (3)

N(EF) = 2.12 × 109G ′3
0 A2 cm−3 eV−1. (4)

The hopping distance (R) is given by [29–33]

R =
(

9

8παkT N(EF)

)1/4

(5)

where k is the Boltzmann constant and N(EF) is the density of
localized states.

Hopping energy (W ) is also given by [29–33]

W =
(

3

4π R3 N(EF)

)
. (6)

Hopping energy (W ), in general, can be defined as the energy
required for inelastic tunneling transfer of an electron between
two localized electronic states centered at different locations
or the energy required between two localized states with the
assistance of phonons. We have calculated the parameters,
such as density of states (N(EF)), degree of disorder (Td),
hopping distance (R) and hopping energy (W ) with the help
of equations (3)–(6) and these parameters are called the Mott
parameters. For variable range hopping, the value of W should
be of the order of a few kBT and αR should be greater than
unity or of the order of unity, as suggested by Mott. The values
of these Mott parameters are presented in table 1. It is evident
from the table that the calculated values of W and αR are of
the order of a few kBT and unity, respectively, which shows
close agreement with Mott’s [29–33] variable range hopping.
It is also observed that the hopping distance increases with
the decrease in temperature, while the hopping energy (W )

decreases with the decrease in temperature. The density of
states near the Fermi level extracted from the VRH parameters
is estimated to be 3.15 × 1023 eV−1 cm−3 for the present
sample of individual MWNTs. The degree of disorder (Td) is
estimated to be 0.383 × 104 K. Various workers have reported
a value of Td ≈ 104 K for plasma-polymerized C60 thin
films [34] and on the basis of the value of Td, they concluded
that their system is disordered. In our case, the value of Td is
of the same order as that reported by these workers, indicating
that the present sample is also disordered.

Aggarwal et al [35] studied the temperature dependence
of electrical conductivity of Fe70Pt30-catalyzed MWNT films
is done over a wide temperature range from 293 to 4 K. They
have fitted the measured experimental data with variable range
hopping (VRH) and interpreted the results using Mott’s (VRH)
model. They have also reported a crossover of conduction
mechanism Fe70Pt30 catalyzed in this MWNT film from the
exp[−(Td/T )]1/4 law in the temperature range 293–110 K
to exp[−(T0/T )]1/3 in the low-temperature range (110–4 K).
This behavior is attributed to a temperature-induced transition
from three-dimensional (3D) to two-dimensional (2D) VRH.
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(a)

(b)

Figure 6. (a), (b) Process involved in connecting the individual CNT.

Table 1. The Mott parameters of an individual Fe70Pd30-catalyzed MWNT for temperature range 297–70 K.

T (K) N(EF) (eV−1 cm−3) Td (K) α (cm−1) R (cm) W (meV) αR

297 3.15 × 1023 0.383 × 104 1.867 × 107 3.93 × 10−6 12.5 0.733
200 3.15 × 1023 0.383 × 104 1.867 × 107 4.33 × 10−6 9.34 0.808
150 3.15 × 1023 0.383 × 104 1.867 × 107 4.66 × 10−6 7.503 0.869
100 3.15 × 1023 0.383 × 104 1.867 × 107 5.15 × 10−6 5.535 0.962

70 3.15 × 1023 0.383 × 104 1.867 × 107 5.64 × 10−6 4.24 1.052

Various Mott parameters like characteristic temperature (T0),
density of states at the Fermi level N(EF), localization length
(ξ), hopping distance (R) and hopping energy (W ) have also
been calculated using the above-mentioned model. Aggarwal
et al [36] reported the electrical transport measurements of
Fe70Pd30-catalyzed MWNT films over a temperature range
of 298–4.2 K. The results have been interpreted in terms of
variable range hopping (VRH) over the entire temperature
range of 298–4.2 K. Three-dimensional variable range hopping
(ln G

√
T versus T −1/4 fitting) is suggested for the temperature

range 298–125 K, while two-dimensional variable range

hopping (ln G
√

T versus T −1/3 fitting) is observed for the
temperature range 125–4.2 K. On the basis of experimental
data fitting, they have also calculated various parameters
such as characteristic temperature (T0), density of states
at the Fermi level N(EF), localization length (ξ), hopping
distance (R) and hopping energy (W ). In the present work,
we have isolated individual Fe70Pd30-catalyzed multi-walled
carbon nanotubes from the bulk MWNT film and reported the
electrical transport properties of this individual multi-walled
carbon nanotube. It is understood the properties studied on
individual Fe70Pd30-catalyzed carbon nanotubes will be more
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Figure 7. Four leads on an individual Fe70Pd30-catalyzed MWNT.

precise and meaningful than that of the bulk sample (CNT
film). From the carbon nanotube film, we can determine only
average properties of the material, which is not very precise
as it may contain a number of unwanted impurities. These
impurities may also influence the electrical transport properties
of the bulk sample of multi-walled carbon nanotubes. On
the basis of the present work on individual Fe70Pd30-catalyzed
multi-walled carbon nanotubes, it is clear that this nanotube is
more disordered and thereby shows a VRH type of conduction
mechanism. The values of electrical parameters calculated
in the present work are comparable with our earlier reported
results.

For the lower-temperature region of 70–4.8 K, the
conductance is further suppressed and increases very slowly
with increasing temperature, suggesting that conduction is due
to 2D variable range hopping in localized states near the Fermi
level. Therefore, the data have been re-plotted as ln G

√
T

versus T −1/3 for 2D VRH.
The plot of ln G

√
T versus T −1/3 in the temperature range

70–4.8 K is presented in figure 10. This figure shows that
all the data points almost form a straight line, indicating that
conductance (G) obeys the following equation:

G · √T = G0 · exp

[
−

(
T0

T

)1/3]
(7)

where G is the conductance, G0 is the pre-exponential factor
and T0 is the characteristic temperature.

The linear behavior of the ln G
√

T versus T −1/3 plot
suggests that the conduction is due to Mott’s two-dimensional
(2D) non-interacting variable range hopping, which is
consistent with the amorphous structure of the present sample
of MWNTs. The HRTEM image shown in figure 3 also
suggests that the carbon nanotubes do not possess long-range
order, but they contain imperfect and broken graphite layers of
varying sizes. Gao et al also reported the similar observations
for multi-walled carbon nanotubes [37]. Therefore it is
suggested that the transport along a continuous single shell
or set of shells, as in the case of MWNTs, is impossible and
only the disordered structure of MWNTs plays an important
role. Therefore, it may be suggested that the disorder localizes
the electronic wavefunction, thus giving rise to variable range
hopping.

104

108

112

116

120

G
 (

µS
)

50 100 150 200 250

Temperature (K)

0 300

Figure 8. Conductance (G) versus temperature (K) for an individual
Fe70Pd30-catalyzed MWNT for the temperature range 297–4.8 K.

Figure 9. ln(G
√

T ) versus T −1/4 plot of an individual
Fe70Pd30-catalyzed MWNT for the temperature range 297–70 K.

In the two-dimensional variable range hopping regime, the
characteristic temperature (T0) is related to the density of states
at the Fermi level N(EF) and the localization length ξ as [38]

T0 = 13.8

kB N(EF)ξ 2
. (8)

The temperature dependence of the optimum hopping distance
(R(T )) is given by

R(T ) = 1

3
ξ

(
T0

T

)1/3

. (9)

The localization length and the optimum hopping distance
for this disordered MWNT have been estimated using
equations (8) and (9). We have used the value of N(EF)

estimated using 3D VRH as suggested by earlier workers [39]
to calculate the localization length and hopping distance. The
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Figure 10. ln(G
√

T ) versus T −1/3 plot of an individual
Fe70Pd30-catalyzed MWNT for the temperature range 70–4.8 K.

localization length is calculated to be 0.72 × 10−10 cm using
the value of T0 and the density of states N(EF)3D. This
gives an optimum hopping distance of 0.269 × 10−10 cm and
0.647 × 10−10 cm at 70 and 4.8 K, respectively.

4. Conclusion

It is concluded that, for the present sample of an individual
MWNT, variable range hopping (VRH) is responsible for the
transport of charge carriers. It is suggested that the hopping
conduction takes place over the entire temperature range of
297–4.8 K. The VRH is responsible for the transport of
charge carriers for the temperature range of 297–4.8 K. This
variable range hopping changes from 3D to 2D for the lower-
temperature region (70–4.8 K). Using the 3D VRH model, the
calculated values of Mott parameters for the present sample of
MWNTs satisfy the condition of Mott’s variable range hopping
(W of the order of a few kBT and αR should be of the order of
or greater than unity). For this individual MWNT, the hopping
distance has also been calculated using the 2D VRH model,
which varies from 0.269 × 10−10 to 0.647 × 10−10 as the
temperature decreases from 70 to 4.8 K.
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