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Abstract. The current status of experimental research on the
transport characteristics of carbon nanotubes (CNTs) has been
reviewed. Methods for measuring transport coefficients of
CNTs have been considered. The available experimental data
on the temperature dependence of thermal conductivity and
electroconductivity of single-walled and multi-walled CNTs
have been analyzed in terms of the ballistic mechanism of
charge and heat transport.

1. Introduction

Carbon nanotubes (CNTs), due to their good electroconduc-
tivity and thermal conductivity and their high chemical,
thermal, and mechanical stability, are considered one of the
most promising subjects of nanoelectronics. They have
already manifested themselves quite well as elements of such
electronic systems as electron field emitters [1—4], super-
capacitors [5], solar cells [6], nanoelectromechanical systems
[7], and sensors [8]. Methods for producing CNTs have been
considered in detail in reviews and monographs, as have their
electronic, emission, sorption, and mechanical characteristics
[1,9-17].

In spite of the longstanding efforts of researchers from
various laboratories in the world, the usage of CNTs in
nanoelectronic devices has not yet spread commercially.
This is due to several reasons. First, existing methods of
CNT production do not yet allow synthesis of nanotubes with
well defined geometry parameters such as diameter, length,
chirality, and (for multi-walled CNTs) the number of layers.
These parameters determine the electronic properties of
CNTs. Thus a single-walled nanotube can possess either
metallic or semiconductive properties, depending on the
chirality indices. The forbidden gap width of such a
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semiconductive nanotube depends not only on the chirality
but also on the diameter. The parameters of nanotubes
synthesized by standard production methods [arc discharge,
chemical vapor deposition (CVD), laser ablation (LA)] are
usually characterized by a considerable spread. Large scale
production of CNTs with predefined electronic characteris-
tics presents a special technological problem. Second, the
nanotubes produced through the use of standard methods
usually contain a large number of structural defects that affect
the electronic characteristics of the CNTs. Along with
structural defects, there is some quantity of adsorbates, i.e.,
various molecules and radicals added to the external wall of a
nanotube that change its electronic structure. Both the
quantity of such violations of ideal CNT structure and their
origin depend not only on its production method but also on
the magnitudes of local parameters characterizing its growth.
Among these parameters can be listed the temperature,
velocity, and direction of gaseous flow, and the magnitude
and the direction of the electrical field strength. One more
reason for the rather slow introduction of nanotubes into
applied fields relates to the very high cost of production of
pure CNT samples. Samples of a material containing CNTs
are usually highly contaminated with various admixtures
such as carbon nanoparticles and metal catalyst nanoparti-
cles enclosed in a multi-layer graphite envelope. Removal of
these admixtures and purification of a sample up to level
exceeding 90% present a very labor intensive technological
problem involving repeatedly treating the sample with strong
oxidizers, combined with centrifugation, filtration, and
ultrasonication. This raises the price of pure CNT samples
to a level exceeding $500 per gram, which precludes large scale
application of this material.

Despite the above-mentioned difficulties, intense investi-
gations have been performed in a large number of labora-
tories around the world that are addressed to establishing the
physical and chemical properties of CNTs. Particularly
considerable efforts are focused on investigating mechan-
isms of heat and charge transport and the relevant transport
characteristics of nanotubes. These studies are of basic
scientific interest because they offer the unique possibility to
elaborate the transport characteristics of a 1D physical
object. Such investigations are also important in terms of
practice, since the magnitudes of the transport characteristics
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of CNTs determine the character of charge and heat transport
in such systems and set the limitations for the maximum
emission current in electron field emitters and other CNT-
based nanoelectronic devices [18 —20].

Due to the diversity of structural features of CNTs, which
is due to a large variety of conditions of their synthesis, a
considerable spread is inherent to the transport character-
istics of nanotubes. Thus, the magnitude of the electrical
resistance of CNTs reported by various authors ranges
between 34 Q and 10 MQ. The measured magnitude of the
thermal conductivity coefficient also ranges within several
orders of magnitude. Such a considerable spread in measured
values of transport coefficients is caused by both the
uncontrollable defective structures inherent to CNTSs pro-
duced by standard methods and the difficulties in experi-
mental evaluation of these parameters. Moreover, single-
walled CNTs (SWNTs) can possess either metallic or
semiconductive properties, depending on their diameter and
chirality. Therefore, their electroconductivity can range
widely, especially at low temperatures. One should also
mention the phenomenon of electron localization occurring
in semiconductive CNTs at low temperatures that results in
increasing dependences of the electroconductivity on the
temperature and the electrical field strength. All these
peculiarities complicate the transport problem, which doubt-
less hinders the calculation of emission characteristics of
CNT-based field emission cathodes. This review contains an
analysis of the current status of investigations into the
transport characteristics of CNTs and consideration of the
available experimental data in terms of known transport
mechanisms.

2. Charge transport in CNTs

2.1 Single-walled nanotubes

The main contribution to the conductivity of CNTs is made
by electrons. Therefore, the conductivity of CNTs is deter-
mined by the mechanism of electron mobility. In a defectless
single-walled CNT at low temperatures, electrons pass
through the nanotube without scattering, which corresponds
to the quantum ballistic mechanism of conductivity. In this
case, the resistance of a SWNT is expressed by the following
equation [9—11]:

h Gyt

Here, Gy = h/2e2 =772x 1075 Q7! is the quantum con-
ductance of a quasi-1D conductor.

Equation (1) is generalized in a natural manner for
nanotubes with defects whose length L exceeds the elastic
scattering electron mean free path /. [22]:

h L+1
C4e2 [, )
This equation corresponds to the quasi-ballistic mechanism of
the conductivity of CNTs. In accordance with Eqn (2), the
resistance of short (L < /) SWNTs does not depend on the
temperature or the nanotube’s length. Violation of this
condition indicates a contribution by the diffusion mechan-
ism to the charge transport. Due to the temperature
dependence (usually increasing) of the number of scattering
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Figure 1. Schematic of the four-probe measurement of the dependence of
the resistance of a single-walled nanotube on the length [22].

centers (acoustic phonons, structural defects, etc.), the elastic
electron mean free path /. decreases as the temperature rises.
In accordance with Eqn (2) this is followed by the increasing
temperature dependence of the resistance of SWNTs.

One should note that in treating the measurement data on
the electroconductivity of CNTs, special attention has to be
paid to the contribution of contacts to the resistance of a
sample. Physical mechanisms determining this contribution
have been analyzed in detail in the review article by Vorob’eva
[21]. It should also be noted that the influence of contacts on
the results of measurements can be practically excluded using
the four-probe method of measurement, consisting of the
determination of the resistance of a CNT vs the distance
between the inner contacts.

Relations (1) and (2) have been justified by numerous
experiments addressed to determination of the electrocon-
ductivity of highly purified SWNTSs. As follows from these
equations, the direct measurement of the resistance of an
SWNT vs its length permits determining both its electronic
characteristics and elastic mean free path L. Work [22]
containing four-probe measurements of the resistance of an
SWNT in the configuration shown on Fig. 1 presents a good
example of such measurements. Note that the usage of the
four-probe method permits excluding contact resistance from
the measurement results, measuring the resistance of a CNT
as a function of the distance between contacts. Multi-walled
CNTs (MWNTs) were used as electrodes. SWNTSs ~ 1 nm in
diameter grown by either the laser ablation method or
chemical vapor deposition were selected from an array by
means of an atomic force microscope (AFM). Then two
MWNT electrodes were placed over the SWNT using an
AFM manipulator. Cr/Au electrodes deposited by electron
beam lithography were utilized as current leads. The condi-
tions of the measurements and measured data are presented in
Table 1.

Table 1. Resistance of various samples of SWNTs measured at room
temperature for different distances L between the contacts; / is the elastic
scattering electron mean free path evaluated on the basis of measured data
and Eqn (2); Lay-ay is the distance between the gold contacts [22].

No.of | R, |L,nm|/,nm | Lay_Au, Type Method of
sample | kQ pum of conductivity | synthesis
1 1.5 95 408 2.7 Small gap semi-| CVD
conductor
2 37.0 100 17 5.6 Wide gap semi- LA
conductor
3 2.7 150 358 1.0 Metal CVD
6.3 140 143 0.6 Metal LA
5 12.7 590 300 1.4 Metal LA
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Figure 2. Temperature dependences of the resistance of some samples
given in Table 1 [22].

As is seen from Table 1, a correlation between the length
of a single-walled CNT and its resistance is barely observed.
The resistance of two SWNT samples (1 and 3) exceeds
notably that for quantum ballistic transport. The values of
the resistance for samples 4 and 5 are in satisfactory
agreement with (2), while sample 2 shows rather low
conductivity compared to the others. Such a behavior can be
explained by either bad contact or a high content of defects.

Figure 2 presents the temperature dependences of the
resistance of some samples. As is seen, these dependences are
very smooth, which is in accordance with Eqn (1). The low
temperature increase in the resistance observed for samples 4
and 5 can be ascribed to the electron localization phenom-

enon, which is confirmed by the measured dependences of the
resistance on the applied voltage.

The above-presented experimental data are in some
contradiction with the measurement results [23], in accor-
dance with which the resistance of SWNTs considerably
exceeds the ballistic value (1) and depends on the tempera-
ture in a nonmonotonic manner. These results are shown in
Fig. 3, presenting a comparison of the measured temperature
dependences of a material containing SWNTs (a); several
bundles connected in parallel (b); and an individual bundle
with contacts spaced 500 nm apart (¢). The measurements
imply an increase in the resistance as the temperature rises
from ~ 50 up to 580 K. Such a behavior can be explained by
both enhancement of the intensity of the scattering of
electrons on phonons whose content rises as the temperature
increases and the corresponding increase in the defect
content.

The results of the measurements [22, 23] given above are in
a strong contradiction with earlier experimental data [24] that
show a monotonically increasing temperature dependence of
the resistance of an individual SWNT. In this experiment the
electroconductivity of an SWNT was measured by both the
two-probe and the four-probe method. The measurements
were performed with both rectilinear and bent CNTs. Room
temperature conductance of a rectilinear segment of the
SWNT was measured at about 1074 Q™! which corresponds
to a resistance of about 10 kQ. This magnitude is in rough
agreement with that of quantum ballistic conductance
2Go = 4e2/h = 1.54 x 1074 Q. However, the conductance
of a nanotube bent by 105° is about a hundred times lower
and totals ~ 107° Q™! Figure 4 presents the temperature
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Figure 3. Temperature dependences of the resistance of SWNT samples [23]: (a) material containing SWNTs (curve / is the results of four-probe
measurements; curve 2 is the results of measurements by the microwave absorption method); (b) two-probe measurements of several bundles connected in

parallel; (c) four-probe measurements of an individual bundle.
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Figure 4. Temperature dependence of the electrical conductance of a bent
segment of an SWNT measured by the four-probe (/) and two-probe (2)
methods [24]. Solid lines represent the power-like approximation G ~ T%,
where o = 1.4 (/) and 0.26 (2).

dependences of the conductance of the bent segment
measured by the two-probe and four-probe methods. One
should note that the conductance of the contact is estimated
as ~ 8 x 1078 Q! which is much lower than that of the
nanotube.

It should also be noted that the strong dependence of the
conductance of SWNTs on the bending angle found in the
above-described experiment [24] implies a possibility of using
nanotubes as an active element of an electromechanical device
transforming weak mechanical actions into an electrical
signal (and back). Due to the miniature size and high
sensitivity of nanotubes to mechanical action, such a
transformer, the simplest example of which is a microphone,
should possess good frequency characteristics.

An increasing temperature dependence of the conduc-
tance of individual nanotubes was observed also in the recent
work [25]. Purified nanotubes synthesized by the HiPCO
method (thermocatalytic decomposition of high pressure
CO) were inserted into a 1% water solution of sodium
dodecil sulfate (SDS), followed by ultrasonication and
centrifugation. The suspension obtained was applied onto
palladium electrodes which, using electron beam lithography,
were placed on a highly doped silicon wafer covered with a
silicon oxide layer 200 nm in thickness. The interelectrode
distance was about 0.8 um. An individual nanotube placed
between the electrodes was selected by mean of an AFM. The
current—voltage characteristics and gate characteristics of
several nanotubes connected in parallel were measured by the
two-probe method at various temperatures. Therewith a
highly doped silicon wafer was used as a gate. The results of
measurements obtained for metallic and semiconductive
CNTs are shown in Figs 5 and 6, respectively. These data
present power-like temperature dependences with the power
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Figure 5. Temperature dependence of the electrical conductance of an
individual metallic SWNT measured at a zero bias voltage. The depen-
dence is well approximated by a power-like function with a power index
o = 0.60 [25].
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Figure 6. Temperature dependence of the electrical conductance of a
semiconductive SWNT measured at a zero bias voltage. The dependence is
well approximated by a power-like function with a power index o = 3.9.
The conductance at cryogenic temperatures is too low, which hinders its
measurement [25].

index « = 0.60 and 3.9, respectively. As is seen, the measured
magnitude of the conductance G is much lower than the
quantum limit Gy, which indicates a considerable contribu-
tion by the contacts to the total resistance of the circuit.

As follows from Eqn (2) the resistance of an individual
nanotube can depend not only on the temperature but also on
its length. This has been demonstrated by the results of recent
studies [26, 27], where the conductance of individual SWNTs
was also measured as a function of the applied voltage. The
schematic of measurement is shown in the inset in Fig. 7. At
low magnitudes of the bias voltage a defectless metallic CNT
represents a conductor with quasi-ballistic conductivity,
where the interaction of electrons with acoustic phonons is
characterized by rather low intensity. At a high bias voltage
(higher than 0.2—0.3 V), the intense scattering of electrons on
optical phonons breaks their phase coherence, which causes a
considerable contribution by the diffusion mechanism to
electron transport, which is characterized by a linear
dependence of the resistance on the nanotube’s length. Long
(L > 1 pum)nonsuspended SWNTs were placed on the surface
of a silicon substrate covered by an oxide layer 500 nm thick
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Figure 7. Low-voltage resistance vs length for CVD-grown SWNT
(triangles and asterisks) and HiPCo SWNTs (squares) [26]. The experi-
mental setup is shown schematically in the central inset. The upper inset
presents the micro-image of a long nanotube partially gold-coated.

with the aim of exploring the dependences of the electro-
conductivity coefficient on the nanotube’s length and the bias
voltage. Nanotubes grown directly on the substrate were
disordered and possessed quasi-ballistic conductivity.

In order to measure the dependence of the conductance on
the length, a metallic SWNT was brought into contact with
gold electrodes. In this case, the current —voltage character-
istic was measured by using an AFM at a bias voltage varied
within the range of +2.2 V. A metal tip of the AFM was
moved along the nanotube. The optimal contact was reached
when the tip displaced the nanotube. The dependences of the
differential resistance R = dV//d[ on the bias voltage and the
interelectrode distance was determined by processing the
current — voltage characteristics.

Figure 7 shows the low-voltage (bias voltage is about
0.1 V) dependences of the differential resistance on the inter-
electrode distance (L) measured for two types of SWNTs.
Squares correspond to individual CNTs grown by the HIPCO
method and subjected to ultrasonication in a surfactant with
the aim of removing bundles. These nanotubes were then
adsorbed on a silicon oxide substrate as a result of dispersion.
Ultrasonication allows separation of a CNT from the
bundles, while promoting the formation of structural
defects. The rest of the data correspond to seven various
metallic SWNTs grown directly on a substrate using the
standard CVD method. A smoothly increasing interaction
of the resistance with the length is a consequence of the
interaction of electrons with acoustic phonons and structural
defects. The relatively high content of defects inherent to the
HiPCO SWNTs promotes the Andersen localization phe-
nomenon. This phenomenon manifests itself in the exponen-
tial dependence of the resistance on the length found in the
case of HiPCO nanotubes. Electrons moving along the
nanotube undergo elastic scattering on defects conserving
their phase. As is shown in Refs [28, 29], if the localization
length L is shorter than the electron mean free path relating
to the elastic scattering on acoustic phonons, low-voltage
charge transport is determined by defects and the resistance
depends on the length in an exponential manner. This permits
the determination of the magnitude Ly ~ 420 nm for the
HiPCO nanotube. On the other hand, the resistance of
nanotubes grown by the CVD method depends linearly on
their length, which corresponds to the Ohmic conductivity.

One should note that the slope of this linear dependence that
is determined by the low-voltage magnitude of the resistivity
Piow amounts roughly to the same value for seven CNT
samples (P, ~ 1042 kQ um~! at a contact resistance of
about 184+ 6 kQ).! The resistance of a nanotube R is
expressed through the mean free path of an electron relating
to the elastic scattering on acoustic phonons /. by the
following relation:

b Ltk
C4e? [

This equation has been utilized for the treatment of experi-
mental data obtained for SWNT grown by the CVD method,
which resulted in the magnitude /,c =~ 650 £+ 130 nm.

At a high bias voltage (V' > 0.3 V) electrons are able to
excite optical phonons. In this case, the dependences of the
differential conductance on the length measured along a
nanotube 6 pm in length have a maximum near zero and
then decrease at a short range inversely proportional to the
length. As the bias voltage increases, the slope of these
dependences and therefore the CNT resistance increases.
Thus, at a voltage of 2V, py;y, = 320 kQ um~!. The average
resistivity of seven CNTs grown by the CVD method
measured at a voltage of 2 V is (py;;,) = 330+ 110 kQ pm~".
The similar magnitude py;,, was measured for HiPCO
nanotubes. This means that the electron scattering on optical
phonons prevails over the elastic scattering on lattice defects
in the case of short nanotubes at a high bias voltage.

The above experimental data related to nanotubes shorter
than 1 pm are in good agreement with the conclusion on the
character of the charge transport in SWNT published earlier
[27, 30]. However, if the interelectrode distance exceeds the
indicated value, the dependence of the differential resistance
dV/dIon the length L shows a saturation which is changed by
an abrupt decrease as the distance increases further.

The dependence of the resistance of a metallic individual
SWNT on its length in low-voltage and high-voltage regimes
was studied thoroughly in Ref. [27]. The distance between the
contacts was varied within the range between 50 nm and
10 um with the use of an AFM tip that was utilized as a
movable electrode. The measurements indicate that at a low
bias voltage the resistance of a CNT does not depend on its
length for L <200 nm. This implies that the ballistic
mechanism of the charge transport occurs in short nano-
tubes. The measured dependence of the resistance on the
length for longer nanotubes allowed determination of the
low-voltage magnitude of the electron mean free path
low =~ 1.6 um, which is in agreement with earlier measure-
ments and calculations. At higher values of the bias voltage,
the effect of current saturation has been observed for long
nanotubes as the bias voltage increases. However, for short
CNTs (L < 500 nm) the current is proportional to the bias
voltage. The measurements performed at various L indicate
that the high-voltage magnitude of the electron mean free
path /yignh ~ 10 nm is about 100 times shorter than the relevant
low-voltage value /. Calculations of low bias voltage

! One should differentiate between the resistivity of a CNT as any
conductor that is expressed in the units Q c¢cm and specific resistivity
accounting for the unit of the nanotube’s length that is expressed by
Q cm~!. These parameters are differentiated in the present article by the
unit of measurement. This remark also relates to the thermal conductivity
coefficient that will be considered in Section 3.
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conductivity taking into account the electron scattering on
acoustic phonons and high bias voltage conductivity taking
into consideration the elastic scattering of electrons on optical
phonons and the band boundary demonstrate good agree-
ment with the experimental data [27].

Single-walled CNTs utilized in Ref. [27] were grown by the
CVD method on a silicon substrate covered with a silicon
oxide layer 200 nm in thickness. The catalyst was applied onto
the substrate by means of lithography. Either an Au layer
50 nm in thickness covered with an adhesion Cr layer 5 nm
thick or an Au layer 30 nm thick without an adhesion layer
were used as contacts. The best contact was provided by gold
electrodes without an adhesion layer. Cr/Au electrodes were
subjected to annealing at a temperature of ~ 600°C for
improved contact between the metal electrode and the
nanotube. All the measurements were performed with
SWNTs possessing metal characteristics which were deter-
mined on the basis of measurements of the dependence of the
conductance on the gate voltage. At a high bias voltage the
magnitude of the saturation current for long nanotubes
ranged within 19-25 pA. The transport characteristics of
CNTs were measured by means of AFM under ambient
conditions. The measurements were performed in a three-
contact configuration (see Fig. 7) where the Au-coated tip of
an AFM was used as the third contact. The bias voltage Vi
was applied to the source electrode while the AFM tip was
used as a drain electrode. Therefore, the current was
measured as a function of Vy employing a current amplifier
connected to the AFM tip. The second contact was applied by
the lithography method and used for measuring the voltage
drop Vi between the tip and the drain electrode of the
nanotube. This allowed determination of the voltage
V ="Vsx — Vy and therefore plotting the current—voltage
characteristic corresponding to the left contact and the
nanotube segment between this contact and the tip. The
current—voltage characteristics for CNT segments of var-
ious lengths are measured by displacing the tip along the
nanotube. Since the position of the left contact is fixed and the
voltage drop related to the right AFM contact is subtracted, it
is possible to compare the results of measurements obtained
for CNT fragments of various lengths. The minimum
fragment length that can be measured by this method
depends on the stability of the AFM and the size of the tip
and is estimated as L ~ 50 nm.

The dependences I(V) measured for a metallic SWNT
10 um in length at 6 various distances L allow discrimination
between the low bias voltage region where the dependence has
a linear shape and high bias voltage. Figure 8a presents the
dependence of the low-voltage resistance of the CNT
Riow =dV/dIl on its length L. The magnitude Ryoy is
practically constant within the range between 50 and 200 nm;
however it increases as a result of the further increase in the
length. The slope of this dependence presents the 1D
resistivity p = dRjow/dL ~ 4 kQ pm~'. A similar value has
been measured for some other samples of metallic SWNTs.

The 1D resistivity of a channel containing four subbands
in a noncoherent limit is expressed though the following
relation [9—11]:

h 1
P:mza 3)

where /. is the elastic scattering electron mean free path.
Measurements imply that the value of this parameter depends
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Figure 8. (a) Low-voltage differential resistance Rioy =dV/dI vs L
measured for an SWNTs 10 um in total length and 1.8 nm in diameter.
(b) High-voltage resistance Ryign = dV’/dJ vs L measured for four various
SWNTs 1.8 nm (®), 2 nm (M, 0), and 2.5 nm (2) in diameter. The line
presents the linear approximation of the measured data [27].

on the bias voltage. Treatment of the measured data obtained
for low bias voltages results in /oy ~ 1.6 um. Since L < [y,
ballistic charge transport occurs. In this case, the measured
value of the resistance corresponds to that of the drain contact
and is practically constant.

In the high bias voltage regime the slope of the current—
voltage characteristic decreases as the voltage rises. In the
case of a long channel the current saturates up to the level of
about 20 pA. However, a different behavior has been
observed for shorter channels (L < 500 nm). At a high bias
voltage the current first rises proportionally to V; however,
the slope of this dependence is lower than that in a low bias
voltage regime. Figure 8b shows the dependence of the
differential resistance Rpjgh = dV/dl on L measured for
CNTs of various diameters (1.8 < d < 2.5 nm). The slope of
this dependence dRyigh/dL = 800 kQ pum~!. As is seen, the
high-voltage resistance is about 200 times as high as the
relevant low-voltage magnitude. Processing this dependence
in a high-voltage region by using (3) results in /ygn ~ 10 nm,
where /hig is the high bias voltage magnitude of the electron
mean free path relating to elastic scattering. Comparison of
the values /ioy and /g indicates that the electron mean free
path in a nanotube rises sharply as the bias voltage increases,
which is caused by the electron localization phenomenon
occurring at low bias voltages.

The above-described character of the dependence of the
resistance of SWNTs on their length is inherent to even very
long nanotubes up to a centimeter in size. This has been
demonstrated in Ref. [31], where SWNTSs up to 0.7 cm in
length were studied. The nanotubes were grown on conduct-
ing doped Si wafers coated with an oxide layer 500 nm in
thickness. Fe/Mo/aluminium oxide nanoparticles were
utilized as a catalyst. Aluminium oxide nanoparticles were
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dispersed in deionized water (250 ml), which was followed by
insertion into the solution of 1.0 g Fe(NO;3); and 0.24 g
MoO;-(acac), (acac is acetylacetone). The suspension
obtained was stirred for 24 h and subjected to ultrasound
treatment for 1 h and then applied onto the Si wafer. A
template was applied onto the Si wafers by means of a
photoresist. The Si wafers were coated with thin films of
Cr (50 nm)/Au (200 nm) by using the standard vacuum
vaporization method, which was followed by the deposition
of the nanoparticles mixture. This resulted in the formation of
a triple catalytic layer of nanoparticles/Au/Cr. The nano-
tubes were grown in a homemade CVD furnace at a
temperature of 900 °C as a result of circulation of the mixture
of CH4 (1000 sccm) and Hs (200 sccm).? The above approach
is characterized by simplicity because it does not require quick
heating or the application of a high electrical field. One more
distinctive feature of the approach applied is in the possibility
of providing the electrical contact in situ.

Long nanotubes were studied by using a scanning electron
microscope (SEM) operating at a low accelerating voltage
(1 kV). Such a mode promotes an enhancement of the
contrast of the image. Initially, metallic catalyst pads were
charged negatively. Therewith the CNTs contacting the pads
were also charged. Then the SEM was switched to the image
magnification mode. The image of nanotubes contacting the
catalyst pads was formed due to a difference between their
potential and that of the substrate oxide layer. The geometry
of the catalytic pad allowed the observation of the CNTs at
low magnification. The distance between the neighboring
catalyst pads was 4 mm. This method allows a considerable
enhancement of the contrast of the image and permits one to
obtain quickly the image of a CNT up to 1 cm in length. The
duration of synthesis of CNTs up to 0.7 cm in length was
70 min. High magnification SEM images contained only one
nanotube, while some images also contained several short
CNTs oriented perpendicular to the long nanotube. Observa-
tions show that CNTs grow both in the direction of gas flow
and also against the direction of gas flow (against the wind).
The growth of a CNT stops upon the appearance of obstacles
(such as a neighboring catalytic pad or the edge of the
substrate) or as a result of cessation of the methane flow.
Therefore, one can conclude that the fundamental limit of
CNT growth has not yet been reached even for the centimeter
size, and there is no evidence of such a limit.

The conductivity of an SWNT 4 mm in length was
measured at about 2 x 1078 Q~'. A couple of nanotubes
closing the gap are characterized by a decreasing current—
voltage characteristic (using the substrate as a gate) with two
different magnitudes of the threshold voltage. This indicates a
semiconductive origin of CNT conductivity. AFM studies
show that the diameter of nanotubes does not reach 5 nm, and
the substrate is not contaminated with amorphous carbon
even after completing the growth procedure.

Figure 9 compares the measured magnitudes of the
resistance of SWNTs of various lengths. Processing these
data obtained for long CNTs allows estimating the contact
resistance at 15 kQ. This means that the contribution of
contacts to the resistance of long nanotubes (R ~ 50 MQ) is
practically negligible. The measured resistivity of long CNTs
was about 6 kQ um~!. Therefore, the resistance is propor-
tional to the CNT length within four orders of magnitude.

2SCCM is cm? s7! (at normal conditions).
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Figure 9. Resistance of SWNTs vs their length: m [31]; @ [32, 33], A [34].

Processing the measured data obtained for another
sample results in a resistivity of ~ 7 kQum~!, which
corresponds to 1D resistivity of 1.4 x 10~% Q cm and compar-
able to the minimum resistivity measured to date for both
metallic and semiconductive CNTs. Even a short fragment of
a defective nanotube a centimeter in length would have much
higher resistivity. This leads us to the paradox conclusion that
the relative content of defects in CNTs a centimeter in length
does not exceed that for the best CNT samples synthesized
before now. In other words, the defect content barely depends
on the nanotube’s length and remains constant up to the
centimeter size.

In summarizing the analysis of the data on the electro-
conductivity of SWNTSs, one can conclude that nanotubes less
than or of the order of 1 um in length are usually character-
ized by room temperature resistance within 5—10 kQ which
corresponds to the ballistic conductivity mechanism. How-
ever, the conclusion on the ballistic character of the con-
ductivity contradicts the results of measurements of the
temperature dependence of the resistance, which is usually a
monotonically increasing function of both the temperature
and the nanotube’s length. Violation of the ballistic character
of conductivity is related to electron scattering on both
acoustic phonons and structural defects. Therewith lowering
of electron mobility as the temperature rises is caused by
increasing the content of the acoustic phonons and structural
defects. The characteristic magnitude of the elastic scattering
electron mean free path estimated on the basis of experi-
mental data amounts to about 1 um, which can be considered
the upper estimation of the length of SWNTs having ballistic
conductivity.

2.2 Multi-walled nanotubes

The structure of MWNTs is usually not as perfect as in the
case of SWNTSs, therefore the ballistic mechanism of the
conductivity is inherent to them to a lesser degree. However,
an MWNT possesses a large number of conducting channels
corresponding to the number of nanotube layers, which in
turn enhances its conductivity. Since the diameter of an
MWNT is considerably larger than that of an SWNT,
electrical measurements with multi-walled CNTs are essen-
tially simpler to perform and provide more reliable results.
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Figure 10. Histogram showing the distribution of nanotubes grown at
temperatures of 800, 900, and 950 °C over the magnitude of the resistivity
divided by the effective thickness of a nanotube 7* [35].

Measurements show that the conductivity of MWNTs
depends notably on production conditions. This has been
demonstrated particularly by the authors of Ref. [35] who
compared the room temperature magnitudes of the conduc-
tivity of MWNTs grown at various temperatures (800, 900,
and 950°C) using the microwave plasma enhanced CVD
method (PECVD). The results of the measurements pre-
sented in Fig. 10 indicate a correlation between the growth
temperature of MWNTs and the resistance of individual
nanotubes. The nanotubes grown at 900°C possess the
lowest resistance. Raman spectroscopy measurements show
that these nanotubes have the best structure. The average
magnitude of room temperature resistance of MWNTs
amounts to 3.5 + 2.6 kQ.

The temperature dependence of the resistance of MWNTs
is also characterized by a considerable spread even if these
nanotubes are produced by the same setup. This is caused by
the stochastic character of CNT growth, which results in a
great variety of structural features of CNTs grown within the
framework of the common procedure. The nanotubes grown
in identical conditions can differ from each other in the
number of layers, the type and the content of defects, length,
and diameter. Such a diversity is reflected in the results of the
measurement of the temperature dependence of MWNT
conductance. This behavior can be seen from the measured
temperature dependences of the electroconductivity of the six
samples of SWNTs that are shown in Fig. 11 [36]. The
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Figure 11. Temperature dependencies of the electrical conductance of
various MWNT samples [36].

measurements were performed between 4 K and room
temperature. The MWNTs were produced by the standard
electrical arc method. The samples to be investigated were
bundles containing from 3 to 6 individual CNTs. Some of the
MWNTs in the bundles appeared to be damaged and
seemingly only few or probably one of them contacted both
metallic pads. As is seen from the data presented, the
conductance of a CNT is of the order of the characteristic
quantum value Gy = 2e2/h=7.7x 1075 Q! and shows a
monotonically increasing temperature dependence within the
above temperature range. Such a shape of the temperature
dependence of conductivity indicates a semiconductive origin
of the charge transport in the MWNTs under investigation.
One can expect intuitively that the resistance of MWNTs
is inversely proportional to the number of layers constituting
the nanotube. This guess is supported by the results of
measurements [37, 38] performed with nanotubes of a large
cross section. For example, the authors of Ref. [37] studied
MWNTs grown by the CVD method at 900 °C with the aid of
Fe,Os5 catalyst nanoparticles. An individual MWNT ~ 30 pm
in length was selected in an arbitrary manner from a sample
by means of a sharp tungsten tip. Then the nanotube was
brought by means of a micromanipulator from the tip onto a
transparent substrate. Further operations with the CNT were
performed by means of a tungsten wire. Ti/Au electrodes
were deposited onto the ends of the nanotube by the thermal
evaporation technique. AFM measurements revealed that the
titanium film was ~ 10 nm in thickness, while the thickness of
the gold film ranged within 50— 100 nm. A similar procedure
was applied to all the samples under investigation.
Successive shortening of the nanotubes was performed
with the aid of a femtosecond laser (4 = 800 nm). The laser
pulses had a duration of 90 fs, emission energy up to 1 mJ, and
repetition frequency of 1 kHz. The sample moved relative to
the laser beam by means of a computer-controlled 3D
manipulator. The position of the laser beam relative to the
nanotube could be changed to allow its shortening down to
any length. To this aim, a x100 microscope objective was
used providing a focal spot size on the substrate on the level of
1 -2 pm. It was found that the laser beam could occasionally
displace the CNT from its initial position due to the
occurrence of mechanical stress under the action of nonuni-
form heating. However, when taking precautions, a nanotube
can stand 5—7 laser irradiation pulses without displacement.



March 2009

Transport properties of carbon nanotubes 217

To avoid thermal effects the current —voltage characteristic
was measured at a low bias voltage (|V] ~ 0.1 V). Under this
condition the dependence /(7') had a linear shape. The total
resistance of the sample was evaluated from the slope of the
dependence I(V') through the least squares method. This
dependence was measured each time after shortening the
CNT by using laser irradiation. The measures completed
usually after about 5 shortenings. Then the sample was
studied by means of a field emission scanning electron
microscope (FESEM) in order to refine the parameters of
the nanotube. The results of measurements are shown in
Table 2. As is seen, the nanotube resistivity pont ranges
between 0.33 and 1.48 kQ pum~! (average magnitude is
0.69 kQ pm~"). The spread is probably caused by differences
in the quantity and the structure of defects occurring in
various CNTs. The measured value of the contact resistance
ranges within 1.2—5.3 kQ um. As is seen, large diameter
multi-walled nanotubes have rather low resistance, so that
the charge transport in relevant devices is limited mainly by
the contact resistance.

Obviously, all the layers constituting an MWNT con-
tribute to its conductivity. However, exploration of the
electrical characteristics of MWNTs meets with difficulties
relating to the necessity of providing a reliable contact for all
the layers of the CNT, otherwise the measured conductance
would be notably lower than its true value. In this connection,
one should consider Ref. [38] where special attention has been
paid to ensuring a reliable contact for all the layers making up
the MWNT. These measurements, demonstrating a record
magnitude of MWNT conductance, are based a new method
according to which the contacts are formed in the course of
CNT synthesis. This provides high quality contacts for all the
layers of the nanotube. The electrical properties of a large
diameter MWNT are studied in situ by means of an SEM. The
measured conductance exceeds considerably 2Gy, which
indicates the quasi-ballistic conductivity of the MWNT.

High aspect ratio individual nanotubes were grown by the
PECVD method with a hot filament. A tungsten filament was
utilized as a substrate and small intrusions of iron into the
filament (at the level of 0.002 at.%) were used as a catalyst.
The nanotubes were grown under the flow of methane
(10 scecm) and hydrogen (50 sccm) at a total gas pressure of
25 Torr, discharge current of 50 mA, and voltage of ~ 500 V.
The substrate temperature was about 750 °C. The rectilinear
nanotubes synthesized ranged between 6 and 30 um in length
and were arranged on the substrate with a surface density of
not less than 10® cm~2. Transmission electron microscope
(TEM) observations have shown that the outer and internal
diameters of the nanotubes were 100 and 50 nm, respectively.
X-ray diffraction measurements did not indicate any notable
structural damages or contaminations in the CNTs under
investigation. Since the nanotubes were grown directly on the
tungsten filament, their reliable electrical contact with the

filament was ensured. As a second electrode a tungsten
filament with a tip radius of 100 nm was also used. This
filament was inserted into an SEM chamber and the tip
moved there until contact with an individual nanotube was
made.

Before measuring the current—voltage characteristics, a
low voltage was applied between the movable probe and the
nanotube, which promoted electrical discharge and local
heating. This resulted in welding of the tungsten tip to the
nanotube, forming a reliable electrical contact. As distinct
from the standard two-probe or four-probe approaches to
measuring the conductance of CNTs, when only external
layers of the nanotube are in contact with current leads, in the
present approach a reliable contact is provided for all the
inner layers of the nanotube. One more advantage of the
approach under consideration is that pure CNTs are grown
directly on the conducting substrate, so that conductivity can
be measured inside the SEM chamber without additional
procedures such as purification, separation, or other opera-
tions which are utilized in standard methods and eventually
can damage or contaminate the nanotubes.

The current—voltage characteristic of an individual
MWNT is shown in Fig. 12 [38]. As is seen, this dependence
has a linear shape within the range of the applied voltage,
40.2 V. One can conclude from this dependence that the
MWNT under investigation possesses metallic properties and
its resistance is 34.4 Q. Metallic CNTs are very stable, while
the energy of electrons (holes) is insufficient for the excitation
of optical phonons. The excitation of optical phonons is
possible if the applied voltage is out of the range (+0.2 V).
In this case, the conductivity is determined by electron
scattering on optical, but not acoustic, phonons, which
results in the current saturation effect. The enhanced energy
consumption due to electrical current passage promotes
destruction of the ballistic conductivity mechanism. As is
shown in Ref. [39], an MWNT breaks down at a dissipated
power exceeding 300 pW. In the experiment under considera-
tion [38], the total current of 7.27 mA is reached at a bias
voltage of 0.25 V, which corresponds to a current density of
1028 A cm™2 and dissipated power of 1.82 mW. Such an
extraordinarily high value of dissipated power can be
explained assuming the ballistic mechanism of charge trans-
port in the MWNT under investigation. This assumption is
confirmed by the results of measurements of the current—
voltage characteristics of a shortened MWNT, which hardly
differ from those for the initial CNT. This implies a ballistic
character of conductivity of the MWNT. The measurements
show that in this case the electron mean free path is as long as
25 um, which exceeds by many times the estimations of other
authors [40, 41].

As is seen from Fig. 12, the measured magnitude of the
conductivity of MWNTs at a zero bias is about 460G,. This
value exceeds considerably the results of other measurements

Table 2. The results of measurements of the resistance of MWNTSs of various lengths [37].

Sample Distance between Diameter, nm Resistivity of the CNT, Contact resistivity, Contact resistivity,

contacts, pm kQ um~! kQ um uQ cm?
1 10.0+0.1 225+ 10 1.48 +0.02 1.3+0.2 4.6+0.7
2 10.0 £ 0.1 210+ 10 0.51 +£0.02 1.2+0.2 4.0+0.7
3 10.0 + 0.1 130 £ 10 0.79 +0.02 42+04 8.6+1.0
4 4.0+0.1 83+ 10 0.33 +0.04 44+0.8 6.0+1.2
4% 4.0+0.1 83+ 10 0.33+£0.01 534+0.3 6.9+09

* The data given in the two last rows relate to different types of contacts.
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Figure 12. Current — voltage characteristic of an individual MWNT [38].

for individual nanotube, which usually total less than 2G.
The main distinguishing peculiarity of the experiment [38]
consists in ensuring a reliable contact for all the nanotube
walls, while in preceding experiments a reliable contact was
provided for only in the outer layer of the CNT.

A multi-walled CNT with outer and inner diameters of
100 and 50 nm, respectively, and an interlayer distance of
0.34 nm contains no more than 74 layers. Even assuming that
each layer possesses metallic properties and has a conductiv-
ity of 2Gy, one can expect that the conductivity of such a
nanotube does not exceed 148G, which is notably less than
the measured magnitude of 460G,. As is known, the
forbidden gap width of a semiconductive CNT is inversely
proportional to its diameter. Therefore, almost all the layers
composing the MWNT under consideration have a negligible
forbidden gap width (much less than the temperature) and
can be considered metal conductors, whose conductance does
not depend on such structural features as diameter and
chirality. Nevertheless, the reason for such a high magnitude
of conductivity of the MWNT still remains unclear.

Summing up this analysis of experimental data on the
conductivity of multi-walled nanotubes, one should note that
the magnitude of the conductance can exceed the value G,
specific for the ballistic conductivity. This indicates the
contribution of a large number of layers to the charge
transport so that the partial contribution of each layer is of
the order of Gy. However, the occurrence of a temperature
dependence of the conductance excludes a purely ballistic
mechanism of charge transport. Apparently, there exists a
combination of ballistic and diffusion mechanisms of con-
ductivity, so that the specific contribution of each of these is
determined by both the synthesis parameters and the
conditions of the measurements.

3. Heat transport in CNTs

The thermal conductivity of CNTs is determined by phonons,
so that the role of conduction electrons is negligible [42, 43].
Buallistic heat transport occurs when phonons transfer energy
without scattering, so that the characteristic phonon mean
free path relating to the scattering on phonons and structural
defects exceeds the length of the nanotube. The simplest
description of ballistic phonon thermal conductivity corre-
sponds to a high-temperature limit, which takes place at
hw < T (w is the characteristic phonon frequency, T is the

temperature). In this case, the thermal conductance of each
phonon channel is determined by the quantum magnitude
G, which has the form [43]

k2T

w
Gy = = = 946 x 10 ( 2) T. (4)

The thermal conductance of a CNT is expressed as the
product of the quantum conductance Gy, and the total
number of phonon channels N, in the nanotube. The latter
is a triple number of atoms in a unit cell 2N, where N is
expressed through the chirality indices (#, m) of the nanotube
as[9—11]

2(n? +m? + nm)

N= e . (5)

Here, dr is the greatest common divisor of (2n 4 m) and
(2m + n). For a CNT having the armchair structure and
chirality indices (n,n), dg =n and N = 6n. For example, a
single-walled (10, 10) CNT (diameter 1.4 nm) has N, = 120
phonon channels, while a (200,200) CNT (diameter 27.5 nm)
has N, = 2400 phonon channels. Therefore, the ballistic
thermal conductance of (10,10) and (200,200) CNTs
amounts to 120Gy, and 2400Gy,, respectively.

The scattering of phonons on structural defects and
admixture centers can be taken into account in a manner
that is similar to the above-considered description of the
quasi-ballistic mechanism of electroconductivity of CNTs by
introducing the correcting factor kq = (L + /) /l,. Here, [, is
the phonon mean free path relating to the elastic scattering
and L is the nanotube’s length. In accordance with this
approach, the thermal conductance of a nanotube with a
quasi-ballistic mechanism of heat conductivity is expressed by
the relation

l
G:Gtthﬁ, (6)
p

where the quantum thermal conductance G, and the number
of phonon channels N, are given by the above relations (4)
and (5). Such an approach to describing the heat conductivity
of a CNT is quite convenient for the analysis of experimental
data because it allows one to make a conclusion relating the
specific mechanism of heat transport on the basis of the
analysis of measured dependences of thermal conductance
of a CNT on the temperature and its length.

As follows from Eqn (6), the thermal conductance of a
long nanotube (L > /,) is inversely proportional to its length.
Therefore, the thermal conductivity

GL
o= )
(S is the area of the cross section of the nanotube perpendi-
cular to the direction of the heat flow) does not depend on its
length L. This conclusion is similar to the Ohm law for the
electroconductivity of conducting materials and is named the
Fourier law for heat conductivity. The Fourier law is
obviously violated in the case of the prevalence of the
ballistic mechanism of heat transport, when the thermal
conductance of a nanotube does not depend on its length. In
this case, in accordance with Eqn (7) the thermal conductivity
of a CNT is inversely proportional to the nanotube’s length.
However, detailed measurements of the dependence of the
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thermal conductivity on the length of a nanotube performed
recently [44] show that the Fourier law can be violated even on
the condition that the nanotube’s length L exceeds consider-
ably the characteristic value of the phonon mean free path /.
Multi-walled CNTs produced by the standard electrical arc
method and ranging between 10 and 33 nm in diameter, as
well as boron nitride nanotubes (BNNTSs) up to 10 pm in
length and 30-40 nm in diameter, were used in this
experiment. An individual nanotube was placed by means of
a piezomanipulator into a testing device that was inserted into
the chamber of an SEM. The testing device contained
suspended SiN, plates and Pt film resistors that played the
role of both heater and temperature sensor. The thermal
conductance of the nanotube was determined on the basis of
measurement of the temperature by means of the sensor at
some specified power supply. The geometry of the sample was
measured by the use of an SEM. The thermal conductance of
samples was measured utilizing contacts fabricated from the
platinum compound (CHj3),(CH3CsHy4)Pt and having a
rectangular shape. The thermal resistance as a function of
the nanotube’s length was evaluated performing sequential
measurements of the thermal conductance at various posi-
tions of one of the contacts along the nanotube. These
dependences deviate notably from a straight line, which
indicates a violation of the Fourier law for the thermal
conductivity of nanotubes. Thus, a sample of CNTs 5 pm in
length having the room temperature thermal resistance of
5.87 x 107 K W~! shows an increasing power-like depen-
dence of the thermal resistance on the length with the power
index of = 0.6, while the Fourier law requires f = 0. The
thermal resistance of a sample of BNNTSs 5.33 um in length is
7.71 x 107 K W~!, while f = 0.4. Note that the contribution
of the contact resistance to the total resistance of both
samples does not exceed 25%. It is important to stress that
the thermoconductance of nanotubes deviates from the
Fourier law even when the phonon elastic scattering mean
free path /, is much shorter that the nanotube’s length L.
Thus, the magnitude /,, estimated on the basis of the
measured thermal conductance coefficient, is about 30—
50 nm, which is considerably shorter than the nanotube’s
length.

The thermal conductivity of a cloth-like layer of an
SWNT was measured in Ref. [45] within the temperature
range between 8 and 350 K. The nanotubes were synthesized
by the electrical arc method with the use of graphite electrodes
filled with a Y and Ni powder catalyst. This approach permits
the production of a cloth-like layer consisting of high purity
tangled nanotube bundles. Each of the bundles contains from
tens to hundreds of nanotubes of micrometer length and
about 1.4 nm in diameter. Besides those samples, SWNTs
produced by the laser ablation method were also studied,
which resulted in similar conclusions. The degree of purifica-
tion and the content of samples were determined by means of
a TEM and an SEM. Some of the samples were exposed to
thermal treatment at a moderate pressure, which enhanced
their density and provided more reliable contact between the
bundles. The initial density of the cloth-like layer produced
totaled 2% of the theoretical limit for a bundle consisting of
closely packed CNTs 1.4 nm in diameter, while this parameter
rose to 70% as a result of the thermal treatment.

Thermal conductance was measured by the comparison
method. Small size (roughly 5 x 2 x 2 mm) samples of the
cloth-like material were placed parallel to a constantan rod
for which the temperature dependence of the thermal
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Figure 13. Temperature dependence of the thermal conductivity of a cloth-
like sample containing single-walled CNTs. The dependence increases
smoothly between 8 and 350 K, changing its slope near 30 K. The low-
temperature part of k(7") is shown in the inset. The solid line at 7 < 25K
presents the linear approximation of low temperature data that is
extrapolated to zero at a zero temperature [45].

conductance was measured previously. Differential thermo-
couples were affixed directly to the sample and to the
constantan rod to measure the temperature drop. One of the
ends of the constantan rod was heated, which promoted a
heat flow through the rod and the sample onto a cooled
contact. The thermal conductance was calculated in a
standard manner by processing the data on the temperature
drop on the constantan rod and the sample. Due to the proper
calibration, the known temperature dependences of the
thermal conductivity for various standard materials were
well reproduced. The measured temperature dependences of
the thermal conductivity for CNT samples of various
geometry resulted in similar quantities, which indicates the
absence of heat losses at measurements. After measuring the
thermal conductance of each of the samples, their electrical
resistivity was measured to make a comparison using the
four-probe method. The measured temperature dependences
of the electroconductivity of the samples assumed a metallic
character of conductivity at room temperature and a
nonmetallic conductivity at temperatures lower than
~ 150 K. The thermal conductivity x of some samples
measured between 8 and 350 K is shown in Fig. 13. The
measurements indicate a smooth increase in x as the
temperature rises from 40 to 350 K. The low temperature
part of the dependence x(7") isshown in the inset. At 7'~ 30 K
the slope of the dependence «(7T') is changed; below this point
the dependence x(7') has a linear shape and is extrapolated to
zero at T = 0. A similar dependence was observed for all the
samples, including those exposed to the thermal treatment.
This is followed by the conclusion that the measured thermal
conductivity coefficient is related to the bundle samples and
does not depend on such effects as heat transfer between the
bundles. The observed temperature dependences of the
thermal conductivity differ notably from those inherent to
graphite, while both the materials contain graphite layers.
The thermal conductivity of a high quality crystalline
graphite along the graphite plane is governed by acoustic
phonons and at 7'< 150 K it is characterized by a tempera-
ture dependence k(7T) ~ T273. A further rise in the tempera-
ture is accompanied by an increase in the contribution of
umklapp scattering (phonon—phonon scattering), which
causes an abruptly decreasing temperature dependence of
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the thermal conductivity. The maximum magnitude of the
thermal conductivity of high purity graphite is about
6000 W m~! K~!, while the room temperature value of this
parameter is 2000 W m~! K~! [9-11].

The thermal conductivity x(7) of a nanotube bundle
sample was calculated on the basis of the measured data
taking into account the size of the sample and the degree of its
filling with nanotubes. The resulting quantity for a non-
treated sample amounted to 35 W m~! K~!, while for a
sample undergoing thermal treatment this quantity was as
low as 2.3 W m~! K~!. These values are rather incomparable
to those for pure metals and graphite.

However, the above quantities were obtained without
taking into account the entangled structure of bundles in the
samples. As was stated previously, the longitudinal electro-
condictivity of an individual bundle exceeds 50— 150 times
that for a cloth-like layer. It is quite likely that the long-
itudinal thermal conductivity «x(7") of a bundle also consider-
ably exceeds that for a cloth-like layer.

The above estimations show that the thermal conductance
of an MWNT is usually higher than that foran SWNT. This is
confirmed by numerous measurements. Thus, Ref. [46]
reports the results of measurements of the thermal conduc-
tance of an individual CNT. Suspended MWNTs not
contacting a substrate were studied. The measurements
show that the thermal conductance of MWNTs is two orders
of magnitude higher than that for the cloth-like material
containing SWNTs [45]. Suspended CNTs were formed by
means of an electron beam and photolithography on a multi-
layer silicon nitride/silicon/silicon oxide/silicon structure,
which was followed by metallization and etching. The
measurement device contained two closely spaced silicon
nitride membranes 10 x 10 pm in size and 0.5 pm in thick-
ness suspended by means of silicon nitride rods 200 pum in
length. A thin film Pt resistor fabricated by electron beam
lithography was placed on each of the membranes and used as
a heater. A nanotube can be placed at a desired point of the
measurement device by means of a probe of a scanning probe
microscope.

Figure 14 presents the results of measurements of the
thermal conductance of an individual MWNT with diameter
d = 14 nm and 2.5 pm in length [46]. The measurements were
performed within the temperature range of 8—370 K. The
thermal conductance increases several orders of magnitudes
as the temperature rises, reaching at room temperature its
maximum value of ~ 1.6 x 107 W K~!. This corresponds to
a thermal conductivity of ~ 1200 W m~! K~!. A further
increase in the temperature is accompanied by a decrease in
the thermal conductivity.

The ballistic character of heat transport was observed by
the authors of Ref. [43], who studied SWNTs produced by the
electrical arc method. The material synthesized consisted of
bundles about 100 pm in diameter and up to 2 mm in length
containing nanotubes ~ 500 nm in length and ~ 2 nm in
diameter. However, more thin bundles were also observed, on
whose ends individual nanotubes were visible.

The results of direct measurements of electrical conduc-
tance and thermal conductance are shown in Fig. 15. As is
seen, the measured magnitudes hardly depend on the length
of the CNT up to L ~ 8.5 um. One can believe that ballistic
behavior occurs for shorter nanotubes. This conclusion is
confirmed by the measured absolute magnitudes of the
electrical conductance and thermal conductance, which are
in good agreement with the above relations (1) and (4). Thus,
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Figure 14. Thermal conductance of an individual MWNT 14 nm in
diameter [23]. Solid lines present the linear approximation (logarithmic
coordinates) of data in various temperature ranges. The slopes of these
lines are 2.50 and 2.01, respectively. The bottom inset: curve / presents the
dependence «(T') for an individual MWNT with d = 14 nm in diameter;
curves 2 and 3 correspond to large (¢ = 200 nm) and small (d = 80 nm)
MWNT bundles. The upper inset shows an SEM image of the suspended
sample containing an individual MWNT. The scale bar is 10 pum.
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Figure 15. The thermal conductance (/) and electric conductance (2) of an
individual CNT placed on a crystalline graphite substrate measured at
room temperature in vacuum conditions [43].

assuming that the heat transport is due to the ballistic
mechanism, one obtains on the basis of Eqns (4) and (5) the
magnitude Gy, = 120G for a nanotube (10, 10), which is very
close to the measured quantity Gy, ~ 128G,. The measured
value of electrical conductance is about twice as much as the
quantum ballistic magnitude Gy = 2¢2/h = 12.9 kQ "

The above conclusions on the ballistic heat transport in
SWNTs contradict the results of measurements of tempera-
ture dependences of the thermal conductance of an individual
suspended SWNT within the temperature range of 300—
800 K [47]. According to Eqns (4) and (5), in the case of
prevalence of the ballistic mechanism of heat transport, the
thermal conductance of a CNT is proportional to the
temperature. However, the measurements [47] show an
inversely proportional temperature dependence of this para-
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meter. Therefore, one can conclude that the mechanism of
heat transport in CNTs is more complicated. The tempera-
ture dependences of the thermal conductance were deter-
mined in Ref. [47] on the basis of the solution of the heat
conductivity equation for a nanotube using the measured
current—voltage characteristics. The temperature of the
nanotubes ranged between 250 and 400 K.

Suspended SWNTSs were grown between Pt contacts over
grooves etched by lithography. The geometry of the nano-
tubes was determined by means of an SEM and AFM. The
electrical measurements were performed in vacuum condi-
tions (roughly 107® Torr) within the temperature range
between 250 and 400 K. Vacuum conditions provided the
thermal isolation of CNTs so that practically all the joule heat
released in the nanotube was removed to the substrate due to
thermal conductivity. Estimations imply that the contribu-
tion of thermal radiation to the heat balance of a nanotube
does not exceed fractions of a percent. The temperature
dependence of the thermal conductance of a single-walled
CNT = 2.6 um in length and ~ 1.7 nm in diameter was
evaluated as a result of the treatment of the current—voltage
characteristic.

The temperature dependence of the thermal conductivity
was determined through the solution of the reverse task so
that the dependence k(7)) providing the measured data at
specified magnitudes of the applied voltage and power supply
was found. The bias voltage was chosen to be quite high
(V' > 0.3 V) to ensure a notable self-heating of the nanotube.
The charge transport in this range of the bias voltage is due to
the scattering of electrons on optical phonons, which
determines the dependence of the resistance on the electron
mean free path /,, relating to this type of scattering,
R ~ (h/4e*)(L/lop). Since the electron mean free path /, is
inversely proportional to the concentration of optical
phonons N,p,, which in turn is proportional to the tempera-
ture within the temperature range under consideration, this
results in the linear temperature dependence of the resistivity
R~ 1/lyp ~ Nop ~ T. The value of the temperature is
determined by the heat balance between the joule heating
and the thermal conductivity. The above approach to
determining the temperature dependence of the thermal
conductivity of a CNT allows minimization of the influence
of contact resistance or contact thermal conductance on the
measured results.

Figure 16 presents the temperature dependence of the
thermal conductivity of a CNT [47]. At first glance this
dependence corresponds to the phonon—phonon umklapp
scattering determining the dependence x ~ 1/T. However, at
elevated temperatures one can also see a weak effect resulting
in a sharper temperature dependence. The authors of Ref. [47]
ascribe this effect to three-phonon scattering processes whose
rate is proportional to T'2. Taking into account such effects
results in the temperature dependence of thermal conductivity
coefficient k ~ 1/(aT 4+ BT?), where o and f8 are constants. In
the case of an SWNT, such processes most likely include
three-phonon anharmonic interaction of two acoustic and
one optical phonon, which is caused by the rise in the
concentration of optical phonons as the temperature and the
bias voltage increase. The thermal conductivity peaks at room
temperature, which is related to an increase in the contribu-
tion of the diffusion mechanism of the thermal conduction
that is characterized by a decreasing temperature dependence
of the thermal conductivity. The magnitude of the specific
thermal conductivity coefficient measured in the experiments
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Figure 16. Dependence of the thermal conductivity coefficient on the mean
temperature evaluated as a result of processing the current—voltage
characteristic at high bias voltages [47]. Various symbols relate to
different magnitudes of the ambient temperature. The broken line shows
the dependence x ~ 1/T corresponding to the umklapp phonon—phonon
scattering. Note the contribution of three-phonon interaction involving
one optical and two acoustical phonons, which is proportional to 1/72
and manifests itself at elevated temperatures.

under consideration amounts to about G ~ 2.4 nW K~!,
which is about an order of magnitude lower than the
estimation performed on the basis of Eqns (4) and (5)
assuming the ballistic mechanism of heat transport. For a
nanotube ~ 2.6 um in length and ~ 1.7 nm in diameter, this
corresponds to the room temperature thermal conductivity
coefficient x ~ 3500 W m~! K-!. At T=800 K this
parameter decreases to the level of 1000 W m~! K~

One should note that when measuring the thermal
conductivity by the above-described method the main
difficulty relates to the necessity of quantitative evaluation
of the temperature of the nanotube. The authors of Ref. [47]
have managed to overcome this difficulty using the known
fact that an SWNT is destroyed in the presence of oxygen at a
temperature of 800—900 K. This permits verification of the
procedure of evaluation of the nanotube’s temperature by the
solution of the heat conductivity equation matching the
condition of breakdown of the nanotube. This approach has
provided a room temperature thermal conductivity within the
range of 2800—3900 W m~!' K~! and in a narrower range of
10001160 Wm~! K~! for T = 800 K.

The temperature dependences of the thermal conductivity
of SWNTSs measured at low [48] and enhanced [47] tempera-
tures are compared in Fig. 17. As is seen, the room
temperature thermal conductivity value measured by various
authors differ by 20%. Such a difference can be explained by a
difference in the length of the nanotubes under investigation
(L ~2.8um in [48] and 2.6 pum in [47]), as well as by a
difference in the quality of contacts.

As was noted above (see Section 2.1), one of the important
issues arising in the analysis of measured transport character-
istics of CNTs relates to the necessity of properly taking into
account the role of contacts. In this connection, a recently-
developed noncontact method of heating a sample and
measuring the temperature distribution along the nanotube
[73]1s of interest. This method is based on the measurement of
the Raman spectrum, which is sensitive to the temperature.
Such an approach allows estimating the thermal conductivity
coefficient and the contribution of contacts to the heat
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Figure 17. Comparison of temperature dependences of the thermal
conductance of an individual SWNT (corrected for the nanotube’s
diameter kd = GL/nb) measured at elevated [24] and low temperatures
[48)].
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Figure 18. Distribution of the temperature along a single-walled nanotube
measured by the use of the Raman scattering method. The nanotube is
suspended over a groove 4.7 um in width and heated by laser irradiation at
a power of about 100 uW [73].

balance for a single-walled nanotube. A single-walled CNT
1.66 nm in diameter and over 5 pm in length was grown by the
CVD method directly under a groove 5 um in width etched in
a Si/Si0O, substrate. The nanotube was locally heated by solid
state laser radiation with 1 =532 nm focused on a spot
0.36 um in diameter by means of a special optical system.
The temperature of the irradiated region of the CNT was
evaluated on the basis of a measurement of the temperature
shift of the G-band in the Raman spectrum obtained with the
use of the second harmonic of an Nd:glass laser (wavelength
532 nm) with power between 93 uW and 1.4 mW. The
measurements indicated a typical drop in the temperature
along the nanotube of about 150 K. This method of
measurement does not allow determination of the thermal
conductivity coefficient for a CNT, because the magnitude of
laser power absorbed by the nanotube is unknown. However,
this approach offers an opportunity to determine the ratio of
contributions from the nanotube and the contacts to the heat
balance. The results of measurements of this ratio for various
samples of SWNTs range within a rather wide region —
between 0.02 and 17, which indicates the high sensitivity of
the transport characteristics of CNTs to the synthesis
conditions.

Figure 18 presents a temperature profile along the axis of
a single-walled nanotube suspended over a groove 4.7 um in
width as measured by Raman scattering [73]. The measure-
ments indicate the negligible role of the ballistic mechanism of
heat transport in the nanotubes under investigation. This
follows from a considerable temperature gradient along the
nanotube, which is possible only if there is a prevalence of the
diffusion mechanism of heat transport. This conclusion
assumes that the mean free path of an acoustic phonon
related to scattering on structural defects is much shorter
than the longitudinal size of the nanotube (5 um). One can
expect that the further development of contactless methods of
heating CNTs and measuring the longitudinal temperature
distribution will result in obtaining reliable data on tempera-
ture dependences of the thermal conductivity of CNTs not
exposed to the influence of contacts.

In conclusion, one can note that the measured absolute
magnitudes of the thermal conductivity coefficient are of the
same order or slightly lower than those calculated by Eqn (4)
and (5), assuming the ballistic mechanism of heat transport.

However, a decreasing temperature dependence of this
parameter observed at an elevated temperature is in contra-
diction with this conclusion. Therefore, one can believe that
ballistic heat transport prevails only within a low temperature
range, while at elevated temperatures (above room tempera-
ture) intensive formation of defects occurs; so the scattering
on these defects suppresses the ballistic character of phonon
propagation and causes a corresponding decrease in the
thermal conductivity coefficient.

4. Conclusion

Tables 3 and 4 below contain experimental data on the
transport characteristics of CNTs. In addition, relevant data
on carbon filaments, crystalline graphite, and diamond are
also given for comparison. As is seen, the measured
magnitudes of the electrical resistance of CNTs are character-
ized by a spread from tens of ohms up to several megaohms.
Such a considerable spread indicates, on the one hand, the
absence of a reliable contact in many measurements and, on
the other hand, the occurrence of an essential dependence of
the parameters of CNTs on the methods of their synthesis and
specific conditions at which the particular sample has been
synthesized. Therefore, one can conclude that since nano-
tubes with predefined characteristics can not yet be synthe-
sized, it is premature to consider the possibility of using them
as elements of nanoelectronic devices. The solution to this
technological problem presents a serious challenge for
researchers who are already concentrating their efforts on
the development of methods of separation and enrichment of
CNTs over their geometry parameters and electronic char-
acteristics [70—72].

The author cordially thanks L A Chernozatonskii for the
helpful criticism.
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Table 4. The thermal conductivity coefficient of CNTs measured by various authors. Parameter o presents the index of the power-like temperature
dependence of the thermal conductivity k(7)) ~ T?*.
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SWNT 1.7 nm in diameter and 2.6 um in length 300-3800 3500 -1 [47
SWNT film 35 nm in thickness (nontreated) 50-300 30 1.3 [69]
SWNT film 100 nm in thickness (purified) 10-300 90 1.1 [69]
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