
Transport Mechanisms in Metallic and
Semiconducting Single-Wall Carbon
Nanotube Networks
Kazuhiro Yanagi,†,* Hiroki Udoguchi,† Satoshi Sagitani,† Yugo Oshima,‡ Taishi Takenobu,§

Hiromichi Kataura,�,� Takao Ishida,¶ Kazuyuki Matsuda,† and Yutaka Maniwa†,�

†Department of Physics, Tokyo Metropolitan University, Hachioji, 192-0397 Tokyo, Japan, ‡RIKEN, Wako, 351-0198 Saitama, Japan, §Department of Applied Physics,
Waseda University, Shinjyuku, 169-8050 Tokyo, Japan, �Nanotechnology Institute, Advanced Industrial Science and Technology (AIST), Tsukuba,
305-8562 Ibaraki, Japan, �CREST, Japan Science Technology Agency, Saitama 332-0012, Japan, and ¶Ubiquitous MEMS and Micro Engineering Research Center, AIST,
Tsukuba, 305-8562 Ibaraki, Japan

S
ingle-wall carbon nanotubes
(SWCNTs) are cylindrical graphitic
tubes with diameters of about 1 nm.

They exhibit metallic or semiconducting
characteristics depending on how the gra-
phitic sheets are rolled (chirality). Because of
their remarkable electric characteristics,
SWCNTs are expected to be used in a wide
range of applications such as field-effect
transistors and conducting films.1 In such
applications, carrier transport occurs in net-
works of SWCNTs. Thus, a fundamental un-
derstanding of the electric transport prop-
erties in such networks is critical. A number
of studies concerning this issue have been
reported.2�6 In a single bundle of nano-
tubes, it has been suggested that conduc-
tance is affected by two-dimensional weak
localization processes,7 due to the interfer-
ence of electron waves, which are classified
as quantum transport phenomena. How-
ever, the observed temperature depen-
dence of resistance in nanotube networks,
which are networks formed by nanotube
bundles, has been mainly explained by vari-
able range hopping (VRH) models that as-
sume strong localization of electrons, indi-
cating the presence of strong disorder at
contact points between the bundles.2�4,6

These previous studies were performed on
networks with an uncontrolled mixture of
metallic and semiconducting SWCNTs. Ap-
parently, the presence of semiconducting
SWCNTs impedes good conduction and in-
troduces a high degree of disorder. It has
been reported that chemical doping of
nanotube networks can change the con-
duction mechanisms;8 however, for the re-
ported pure SWCNT networks, phonon-
assisted hopping processes were found to

play a major role in conduction. In the case
of metallic nanowires and nanograins, al-
though boundaries exist between the wires
and grains, quantum transport has been ob-
served in macroscopic networks of such
structures.9 However, it has not yet been es-
tablished whether such transport is pos-
sible in the absence of intentional chemical
treatment on nanotube networks. Recently,
effective metallic�semiconducting separa-
tion has been achieved, allowing the forma-
tion of high-purity networks.10 Thus, in this
study, we investigated how the presence of
semiconducting types affects the conduc-
tion mechanisms in SWCNT networks. We
observed that the transport mechanisms
systematically changed as the relative con-
tent of metallic to semiconducting SWCNTs
(MS ratio) was varied. We found that quan-
tum transport was achieved in macroscopic
networks of pure metallic SWCNTs.
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ABSTRACT A fundamental understanding of the conduction mechanisms in single-wall carbon nanotube

(SWCNT) networks is crucial for their use in thin-film transistors and conducting films. However, the uncontrollable

mixture state of metallic and semiconducting SWCNTs has always been an obstacle in this regard. In the present

study, we revealed that the conduction mechanisms in nanotube networks formed by high-purity metallic and

semiconducting SWCNTs are completely different. Quantum transport was observed in macroscopic networks of

pure metallic SWCNTs. However, for semiconducting SWCNT networks, Coulomb-gap-type conduction was

observed, due to Coulomb interactions between localized electrons. Crossovers among a weakly localized state

and strongly localized states with and without Coulomb interactions were observed for transport electrons by

varying the relative content of metallic and semiconducting SWCNTs. It was found that hopping barriers, which

always exist in normal SWCNT networks and are serious obstacles to achieving high conductivity, were not present

in pure metallic SWCNT networks.

KEYWORDS: carbon nanotube · transport mechanisms · metallic and
semiconducting types · variable range hopping · weak localization
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We prepared five sheets of SWCNT buckypaper
with controlled MS ratios (Figure 1). Optical absorption
spectra of the five samples, which were dispersed in
1% deoxycholate sodium salt solutions from the sheets,
are shown in Figure 1a. Figure 1b,c shows example im-
ages of the sheets of high-purity metallic (referred to as
Metal) and semiconducting (referred to as Semi) SWCNT
buckypaper, respectively. These samples were pro-
duced by a careful purification process followed by
metal�semiconductor separation using density gradi-
ent ultracentrifugation of SWCNTs initially produced by
an arc-discharge method (Meijo-Nanocarbon Co.).11,12

The average diameter of the nanotubes was estimated
to be about 1.46 nm from X-ray diffraction profiles (Sup-
porting Information Figure S.1). The average diameter
of the nanotube’s bundles in the sheets was estimated
to be approximately 10 nm (Supporting Information
Figure S.1). In the SWCNT buckypaper sheets, the
amount of residual metals and other contaminants
was determined to be less than 1% by weight from
X-ray photoelectron spectroscopy (XPS) (Supporting In-
formation Figure S.2), and the residual magnetic metal
impurity content was negligible at �30 ppma (Support-
ing Information Figure S.3). The residual amount of sur-
factants, such as deoxycholate sodium salt, was less
than the detection limit of XPS and FT-IR measurements
because the presence of sodium was not detected in
the XPS spectra (Figure S.2 of Supporting Information)
and no specific peaks from surfactants were observed in
FT-IR measurements (Figure S.4 of Supporting Informa-
tion). The densities of the sheets were found to be con-
sistent at (4.82 � 0.78) � 105 g m�3. G/D ratio in a Ra-
man spectrum of a SWCNT sample was estimated to be
20 (Supporting Information Figure S.5).

As seen in the optical absorption spectra of the high-
purity samples (Metal and Semi) shown in Figure 1a,
no bands associated with the other conduction type

could be identified, indicating a purity of more than
95%. The relative contents of semiconducting SWCNTs
(Semi%) in the Metal and the Semi samples were de-
fined here as 0 and 100%, respectively. The MS ratio of
the remaining three samples was evaluated from the ra-
tio of the intensity of the M11 and S22 optical absorp-
tion bands (here Sii and Mii indicates the ith optical tran-
sition of the metallic and semiconducting SWCNTs) as
follows. The Semi% of these intermediate samples was
estimated by a linear combination of the optical ab-
sorption spectra of the Metal and the Semi. Therefore,
although there are several approaches to evaluate the
relative intensities of the metallic and the semiconduct-
ing SWCNTs,13 we did not perform any artificial subtrac-
tion of �-plasmon effect for the evaluation of Semi%.
Consequently, the Semi% values for the five sheets
were determined to be 0% (Metal), 26% (MetalB), 65%
(Mixed), 77% (SemiB), and 100% (Semi), within an error
of a few percent. Here we use a term “Semi% � 100%”
for the Semi sample; this does not directly mean that
the content of metallic SWCNTs in Semi was zero. The
relationship between Semi% and the relative volume of
semiconducting SWCNTs (or the amount of residual
metallic SWCNTs) is discussed later in reference to tem-
perature dependence of resistance. Resistance and
magneto-resistance (MR) measurements were per-
formed on approximately 10 mm � 5 mm � 10 �m
(thickness) samples of the sheets using a physical prop-
erties measurement system (PPMS, Quantum Design
Co.) with a four-probe method using Au wires (diam-
eter � 0.1 mm) at pressure contact. The distance be-
tween the wires was approximately 2 mm. Prior to the
measurements, the samples were annealed at 500 °C for
1 h at 10�6 Torr. Measurements were performed under
a He atmosphere.

Figure 2a shows the resistivity of the Metal and
Semi samples as a function of temperature. In the Metal
sample, the resistivity was almost constant as the tem-
perature decreased; however, in the Semi sample, the
resistance rapidly increased and became more than 10
M� (beyond our instrumentation limit) at 4 K, indicat-
ing the insulating properties of the Semi network at low
temperature. The resistivity of the Semi network was al-
most 7 orders of magnitude larger than that of the
Metal network at low temperature, clearly indicating
that a different transport mechanism is involved. In our
samples, dR/dT is always negative between T � 3 and
380 K, suggesting a high degree of intertubular cou-
pling.2 The resistivity of the five samples with different
MS ratios are summarized in Supporting Information
Figure S.6.

Figure 2b shows the temperature dependence of re-
sistance normalized by the resistance value at T � 380
K for the five samples with different MS ratios. It can be
seen that all of the curves appear different from each
other. At low temperature, the normalized resistance
becomes lower as the content of semiconducting

Figure 1. (a) Optical absorption spectra of five SWCNT samples, Metal,
MetalB, Mixed, SemiB, and Semi, with different MS ratios. The MS ra-
tio (Semi%) was determined as described in the text. Photos of sheets
of high-purity (b) metallic and (c) semiconducting SWCNT
buckypaper.
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SWCNTs decreases. Contact points between nano-

tubes or between nanotube bundles would be ex-

pected to disrupt smooth conduction by acting as scat-

tering centers and potential barriers. Although the

number of such disorders depends on the densities

and lengths of the nanotubes and nanotube bundles,

the effects of these variations can be eliminated by

evaluating the normalized resistance. Thus, the ob-

served differences in the normalized resistance indi-

cate that changing the MS ratio affects the intrinsic

physical properties of the disorders.

Next, we analyzed the temperature dependence of

the resistance using VRH models based on the follow-

ing equation:14

Here, d has a value of either 2 or 3 in Mott-VRH, reflect-

ing the dimensionality of a system in which electrons

hop (VRH model proposed by Mott, which is referred to

simply as VRH),14 or 1 in ES-VRH, reflecting the exist-

ence of a Coulomb gap due to Coulomb interactions

between localized electrons (Coulomb gap VRH by Efros

and Shklovskii).15 T0 is a characteristic temperature used

in the VRH model. The analysis results are shown in Fig-

ure 2b, and the details are depicted in Supporting Infor-

mation Figure S.7. In the Semi sample, the tempera-

ture dependence could be reproduced by the model

with d � 1, which indicates the presence of Coulomb in-

teractions between localized electrons, inducing a Cou-

lomb gap in the density of states of conduction (ES-

VRH).15 However, in the SemiB and Mixed samples, the

appropriate value of d was 2, and in the MetalB sample,

it was 3. Remarkably, for the Metal sample, the depen-

dence could not be fitted with any value of d in the

range of 1�3 (Figure 2c). The physical mechanism of

conduction in the Metal sample will be discussed later

in reference to the MR results. The relationship between

the d values and Semi% is summarized in Figure 4.

We first consider conduction in pure semiconduct-

ing SWCNT networks, which was found to occur by the

ES-VRH mechanism (d � 1). This type of conduction has

Figure 2. (a) Resistivity in sheets of high-purity metallic (Metal, Semi% � 0%) and semiconducting (Semi, Semi% � 100%)
SWCNT buckypaper as a function of temperature. (b) Normalized resistance of five different samples with different MS ra-
tios as a function of temperature, Semi (red circles), SemiB (brown circles), Mixed (dark-brown circles), MetalB (green circles),
and Metal(blue circles). The data for the Semi sample could be reproduced using the VRH model with d � 1 (red line), that
for the SemiB and Mixed samples using VRH with d � 2 (brown lines), and that for MetalB by VRH with d � 3 (green line). Fur-
ther details are shown in Supporting Information Figure S.7. (c1�c3) Natural logarithm of resistance of the Metal sample
plotted as a function of T�1/2, T�1/3, and T�1/4, respectively. If the resistance could be reproduced by VRH models with any d
value, the natural logarithm of resistance should show a linear dependence on T�1/2, T�1/3, or T�1/4 (dotted lines for guide).
However, the resistance of the Metal sample did not show such behavior, indicating that the conduction could not be ex-
plained by VRH.

R(T) ) R0exp[(T0

T )1/(d+1)]
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already been reported in networks with a small vol-
ume fraction (less than 8%) of SWCNTs embedded
among insulating polymers6,16 or in high-resistivity nan-
otube networks produced by annealing at a relatively
high temperature.8 As the resistance of the Semi sample
indicates, semiconducting SWCNTs can be regarded as
insulating materials at low temperature. Therefore, on
the basis of theoretical studies on the transition be-
tween ES-VRH and VRH,16,17 the conduction process in
the Semi sample can be explained in the following
manner. In semiconducting SWCNTs, uncontrolled do-
nors and acceptors lead to random charging of the me-
tallic SWCNTs within the bundles. When the content of
metallic SWCNTs is small, Coulomb interactions be-
tween electrons of distant metallic SWCNTs induce a
soft Coulomb gap in the density of states of conduc-
tion. Therefore, the ES-VRH conduction occurs. How-
ever, when the content of metallic SWCNTs increases,
these SWCNTs enhance the screening of the Coulomb
potential,16 which results in a weakening of Coulomb in-

teractions, and the conduction mechanism changes
from ES-VRH to the conventional VRH. This theoretical
prediction is in good agreement with our observation
that an increase in the content of metallic SWCNTs
changed the conduction mechanism from ES-VRH (d
� 1) to VRH (d � 2 or 3).

Therefore, conduction in the Semi sample is as-
sumed to be caused by hopping between residual me-
tallic SWCNTs that could not be detected in the optical
absorption spectra. Benoit et al. proposed that the vol-
ume fraction of SWCNTs, which were in a mixed metal-
lic and semiconducting state, can be estimated from
the TES value (defined as the value of T0 for d � 1).6

Theoretically, for a concentration n of metallic wires of
length L, TES 	 1/(nL3)2.16 The TES value of the Semi
sample in this study was determined to be 650 K. From
the data reported by Benoit et al. (the ratio of metallic
to semiconducting SWCNTs in their samples is assumed
to be 1 to 2), this TES value indicates that the volume
fraction of metallic SWCNTs is less than about 1%, sup-
porting the high purity of the Semi sample.

As the content of metallic SWCNTs increases, the
value of d becomes large. Such a systematic change in
the d value is also observed in mixed systems of con-
ducting and insulating polymers.18,19 For example, the
relative content of conducting polymers mixed in insu-
lating polymers influences the value of d, and the d val-
ues varies from 1 to 3 as the content of the conduct-
ing polymer is increased.18,19 The physical reasons for
this is still a matter of some discussion,18,19 but we sug-
gest that the enhancement of conduction channels
caused by the increase in metallic SWCNT content is
one origin for the systematic change in d.20 As men-
tioned before, the amount of residual surfactants was
less than the detection limit of XPS and FT-IR measure-
ments (Supporting Information); however, unidentified
residual surfactants might influence the transport prop-
erties of SWCNTs, but in this study, while we applied
the same washing procedures on all of the samples, we
systematically changed the MS ratio in the samples.
Thus, the observed changes on the transport mecha-
nisms were assumed to be caused by the changes of
the MS ratio, not by such unidentified residual surfac-
tants. As mentioned above, there are some similarities
between the conduction mechanisms in conducting
polymers and SWCNTs. However, while the transport
mechanisms in conducting polymers can be explained
by VRH conduction for any volume fraction,18,19 conduc-
tion in the pure metallic SWCNT network cannot be ex-
plained by a simple VRH scenario (Figure 2c). To clarify
the conduction mechanism in the latter case, we carried
out MR measurements on the samples.

Figure 3a shows MR data for the Metal (Semi% �

0%), MetalB (Semi% � 26%), and Mixed (Semi% �

65%) samples. The MR of the Mixed sample is negative
for low magnetic fields, followed by the positive upturn
in a high magnetic field region. Such phenomena are

Figure 3. (a) Magneto-resistance in nanotube networks for three
samples with different MS ratios. Blue circles, green squares, and
black triangles indicate data for Metal (Semi% � 0%), MetalB
(Semi% � 26%), and Mixed (Semi% � 65%) samples, respec-
tively. Solid and dotted red lines indicate the fitting results us-
ing 2D weak localization (WL) and 3D WL models, respectively.
(b) Resistance of Metal sample exhibits logarithmic dependence
on temperature. Experimental data (blue circles) and a linear fit-
ting result for the guide (solid line).
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consistent with previous studies.2 Kim et al. studied
magneto-transport phenomena using several theoreti-
cal models2 and concluded that the positive and nega-
tive MR are caused by VRH and weak localization, re-
spectively. Remarkably, the positive upturn in the MR
decreases with decreasing Semi%, and no such upturn
occurs for the Metal sample. This suggests that weak lo-
calization is the dominant factor for conduction in the
Metal sample. These MR results clearly indicate that
hopping processes were reduced in the Metal sample,
which agrees with the temperature dependence of the
resistance.

The MR of the Metal sample is well reproduced by
two-dimensional weak localization theory using the fol-
lowing equation:21

Here x � 4Lth
2 eH/
c, and Lth is the decoherence length

(effective scale size for quantum interference effects).9

Lth was determined to be 26 nm from the fitting. We
also tried to fit the data using a three-dimensional weak
localization model.22 As shown in Figure 3a, the two-
dimensional model produces a somewhat better fit
than the three-dimensional model. The resistance of
the Metal sample exhibits a logarithmic dependence

on T at low temperature, as shown in Fig-
ure 3b, supporting the two dimensionality
of the weak localization processes. The
bundle sizes of metallic nanotubes were
determined to be approximately 10 nm
(Supporting Information Figure S.1). This is
less than the estimated decoherence
length; therefore, it would lead to two-
dimensional rather than three-dimensional
electron conduction. Thus, we assume that
the anisotropy of the nanotube bundles in-
fluenced the dimensionality of the weak
localization.

In summary, the conduction mecha-
nisms in SWCNT networks are depicted as
a function of MS ratio in Figure 4. The fig-

ure is a phase diagram indicating cross-

overs between the conduction mechanisms, from

quantum transport, VRH, and ES-VRH, as a function of

MS ratio. Increasing Semi% first causes a transition from

weak localization (WL) to VRH and then from VRH to ES-

VRH. As mentioned by Anderson,23 a crossover from

the weak to strong localization regimes occurs as the

strength of disorders increases. In SWCNT networks, we

revealed that the characteristics of the disorders can

be controlled by varying the MS ratio. The presence of

semiconducting SWCNTs was found to be the main fac-

tor causing localization of the conduction electrons.

One of the possible origins for strong disorders is the

Schottky barriers between metallic and semiconduct-

ing SWCNTs. Another possibility is the potential barri-

ers among semiconducting SWCNTs due to the random

distribution of nanotube diameters and the resulting in-

consistence of band gap energies. In pure metallic

SWCNT networks, boundaries between the nanotubes

or bundles act as weak sources of disorder, and as a re-

sult, quantum transport was achieved in such macro-

scopic networks. The revealed phase diagram will be-

come the basis of a general concept for understanding

the conduction mechanisms in macroscopic networks

of not only SWCNTs but also nanoparticles with various

electronic structures.

METHODS

Preparation of Sheets of SWCNT Buckypaper with Different MS Ratios
and Evaluation of Their Characteristics. We used density gradient ultra-
centrifugation (DGU), which was first suggested by Arnold et
al.,11 to obtain SWCNTs with different MS ratios. We revised their
method and used deoxycholate sodium salt (DOC) as an addi-
tional co-surfactant.12,24 SWCNTs (Arc-SO, Meijo-Nanocarbon Co.)
were dispersed into 1 or 2% DOC solutions, and SWCNTs with dif-
ferent MS ratios were obtained through DGU processes in experi-
mental setups similar to that described in our previous
papers.12,24 Obtained SWCNT solutions were carefully washed
several times with methanol, hot water, and toluene, and then
the sheets of buckypaper were prepared. The details of the
preparation and the washing procedures are described in Sup-

porting Information. Optical absorption spectra were measured
using a UV�vis spectrophotometer (Shimazu UV-3600). Thick-
ness of the sheets was evaluated by a digital micrometer
(Mitutoyo Co., MDC-25MJ).
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Supporting Information Available: X-ray diffraction profiles of
high-purity metallic SWCNTs, XPS spectra of purified SWCNTs
used in this study, magnetic characteristics of high-purity metal-

Figure 4. Phase diagram of conduction mechanisms in SWCNT networks
as a function of MS ratio. Relationship among relative content of semicon-
ducting SWCNTs (Semi%), d values in VRH analyses, and conduction
mechanisms. Weak localization: WL. Variable range hopping: VRH. Cou-
lomb gap VRH by Efros & Shklovskii: ES-VRH.

∆σ(H) ) e2

2π2p2[ln x + �(1
2
+ 1

x )]
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lic SWCNTs, FT-IR and Raman spectra of purified SWCNTs, resis-
tivity of the sheets of all SWCNT samples used this study, details
of analysis results by VRH on Semi, SemiB, Mixed, and MetalB
samples, details of procedures to prepare high-purity metallic
and semiconducting SWCNTs, and details of washing procedures
of SWCNTs after density gradient separations. This material is
available free of charge via the Internet at http://pubs.acs.org.
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