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Abstract. We review recent progress in the measurement and understanding of
the electrical properties of individual metal and semiconducting single-wall carbon
nanotubes. The fundamental scattering mechanisms governing the electrical transport in nanotubes are discussed, along with the properties of p–n and Schottkybarrier junctions in semiconductor tubes. The use of advanced nanotube devices
for electronic, high-frequency, and electromechanical applications is discussed. We
then examine quantum transport in carbon nanotubes, including the observation
of quantized conductance, proximity-induced supercurrents, and spin-dependent
ballistic transport. We move on to explore the properties of single and coupled
carbon-nanotube quantum dots. Spin and orbital (isospin) magnetic moments lead
to fourfold shell structure and unusual Kondo phenomena. We conclude with a
discussion of unanswered questions and a look to future research directions.

1 Introduction and Basic Properties
Since the discovery of single-wall carbon nanotubes (SWNTs) ﬁfteen years
ago [1], electrical measurements of individual SWNTs have proven to be one of
the most powerful probes of this novel 1D system. Figure 1 shows a schematic
of a standard device geometry. A SWNT is directly connected to two metallic
contacts (labeled source and drain), and is capacitively coupled to a third gate
terminal that can change the charge density on the tube (or equivalently, shift
the energy bands in the conducting channel). Measurements are performed
by applying ac or dc voltages to the various terminals and measuring the
resulting currents between source and drain.
The ﬁrst transport measurements in nanotube devices were reported in
1997–1998 [2–5], and since then there have been thousands of papers published on the subject. Scientists and engineers have built upon the simple
three-terminal device geometry presented above to produce increasingly comA. Jorio, G. Dresselhaus, M. S. Dresselhaus (Eds.): Carbon Nanotubes,
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Fig. 1. (a) Schematic view a nanotube ﬁeld-eﬀect transistor (b) The Dirac energy
dispersion cone of graphene near the K point in reciprocal space showing cutting
lines for a semiconducting tube. (c) The dispersion relation of the semiconducting
nanotube 1D subbands derived by slicing the cone at quantized values of the momentum along the circumference of the tube, k⊥ . (d) The corresponding 1D density
of states. (e) Measured conductance of a semiconducting tube, G, as a function of
gate voltage, Vg . (f ) Same for small-bandgap metallic nanotube. Reference: McEuen
group, unpublished

plex devices and to address questions of both device performance and fundamental physics. A decade later, a remarkably complete and consistent picture
of transport in this novel 1D system has emerged. The power of transport
measurements in elucidating the basic electronic properties of this material
system has been truly remarkable. In this review, we summarize many of
the major accomplishments, focusing on topics where a broad consensus has
emerged and ones that were not covered in the previous book [6, 7]. We start
with a discussion of the basic band structure and transport properties of
nanotubes. In Sect. 2, we address the properties of nanotubes operating in
the “classical”, or incoherent, transport regime, and in Sect. 3 we discuss
devices operating in this regime. In Sect. 4, we address the quantum properties of nanotube electrical transport and turn to nanotube quantum dots in
Sect. 5. We end in Sect. 6 with a discussion of future research directions.
1.1 Band Structure
The transport properties of nanotubes are intimately related to their electronic band structure (see the contribution by Spataru et al.). The band
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structure is composed of multiple 1D subbands sliced from the Dirac dispersion cone of graphene (Fig. 1b). These subbands have relativistic dispersion
relations, which for the ith electron–hole subband are given by:
1/2

Ei (k) = ± (vF k)2 + (Egi /2)2
.

(1)

Here, E and k are measured from the center of the Dirac cone of graphene,
vF ≈ 8 × 105 m/s is the Fermi velocity, and Egi are the individual energy
gaps determined by the distance of the quantized k states to the center of
the Dirac cone. The corresponding density of states, g(E), has distinctive 1D
van Hove singularities (Fig. 1d), and is given by:
g(E) =



gi (E) ,

i

gi (E) =

−1/2
4 
1 − (Egi /2E)2
.
πvF

(2)

The factor 4 in (2) comes from the fourfold degeneracy of each of these subbands at zero magnetic ﬁeld, due to both the spin degeneracy and the orbital
or “isospin” degeneracy associated with the band structure of graphene which
is further discussed in the contribution by Charlier et al. This latter eﬀect can
be pictured as the separate left- and right-handed electron states spiraling
down the tube. This fourfold degeneracy is lifted in a magnetic ﬁeld by the
orbital and spin Zeeman eﬀects:
ΔEgi = −(μ0 + μs ) B = ±

dt evF B
±
4

1
2

gμb Btot ,

(3)

where B is the ﬁeld parallel to the tube axis, dt is the tube diameter, g is
the electrons’ g-factor and Btot is the total ﬁeld. Nanotubes fall into three
distinct electronic classes according to their fundamental bandgap, Eg0 , or
simply Eg :
Semiconducting nanotubes, with a bandgap predicted by band theory to
be Eg ≈ 0.7 eV/dt (nm).
Small-bandgap nanotubes, which are nominally metallic tubes with a
small bandgap (typically less than 100 mV) due to perturbations, such as
curvature, strain, twist, etc.
True metallic nanotubes, where Eg = 0. This class is rare, since nearly
all tubes possess some small bandgap due to curvature, strain, or twist.
These are often lumped together with small bandgap tubes, with the
combined set called “metallic.”
Three-terminal conductance measurements provide a direct means for
identifying members of the diﬀerent classes outlined above. The lower panels
of Fig. 1 show the conductance measured at room temperature as a function
of applied gate voltage for a semiconducting and a small-bandgap tube. When
the Fermi level is tuned into the bandgap, the semiconducting tube shows
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a broad region of near-zero conductance since Eg  kB T , while the smallbandgap tube shows only a moderate dip since its bandgap is comparable to
the thermal energy, Eg ∼ kB T .
Measurement of the nanotube capacitance to the gate can directly probe
−1
the subband structure [8] as shown in Fig. 2. The inverse capacitance Ctot
is the proportionality constant between the change in the electrochemical
potential and the amount of charge added to the nanotube, and consists of
both an electrostatic term, Celec , and a “quantum” or density-of-states term:
−1
−1
Ctot
= Celec
+ [e2 g(E)]−1 .

(4)

The observed gate-voltage dependence of the capacitance in Fig. 2a results
from the density-of-states given in (2) manifesting itself in the capacitance
via (4). In the ﬁgure, the bandgap is clearly visible as a large dip in the
measured capacitance, followed by features that correspond to the ﬁrst and
second 1D electron and hole subbands. Fitting (2) and (4) to the experimental
data gives the electrostatic capacitance and bandgap of the nanotube, which
are in good agreement with calculated values based on the device geometry
and the tube diameter.
While the capacitance shows clear electron–hole symmetry around the
bandgap, the conductance measured on the same device (Fig. 2b) does not.
This reﬂects the fact that the capacitance depends only on the thermodynamic density of states while the conductance depends also on the carriers’
scattering rates and the contact resistances. Thus, the capacitance gives us a
clear picture of the nanotube band structure and the amount of charge carriers present at a given gate voltage. Transport, on the other hand, measures
the transmission of electrons through the device, as discussed below.
1.2 1D Transport in Nanotubes
To fully understand the transport characteristics of carbon nanotubes, we
start with the Landauer formula, which states that the conductance of a
quasi-1D system is given by:

4e2  ∞ df [(E − EF )/kB T ]
i (E) dE ,
(5)
G=
h i −∞
dE
where i (EF ) is the transmission of the ith 1D subband state at the Fermi
energy and df / dE is the energy derivative of the Fermi function. Conductance is thus a measure of the transmission of electrons through the entire
device at the Fermi energy, broadened by the ﬁnite thermal width of the
Fermi function.
When the Fermi energy is in the bandgap, i (EF ) = 0 and the conductance is governed by thermal activation from the tails of the Fermi function.
When EF lies within an electron or hole subband, the transmission properties

Electrical Transport in Single-Wall Carbon Nanotubes

459

Fig. 2. Density dependence of the capacitance of a single SWNT. (a) Measured
capacitance between an individual semiconducting SWNT and a metallic top-gate
separated by 10 nm of SiOx (scheme is shown in the inset). The top trace shows
the dependence of the capacitance on the top-gate voltage. The bottom trace is the
reference capacitance measured with the nanotube disconnected. The dashed line
is a ﬁt to a theory that includes elctrostatic and density-of-states contributions to
the capacitance (2) and (4). (b) The conductance, G, measured on the same device.
Adapted from [8]

of the entire device – tube plus contacts – determine the conductance. If the
transport is ballistic and the tube has perfect contacts, this equation predicts
a quantized conductance of 4e2 /h associated with each 4-fold degenerate 1D
subband. Metallic nanotubes very often approach this quantized conductance
value even at room temperature [9, 10]. Semiconducting nanotube devices
have come within 25 % of this theoretical limit at room temperature [10, 11]
and to within a few per cent at low temperatures [10–12], as discussed further
in Sect. 4.
Conductance less than the quantized value can arise from additional resistance due to either the contacts or the tube. At or near room temperature,
these two resistive contributions add incoherently, and are discussed sepa-
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rately in Sect. 2 below. At lower temperatures, coherence eﬀects and the
Coulomb blockade become important. This quantum regime is discussed in
Sect. 4.

2 Classical (Incoherent) Transport in Nanotubes
If we neglect coherence eﬀects, the total resistance R = G−1 of a nanotube
device with a uniform channel can be written as:
R = Rcontacts + Rtube ,

(6)

where the contact resistance obeys Rcontacts ≥ h/4e2 , and for a uniform tube
with diﬀusive scattering:
Rtube = (h/4e2 )(L/) ,

(7)

where L is the tube length,  is the electron mean-free path for momentum relaxation, and we assume L  . The measured device properties thus reﬂect
the incoherent addition of the resistance of the tube and the contacts. A variety of measurements have been used to sort out the relative importance of
these contributions in a given device. For example, electric force microscopy
can measure the potential drop along the tube under current bias [13–15],
directly probing the relative contributions. Devices where the contacts dominate [16] and ones where the tube properties dominate [11, 15] have been
studied, as discussed below.
2.1 Contacts to Nanotubes: Schottky Barriers
Two types of barriers can form at the metal/tube interface and increase the
contact resistance beyond the ideal h/4e2 value. The ﬁrst is a barrier created
by an imperfect interface between the contact metal and the nanotube. Its
resistance is a function of the cleanliness of the interface and the overlap
of the metal–nanotube electronic states. Au and Pd have proven to make
the best contacts to nanotubes, with near-perfect transmission frequently
obtained [11].
More fundamental is the Schottky barrier that can form at the interface
of a metal and a semiconducting nanotube. The properties of the Schottky
barrier will depend on the band alignment at the interface (Fig. 3a). In
the absence of interface states believed to be a good approximation for the
metal/tube interface [17], the heights of the Schottky barriers for hole and
electron injection are given by the work function of the metal contacts, φM ,
the work function of the nanotube, φNT , and its energy gap, Eg (see Fig. 3a):
φpSB = φNT + Eg /2 − φM ,

φnSB = φM − φNT + Eg /2 .

(8)
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Fig. 3. Schottky-barrier height at the metal/nanotube interface. (a) A schematic
of the nonaligned metal and nanotube energy levels depicting the relation between
the Schottky-barrier heights for hole (/electron) injection, φpSB (φn
SB ) and the workfunction of the metal, φM , the work function of the tube, φNT , and its energy gap Eg .
When both are put in contact, band bending at the interface occurs to compensate
for the work-function diﬀerence. (b) The case for contacts with the work function at
the nanotube midgap. (c) p-type contacts. (d) Tuning the Schottky barrier from nto p-type contacts using O2 . The red curve is the measured I–V with no exposure
to oxygen. The remaining curves in order of increasing exposure to O2 are colored
orange, light and dark green, light and dark blue. Adapted from [16]

When the Fermi level of the metal lies at the midgap of the nanotube (Fig. 3b)
there will be a Schottky barrier for both n and p carrier injection, whereas
when it aligns with the hole band (Fig. 3c) there would be no barrier to hole
injection but a large barrier to electron injection. This case corresponds to the
semiconductor device in Fig. 2, where the on-state resistance in the n-regime
far exceeds that of the p-regime. Thus, while the nanotube bands are electron–
hole symmetric near the Dirac point, the contact properties generally are not.
A series of experiments, primarily by the IBM and Stanford groups, clariﬁed the importance of Schottky barriers in SWNT transistors. Figure 3d
shows measurements where the work function of the contact metal was adjusted for the same device by the adsorption of oxygen [16]. The device started
out with predominantly n-type conduction, but as adsorbed oxygen increased
the work function, the contacts changed to ambipolar, and ﬁnally to p-type.
Other experiments on many diﬀerent contact metals [11, 16, 18, 19] support
this basic picture: high work function metals like Pd or Rh make good p-type
contacts to tubes, while low work function metals like Al yield better n-type
contacts. In all cases, adsorbed dipoles can strongly shift the metal work
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Fig. 4. On-state current and Schottky-barrier height as a function of SWNT diameter and contact metal. Curves from top to bottom correspond to Pd, Ti and
Al. The right axis is the Schottky barrier, extracted from Ion using a self-consistent
Poisson–Schrödinger model of the band bending near the contacts. Inset includes
data points for Pd-contacted nanotube FETs from other publications. Adapted
from [19]

functions, thus making the contact properties very sensitive to the ambient
environment and device history. It was also noted [11] that a high work function by itself is not suﬃcient to assure ohmic contacts. For example, Pt has
a larger work function than Pd but forms more resistive contacts, probably
due to additional tunneling barriers formed as a result of poor wetting of the
tube by the contact metal.
Since the energy gap grows with decreasing diameter (Eg ∼ 1/dt ) it is
clear from (8) that for every metal there exists a critical nanotube diameter
below which a Schottky barrier with ﬁnite height will form and the height
of this barrier will increase with decreasing diameter. Figure 4 shows the
measured on-state current in the p-regime for nanotube transistors of diﬀerent
diameters and contact metals, along with the inferred Schottky barrier height.
This height is seen to systematically grow with decreasing diameter. Ohmic
p-type contacts are obtained only with Pd contacts to tubes of diameters
> 1.5 nm.
These measurements provide a consistent picture of contact properties
of semiconducting nanotubes. A major remaining challenge is to make good
ohmic contacts to tubes with diameters 1.5 nm and smaller. Surprisingly, even
small-bandgap/metallic tubes show signiﬁcant barriers in this range [20]. The
origin of this behavior is still not understood.
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2.2 The Eﬀect of Disorder
With an understanding of the role of contacts on nanotube conductance, we
turn to examine the scattering properties of the nanotube channel itself and
start by considering the eﬀect of disorder. The major sources of disorder in
nanotubes are:
Localized lattice defects, such as vacancies, substitutions, pentagon-heptagon
defects and heterojunctions between nanotubes of diﬀerent chiralities.
Such defects are typically formed during nanotube growth, by volatile
processing, or by intentional damage [21]. The atomically sharp nature
of these defects leads to large momentum scattering.
Electrostatic potential ﬂuctuations, created by a random distribution of
charges in the substrate, by molecules adsorbed on the nanotube or by
processing residues. These can induce both short- and long-range disorder.
Mechanical deformations, these include local strains and twists, which affect the local bandgap [22] as well as kinks that act as conductance barriers [23].
The coexistence of multiple sources of disorder in nanotube devices as
well as the large variability in their properties makes it hard to make wide
generalizations on the eﬀects of disorder. Nevertheless, some understanding
has emerged.
Experimentally, the eﬀect of disorder is determined by extracting the
nanotube corresponding mean-free paths from the conductivity (7) or by direct spatial imaging. Nanotubes with strong disorder show marked eﬀects already at room temperature, whereas in cleaner nanotubes, disorder becomes
the dominant scattering mechanism only at low temperatures. Low-temperature measurements of metallic tubes routinely show mean-free paths that
are many micrometers long, as determined from their conductance [3, 24],
from measured sizes of quantum dots [2, 3] and from scanned probe measurements [13, 25]. Semiconducting tubes, often show stronger sensitivity to
disorder and shorter mean-free paths [4, 5]. However, they have also clearly
demonstrated μm-long mean-free paths at low temperatures [26–30].
Disorder aﬀects the transport in nanotubes in two distinct ways depending
on its spatial scale, owing to two distinct backscattering processes – nanotubes have two degenerate dispersion branches originating from the K and
K  points, each has left- and right-moving electrons. Backscattering can be
either between the two branches or within the same branch. The ﬁrst involves large momentum transfer, comparable to the inverse lattice constant
and therefore occurs only from atomically sharp disorder. The latter requires
small momentum transfer and is therefore caused by long-range disorder. It
was further shown [31, 32], that due to the symmetries of the electronic wavefunctions, metallic tubes are aﬀected only by short-range disorder, whereas
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semiconducting tubes are aﬀected by both short- and long-range disorder (see
also contributions by Ando and by Spataru et al. in this book).
Scattering oﬀ atomic defects has been extensively studied theoretically [33–
41], but the experimental situation is less clear. While localized scattering
centers have certainly been observed in experiments [42–44], to date it has
not been possible to probe the atomic-scale nature of the defect and to correlate it unambiguously with the observed transport properties.
Long-range disorder, e.g., from the electrostatic/mechanical interaction
of a nanotube with the substrate is also known to be important, especially at
low carrier densities in semiconducting nanotubes. The potential ﬂuctuations
break up the tube into a series of electronic puddles, with transport dominated by hopping between the puddles [45], as determined by a number of
scanned probe measurements [13, 14, 25, 46]. One manifestation of this is seen
in the data of Fig. 2: The experimentally measured conductance and capacitance drop to zero well before the theoretical band edge is reached. At low
carrier densities, the nanotube stops conducting before it runs out of carriers,
as they become localized by a disorder potential along the nanotube length.
We note that suspended nanotubes have shown dramatically improved transport characteristics, conﬁrming this viewpoint, and allowing one to observe
the ﬁrst few electrons/holes added to a single-nanotube quantum dot. These
will be discussed in Sect. 4.
2.3 Electron–Phonon Scattering in Nanotubes
In clean, high-quality metallic SWNTs at room temperature, the dominant
scattering mechanism is well known to be electron–phonon scattering. Scattering by acoustic phonons dominates the resistances at small source–drain
biases [47–49], whereas scattering by optical and zone-boundary phonons
sets a limit on the maximal current carried by individual SWNT at large
bias [49–51]. The latter is shown in Fig. 5 for a metallic nanotube. The
slope of the current–voltage characteristic decreases for increasing bias, and,
if the tube is suspended, can even become negative. This dramatic increase in resistance and saturation of the current at high electron energies
was ﬁrst explained by Yao et al. [50]: the electron rapidly emits a phonon as soon as it has an excess energy equal to the optical-phonon energy,
ω0 ∼ 160 meV. Recent experiments [49, 51] have measured the phonon emission rate directly and conﬁrm it to be very fast (< 0.1 ps). This emission
process limits the current in all but the shortest nanotubes to currents less
than Imax ∼ (4e2 /h)(ω0 /e) ∼ 25 μA. Metallic devices with short channels
(L ∼ 10–15 nm) comparable to the optical-phonon mean-free path [49, 51]
(lop ≈ 10 nm) have demonstrated sustained currents up to 110 μA in the
high-ﬁeld regime (VSD ∼ 1.5 V) at room temperature [52].
The excess energy created by this phonon emission can be substantial,
heating the tube signiﬁcantly, particularly for suspended tubes. The phonons
created can scatter additional electrons increasing the resistance even further.
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Fig. 5. Suspended tube I–V s demonstrating the eﬀect of optical-phonon scattering.
(a) SEM image, taken at a 45◦ angle, of the nonsuspended (on nitride) and suspended (over a ∼ 0.5 μm deep trench) segments of the tube. (b) A schematic of the
device cross section. (c) Current–voltage (I–V ) characteristics of the same-length
(L ∼ 3 μm) suspended and nonsuspended portions of a SWNT (dt ∼ 2.4 nm) at
room temperature measured in vacuum. The symbols represent experimental data;
the lines are calculations based on average tube temperature (similar within ∼ 5 %
to that based on actual tube-temperature proﬁle and resistance integrated over the
∼ 3 μm tube length). Adapted from [53]

For suspended tubes, this eﬀect is so strong as to lead to negative diﬀerential
resistance [53] (Fig. 5), and the observed characteristics are in good agreement with a model [53] that accounts for the heat ﬂow along the nanotube.
The temperature can rise up to ∼ 1000 K, even creating signiﬁcant light
emission [54].
Recent measurements have shown that phonon scattering also limits the
ultimate performance of semiconducting nanotube devices. Figure 6 shows
the temperature dependence of the linear conductance of a clean nanotube
device with good contacts [30]. The on-state resistance grows linearly with
temperature, indicative of scattering by acoustic phonons, whose occupation
also grows linearly with temperature; the mobility μ = (L2 /CG ) dG/ dVG
behaves in a similar way. Measurements on many semiconducting devices
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Fig. 6. Conductance and mobility of a p-type semiconducting nanotube transistor
vs. temperature. Main ﬁgure: The conductance vs. gate voltage at diﬀerent temperatures for a device with diameter dt = 4 nm and length L = 4 μm. Upper inset:
Ron as a function of T . Lower inset: measured peak mobility as a function of T −1 .
Both are shown with linear ﬁtting. Adapted from [30]

yield the following approximate expression for the on-state mean-free path
and the mobility:
300 K
,
T
300 K
(dt (nm))2
.
T

lap (on) ≈ 0.3 μm dt (nm)
μap (max) ≈ 1000

cm2
Vs

(9)

The peak mobility depends quadratically on the diameter of the nanotube, in
agreement with theoretical predictions [55–57]. This dependence results from
a decrease of both the eﬀective mass and the scattering rate with increasing
diameter.
The mobilities of clean semiconducting tubes are very high [26–30]. For
the device in Fig. 6 μpeak ∼ 15 000 cm2 /Vs at room temperature, growing
to > 100 000 cm2 /Vs at T = 50 K. These mobilities far surpass those found
in silicon MOSFETs, fueling interest in nanotube transistor devices. This is
discussed in the following section.

3 Nanotube Devices and Advanced Geometries
The high mobilities, long mean-free paths, and large current-carrying capacities of nanotubes have inspired many groups to explore a broad spectrum of
electronic, high-frequency, optoelectronic, and nanomechanical applications
of nanotubes as discussed also in the contribution by Endo et al. In this
section we describe representative examples.
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3.1 High-Performance Transistors
Since the ﬁrst nanotube transistors were reported [4, 5], researchers have
worked steadily to improve device performance through innovations such
as improved contacts, shorter channels, and high-κ/thin dielectrics for improved gating, where κ refers to the dielectric constant. Figure 7 shows the
I–VSD characteristics of a nanotube transistor created using the high-κ dielectric, ZrO2 , and a top-gate electrode [58]. The I–V curves resemble those
of a standard MOSFET, but show dramatically improved performance relative to Si or to previous backgated nanotube devices. The transconductance
dI/ dVG in the saturation regime of the transistor is ∼ 10 μS at VSD = 1.2 V,
and experiments on 50-nm channel length devices have achieved 30 μS [59].
Normalized to the width of the tube, these transconductances are signiﬁcantly larger than those obtained in Si MOSFETs. Furthermore, there is still
room to improve: the theoretical limit, when the capacitance is governed by
the quantum capacitance and the tube is in the ballistic-transport regime, is:
dI/ dVG = 4e2 /h ∼ 155 μS.
Top-gated devices have also shown dramatic improvements in device subthreshold swing, S = ln(10)[dVG / dln(ISD )], a key parameter in evaluating transistor performance that indicates how eﬀectively the device turns oﬀ
with gate voltage. Backgated nanotube transistors exhibited values of S ∼ 1–
2 V/decade indicating a slow turn-oﬀ with VG . This value should be compared
with the theoretical limit of kB T ln(10) = 60 mV/decade at room temperature, arising from thermal smearing of the Fermi distribution of carriers in
the device. In contrast, top-gated nanotube transistors with thin or high-κ
dielectrics routinely yield [58–61] S ∼ 70–130 mV/decade.
A ﬁnal key device property is the ratio between the current through
the transistor in its “on” state and the leakage current in the “oﬀ” state
(the on/oﬀ ratio). Values in the range ∼ 106 –103 are common. Since,
for an ambipolar device, this ratio depends exponentially on the bandgap
[∼ exp(−Eg /2kB T )] smaller-diameter tubes give larger on/oﬀ ratios. However, smaller-diameter tubes have lower mobilities and are more prone to
Schottky barrier eﬀects, as discussed above. There is therefore a tradeoﬀ
between on/oﬀ ratio and the on-state current of the transistor.
The integration of multiple nanotube transistors into simple circuits has
also begun. Perhaps the most sophisticated device yet created is shown in
Fig. 8, where multiple transistors were created on the same long nanotube
and connected into a ring-oscillator circuit, where transistors connected in
a ring topology turn each other on/oﬀ sequentially in a looping domino effect [62]. The circuit oscillated at 50 MHz, limited not by the intrinsic performance of the nanotube transistors, but rather by the interconnect parasitics.
The ultimate limits on frequency, device performance and circuit complexity
remain to be explored, and are an active area of research, as discussed in the
next section.
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Fig. 7. High-κ nanotube transistor. (a) Sideview schematics of a SWNT-FET
with ALD-ZrO2 as the gate dielectrics (S and D represent the source and drain
electrodes). The nominal thickness of ZrO2 used is 8 nm. (b) TEM image of the
cross section of a SWNT on SiO2 with conformal coating of 4-nm thick ZrO2 . The
circular region at the ZrO2 /SiO2 interface is the cross section of a nanotube that
exhibits light contrast in the TEM. (c) I–V curves of the FET recorded for various
top-gate voltages. Adapted from [58]
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Fig. 8. An SEM image of a SWNT ring oscillator consisting of ﬁve CMOS inverter
stages. Adapted from [62]

3.2 Radio-Frequency and Microwave Devices
In principle, nanotube transistors may operate up to the terahertz regime,
but measurements of the high-frequency properties are diﬃcult. The relatively high input impedance of a nanotube device (R > h/4e2 = 6.5 kΩ)
limits device coupling eﬃciency into 50 Ω transmission lines, and this has
served as a major impediment to device testing at RF/microwave frequencies. Nevertheless, a number of approaches have met with success. The most
straightforward are measurements of the S-matrix, which characterizes the
high-frequency transmission and reﬂection of a nanotube device. Changes
in the nanotube impedance result in very small but measurable changes in
the transmission/reﬂection coeﬃcients. Both the resistive [63] and kinetic inductive portions [64] of a metallic nanotube impedance have been inferred.
A measurement of a semiconducting tube in an FET geometry demonstrated
a diﬀerential conductance at 1 GHz nearly identical to that at dc, indicating
the potential for eﬃcient operation at microwave frequencies [65].
Another approach is to use standard RF impedance-matching techniques
to couple eﬀectively to the nanotube. Several nanotube experiments have recently used the parasitic capacitance of the nanotube device itself in series
or parallel √
with an external inductance in order to form a resonant circuit
at ω0 = 1/ LC with characteristic impedance matched to a 50-Ω transmission line [66, 67]. Variations in device resistance are mapped to modulation
of the resonant circuit Q-factor, and hence to changes in the reﬂection or
transmission of radiation at an applied carrier frequency (tuned to the circuit resonance). These techniques have been used to examine both transistor
behavior and single-charge dynamics on microsecond timescales.
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A third approach uses the nanotube transistor itself as the high-frequency
signal detector. A transistor is a nonlinear device element since the conductance is a function of the applied gate or source drain voltage. Accordingly,
it will rectify high-frequency signals to produce a dc response, or “mix” two
high-frequency signals to produce sum and diﬀerence frequencies. Rectiﬁcation and mixing using nanotube transistors at frequencies up to 50 GHz have
been demonstrated by a number of groups [68–71]. Similarly, microwave detection and heterodyne detection exploiting nonlinearity in the I–V response
of metallic nanotubes have recently been reported [72].
An interesting application of nanotube mixing has been to detect the motion of a vibrating nanotube in an electromechanical resonator device [68, 73,
74], as shown in Fig. 9. Nanotubes have among the highest Young’s modulus
known (see the contribution by Yamamoto et al. in this book), and can easily
be prepared in suspended geometries, thus making them ideal candidates for
use as electromechanical resonators and switches. In this device, the nanotube transistor was used as an electromechanical mixer. The vibration of the
nanotube with respect to the gate changes the conductance at the vibration
frequency f0 . An ac voltage is applied to the source-drain at a nearby frequency f = f0 + Δf , resulting in a low-frequency output at Δf proportional
to the amplitude of the mechanical vibration. Furthermore, the vibration frequency f0 could be broadly tuned by the application of a dc gate voltage VG ,
as shown in the ﬁgure.
While these initial results indicate the promise of nanotubes for highfrequency electronics, this ﬁeld is only just beginning. For traditional applications requiring matching to 50 Ω, reducing the impedance of the device
is critical. Devices incorporating multiple nanotubes in oriented arrays [75]
or randomly oriented mats [76] have been shown to provide many parallel
conductance channels, and hence reduce the device impedance. Single-tube
devices, on the other hand, are naturally matched to the high impedances
of the nanoscale electronic world and may prove useful as local detectors to
read out the high-frequency behavior of other nanoscale devices.
3.3 P–N Junction Devices
Bipolar nanotube devices, where both electron- and hole-doped regions
are present in the same device, are garnering increasing attention both
for electronic and optoelectronic applications (see also the contribution by
Avouris et al.). An example of a p–n junction device [77] is shown in Fig. 10.
Separate gates are used to dope adjacent sections of the tube p- and n-type,
coupled by an intrinsic region. The I–VSD curves for this device show excellent rectiﬁcation characteristics, with an exponential turn-on in forward bias
and a reverse-bias breakdown voltage in excess of 10 V. Thermal measurements [78] show that the on-state conductance is thermally activated, and
the parameters of the junction, from the bandgap to the transmission prob-
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Fig. 9. Nanotube electromechanical resonantor. (a) An SEM image of a suspended
device (top) and a schematic of device geometry (bottom). Scale bar, 300 nm. The
sides of the trench, typically 1.2–1.5 μm wide and 500 nm deep, are marked with
dashed lines. A suspended nanotube can be seen bridging the trench. (b) Detected
current as a function of driving frequency. The solid black line is a Lorentzian ﬁt
to the data with an appropriate phase shift between the driving voltage and the
oscillation of the tube. The ﬁt yields the resonance frequency f0 = 55 MHz, and
quality factor Q = 80. (c) Detected current as a function of gate voltage VG and
frequency. The resonances in this ﬁgure are plotted as a function of gate voltage in
the inset. Adapted from [68]

472

Michael J. Biercuk et al.

Fig. 10. Split-gate p–n junction device. (a) Schematic cross section of the device.
The split gates VG1 and VG2 are used to electrostatically dope a SWNT. For
example, a p–n junction with respect to the S contact can be formed by biasing
Vg1 < 0 and Vg2 > 0. (b) SEM of a SWNT over a 1-μm split gate. (c) I–V
curve plotted in absolute magnitude of the current. The band diagram illustrates
the band structures during forward and reverse bias near the vicinity of the p–n
junction. The ﬁt is to the diode equation given with an ideality factor of n = 1.2
and I0 = 3 × 10−11 A. Adapted from [77]

ability, can be inferred. Similar devices are proving to be ideal for studies of
the photoconductivity in nanotubes.
p–n–p and n–p–n geometries are also easily created by separately gating diﬀerent portions of the nanotube. To date, no one has demonstrated
three-terminal bipolar transistor operation due to the diﬃculty of properly
contacting the central or “base” region of the nanotube. Nevertheless, these
devices have proven useful for a number of fundamental studies. One example [79] is shown in Fig. 11a, where a nanotube is partially suspended over a
substrate. While the oxide-bound segments are p-doped by the substrate, the
suspended section is intrinsic and thus forms a barrier for transport. A backgate can oﬀset the energy bands of the suspended section and as a result
change the height of the transport barrier. Just before an n-type region is
formed in the suspended segment (Fig. 11b), the height of the barrier is equal
to the energy gap. Figure 11c shows thermal activation measurements across
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Fig. 11. p–n–p geometry for measuring bandgaps. (a) Schematics of a SWNT
device partially suspended over a Si/SiO2 substrate and contacted by source and
drain electrodes (only one is shown). Charges on the substrate dope the oxide-bound
segments p-type and a buried backgate is used to electrostatically dope the tube. For
small positive gate voltages the suspended segment of the tube become n-type, while
the oxide-bound segments remain p-type. (b) Energy-band diagram corresponding
to a gate voltage just before an n-type region is formed in the suspended segment.
At this gate voltage the number of thermally activated carriers is minimized, there
is no n-type region to facilitate tunneling processes and the tube shows its highest
resistance, Rmax . (c) Plot of the maximum resistance after subtracting the contact
resistance ΔR = Rmax − Rcontacts as a function of the inverse temperature for the
nanotube in a magnetic ﬁeld of 10 T and in zero magnetic ﬁeld. Adapted from [79]

this barrier from which the bandgap can be directly deduced. These measurements demonstrate that the bandgap decreases linearly with magnetic ﬁeld
at a rate predicted by (3) above. The size of the inferred orbital magnetic
moment is an order of magnitude larger than in atoms due to the large radius
of the nanotube. Both the orbital and (smaller) spin magnetic moments will
play important roles in the nanotube quantum dot measurements presented
in the following sections.
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4 Quantum Transport
At low temperature, a variety of quantum eﬀects appear in transport in
nanotubes. Because the energy scales for these quantum eﬀects typically increase with decreasing system size, the “low-temperature” regime is often
more readily reached in nanotubes than in other mesoscopic electronic devices, making nanotubes an attractive system to investigate basic quantum
transport eﬀects.
Quantum transport eﬀects include the Coulomb blockade of conduction
associated with charge quantization, interference eﬀects associated with coherent wave properties of the charge carriers, periodic shell-ﬁlling signatures
associated with resonant tunneling through orbital energy levels, Kondo effects associated with a spin degree of freedom on a conﬁned nanotube hybridizing with the continuum of states in the metallic leads, and eﬀects of
ferromagnetism and superconductivity in the leads.
Eﬀects of conﬁnement and electron–electron interaction unique to one dimension, and associated with the separation of spin and charge degrees of
freedom in excitations, can be identiﬁed in transport as power-law dependences of conduction on temperature and source–drain voltage.
Figure 12, showing diﬀerential conductance as a function of gate voltage
and source–drain bias, provides an overview of various quantum transport
regimes for a single tube connected to metallic leads, depending on the coupling of the tube to metallic leads. Evident are the crossovers from Coulombblockaded transport, to a fourfold shell-ﬁlling structure, to standing-wave
(Fabry–Perot) resonances as the conduction between the nanotube and its
metallic leads is altered by gross changes in backgate voltage [80].
4.1 Quantum Transport in One Dimension
4.1.1 Luttinger Liquid
In two and three spatial dimensions, the metallic state of interacting electrons
is a Fermi liquid, with elementary excitations carrying charge e and spin 1/2,
and behaving as weakly interaction fermions. In one dimension, interacting
electrons cannot be described as Fermi liquids; spin and charge excitations
are described as bosonic modes, are separable, and propagate at diﬀerent
velocities. The Fermi surface is not abrupt, even at zero temperature, and
various power-law dependencies are expected in transport. This state is referred to as a Luttinger liquid [81,82]. Nanotubes are a nearly ideal realization
of interacting electrons or holes in one dimension, and so provide an excellent
testing ground for theoretical predictions of the behavior of Luttinger liquids,
particularly in transport.
Power-law scaling of the conductance G = dI/ dVSd with temperature T
and source–drain bias VSd , distinctive features of transport through a Luttinger liquid, has been observed in nanotubes in several experiments [8, 42,
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Fig. 12. As the tunnel barrier between nanotube and metallic leads goes from being
highly reﬂecting (top panels) to being highly transmitting (bottom), the pattern of
conductance (gray scale) as a function of gate voltage Vg and source–drain voltage V
transforms from Coulomb-blockade diamonds, marking the addition of one charge
to the nanotube dot per diamond (stripes in the conducting region reﬂect excited
states of the dot) to a fourfold-degenerate pattern, marking the ﬁlling of degenerate manifolds (two spin states, two orbital states), to a one-dimensional standingwave (Fabry–Perot) interference pattern in the nearly open (conductance ∼ 4 e2 /h)
regime. Upper right inside shows device schematic. Adapted from [80]

83, 84]. For instance, Bockrath et al. [83] measured SWNTs contacted either from the top (eﬀectively ending the tube at the contact) or from below (contacting the tube along its bulk), and in both cases ﬁnd a power
law G(T ) ∝ T α for the zero-bias conductance, with α depending on the
fabrication details (αend ∼ 0.6, αbulk ∼ 0.3) and a similar power law for
α
yielding comthe diﬀerential conductivity at ﬁnite bias, dI/ dVSD ∝ VSD
parable values for α. The Luttinger parameter, g, which characterizes the
strength and sign of the electron interaction, can be related to readily measured nanotube parameters EC , the charging energy, and Δ the mean orbital
level spacing by g = (1 + 2EC /Δ)−1/2 . Estimates and previous measurements give EC /Δ ∼ 6 yielding a theoretical value g ∼ 0.28, independent of
tube length. For a SWNT with four conducting modes, theory also relates
α to g: αend (theory) ∼ (g −1 − 1)/4, αbulk (theory) ∼ (g −1 + g − 2)/8, giving αend (theory) ∼ 0.65 and αbulk (theory) ∼ 0.24, in good agreement with
experiment.
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4.1.2 Ballistic Transport
Several experiments [11, 13, 51, 85–87] have demonstrated ballistic 1D transport in nanotubes, where the mean-free path of charge excitations exceeds
the tube length. The four modes of a SWNT (two for spin, two for orbital
degeneracy) give an expected intrinsic conductance of 4e2 /h ∼ 6.5 kΩ−1 for
a ballistic nanotube, not including any additional extrinsic resistance at the
contacts. Recent measurements on SWNTs with nearly ideal Pd contacts
and local, gate-controlled depletion regions, show that the four 1D modes
can be depleted one at a time, yielding quantized conductance plateaus [12]
as a function of a gate voltage, as shown in Fig. 13. Surprisingly, even in
zero applied magnetic ﬁeld, the plateaus are spaced by e2 /h rather than the
expected 2e2 /h for spin-degenerate states. The number and spacing of the
plateaus, their energy spacing, and their evolution under applied source–drain
bias [88] suggest that both orbital and spin degeneracy are lifted during the
gate-depletion process. Similar eﬀects have recently been observed in various
semiconductor nanowire [89] and bulk heterostructure devices [90–92], and
may also be related to the unexpected (but ubiquitious) appearance of an
extra conductance plateau as a function of gate voltage, appearing much like
a spin-split feature, though at zero magnetic ﬁeld, at a conductance around
0.7(2e2 /h) in semiconductor quantum point contacts [93].
In ballistic nanotubes, conductance oscillations arising from 1D standingwave-like quantum interference [9] of charge carriers are seen, comparable to
Fabry–Perot oscillations in an optical cavity as a function of wavelength or
cavity length. These are shown, as an example, in the bottom two panels of
Fig. 12.
4.2 Superconducting Proximity Eﬀect
When nanotubes are contacted with superconducting electrodes, signatures
of proximity-eﬀect superconductivity can appear [24, 94]. In a recent experiment [95], metallic carbon nanotubes were contacted with multilayer Ti/Al
electrodes in a four-probe geometry in order to mitigate the eﬀect of series
contact resistance. Below a critical temperature, zero-resistance supercurrents are observed as long as the normal-state conductance is suﬃciently
high (∼ 2e2 /h), indicating highly transparent contacts.
Imperfect transmission at the interfaces produces broadened zero-dimensional (standing-wave) states in the energy-level structure. In normal-state
devices, this leads to Fabry–Perot oscillations [9] as a function of gate voltage VG as seen in the bottom panels of Fig. 12. In the case of the superconducting proximity eﬀect, the broadened zero-dimensional states lead to
periodic modulation of the critical current, IC , as a function of VG , as seen
in Fig. 14. Finite-length Fabry–Perot eﬀects, however, were not able to explain the magnitude of the ﬂuctuations in IC . Rather, Josephson dynamics indicating multiple reﬂections were demonstrated by correlating IC with
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Fig. 13. Evidence of four-step conductance quantization in a single-wall nanotube
with highly transparent Pd contacts, in units of the spin-resolved quantum of conductance, e2 /h, at the high-bias half-plateaus. No external magnetic ﬁeld is applied:
B = 0. Valley degeneracy can be broken by deformation of the tube, but where is
spin degeneracy? Lower inset shows the device, with top gates passing over the
tube. Upper inset shows conductance as a function of two top gates, demonstrating
independent gating (square gray scale pattern) and a plateau structure for each
gate. Rs is the extracted series resistance. Adapted from [12]

the normal-state conductance [95]. Additionally, the diﬀerential resistance,
dVsd / dI, measured for current biases in excess of the gate-voltage-dependent IC (VG ) shows modulation on the same voltage scale as that for IC .
Multiple Andreev reﬂections appear as peaks in dVsd / dI as a function of
applied current bias.
Following this work, more complex device geometries using the gatetunable supercurrents in nanotubes have been realized. Nanotubes embedded
in superconducting devices have been used as tunable Josephson junctions,
displaying many of the dc and RF characteristics of standard junctions [96].
A recent experiment demonstrated the formation of a nanotube-based superconducting quantum interference device (SQUID) containing two carbonnanotube sections connected to an Al loop [97].

478

Michael J. Biercuk et al.

Fig. 14. (a) Dependence of critical current IC on gate voltage, Vg . (b) Grayscale
of dV / dI, with black representing zero. (c) High-resolution plot of dV / dI vs Vg ,
emphasizing multiple Andreev ridges. (d) Cuts through (c) at dashed vertical lines.
(e) schematic energy-space diagram showing strongly coupled dot between superconducing leads. Solid curve in the central dot region shows “on” state; dashed
curve shows oﬀ state. Adapted from [95]

4.3 Quantum Transport with Ferromagnetic Contacts
Experiments on multiwall carbon nanotubes with ferromagnetic contacts
demonstrate the capability of nanotubes to sustain coherent spin transport [98–100]. This was observed through a modiﬁcation of the device current
dependent upon reversing the relative contact magnetizations, with antiparallel (AP) alignment typically producing higher device resistance than parallel
(P), and hence a positive magnetoresistance, deﬁned as [(RAP − RP )/RP ].
Single-wall nanotubes contacted with highly transparent ferromagnetic
PdNi leads display Fabry–Perot interference at 4.2 K [101, 102]. It was found
that the magnetoresistance oscillated with the conductance, as shown in
Fig. 15. These observations are well explained by a spin-dependent Landauer–
Büttiker model [103] that independently accounts for the transmission probabilities of majority and minority carriers.
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Fig. 15. (a) Atomic force micrograph of SWNT with asymmetric PdNi ferromagnetic leads, with the size scale indicated. (b) Two-terminal resistance traces as a
function of applied magnetic ﬁeld μ0 H. Usually, oppositely oriented magnetization
leads to higher resistance. In some cases, it leads to a decrease in resistance (e.g.,
Vg = 6.30 V). (c) Comparison with experiment of theoretical predictions based on
a spin-dependent Laudauer–Büttiker approach for calculating the gate-voltage-dependent conductance, and amplitude of spin-induced magnetoresistance (SIMR).
Adapted from [101]

5 Nanotube Quantum Dots
A small conducting island – termed a quantum dot or a single-electron
transistor – coupled via tunneling to the rest of a circuit, can show signatures of single-electron charging in transport at moderately low temperatures [104]. The requirement of tunneling implies contact resistances in excess
of h/e2 ∼ 26 kΩ. In addition, the energy required to add a single electron to
the island, e2 /2C, where C is the island capacitance, must exceed the thermal
energy kB T . Quantum conﬁnement eﬀects may also be observed as a discretelevel structure with orbital spacing Δ. Given the total capacitance values of
the order of attofarads (10−18 F) and energy scales EC , Δ up to the meV
range, single-electron charging eﬀects are most commonly manifested at cryogenic temperatures < 4 K. Transport measurements are typically performed
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as a function of source–drain bias VSD across the island and gate voltage
VG , which shifts the energy levels of the dot. Such measurements permit a
full mapping of discrete charge states (manifested as the Coulomb blockade),
the excited-state energy spectrum, and exotic multibody interactions, since
transport is allowed only when a single-particle energy level is aligned with
the chemical potential of the leads [105].
5.1 Single Dots
Highly resistive contacts to carbon nanotubes have proved to be eﬀective
tunnel barriers for deﬁning quantum dots. In such a geometry, the bulk of
the nanotube forms the zero-dimensional island that is tunnel-coupled to
metal leads. In a standard backgated conﬁguration, the Si wafer serves as a
gate electrode, which is capacitively coupled to the island [3].
In nanotube quantum dots, EC is generally of the order of a few meV,
and is set by the capacitance of the device. Approximating the capacitance
per unit length from the formula for a coaxial cable C/L = 2πκε0 ln(2h/r),
where κ ∼ 2.5 is the average of the dielectric constants of SiO2 and vacuum,
h the tube to backgate distance, and r ∼ 1 nm the tube radius, we ﬁnd
a capacitance per unit length, C/L ∼ 19 aF/μm, and a charging energy,
EC ∼ 8 meV/μm, for a 1-μm gate oxide (a fairly standard value for thermally
oxidized wafers).
The zero-dimensional energy-level spacing, Δ, may also be calculated for
a carbon nanotube quantum dot of length L. In addition to the quantization
of transverse momentum along the circumferential direction, the ﬁnite extent
of a carbon-nanotube quantum dot leads to the quantization of momentum
along the tube axis as Δk = π/L. Linearity of the bands near the Fermi level
suggests that one may write
Δ=

hvF Δk
2×2

(10)

with Fermi velocity vF = 8.1 × 105 m/s, which gives Δ ∼ 0.4 meV/μm. The
factors of two account for the band and spin degeneracy of the 1D subbands,
and should be included when these degeneracies are lifted.
5.2 Band and Spin Eﬀects in Single Quantum Dots
5.2.1 Shell Filling in Nanotube Dots
Transport in nanotube quantum dots shows the familiar characteristics of
Coulomb blockade and bias spectroscopy down to individual electrons and
holes. A number of experiments have demonstrated even–odd spin ﬁlling,
where electrons are added to a single orbital level in pairs, occupying states
of opposite spin. Experimentally [106] this ﬁlling scheme appears as an alternating large–small spacing between the narrow peaks of the conductance that
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separate regions of Coulomb-blockaded transport, reﬂecting a corresponding
alternation of addition energy between EC and EC + Δ.
The interplay of spin and orbital degeneracies and the energetics of ﬁlling
a 1D dot with interacting, spatially correlated electrons can lead to interesting
ﬁlling patterns [107,108], as seen in the middle panels of Fig. 12. Experiments
on clean isolated quantum dots, in both suspended and standard carbon
nanotubes, show a fourfold periodicity in the addition energy spectrum [109],
corresponding to the fourfold degeneracy of the nanotube levels [108, 110–
112].
5.2.2 Nanotube Dots with Ferromagnetic Contacts
For experiments on nanotube quantum dots coupled to ferromagnetic leads,
the relevant quantity to characterize coherent spin transport is the tunneling
magnetoresistance (TMR), deﬁned as TMR = (RAP − RP )/RP with subscripts AP and P denoting antiparallel and parallel contact magnetic moments, respectively. If spin transport can be modiﬁed in situ, it is possible
to reverse the sign of the measured TMR. In transport experiments this is
accomplished under the inﬂuence of an applied gate potential, producing a
voltage-controlled spin valve.
Using single- and multiwall nanotube quantum dots contacted with
NiPd [100] the Basel group demonstrated sign reversal of the TMR as a function of VG [102, 113], comparable to the open-transport data [95] in Fig. 15.
For SWNT devices the TMR signal oscillates with the same period as the
Coulomb-blockade features in transport. The oscillation period, lineshape,
and inversion magnitude of the TMR signal are consistent with a model of
spin-dependent transmission through localized states on the nanotube dot.
5.3 Kondo Eﬀects in Nanotube Dots
The Kondo eﬀect arises from the hybridization of a localized spin (or any
degeneracy within a localized system that can serve as a two-level system)
with a continuum of conduction electrons below a characteristic temperature, TK [114]. When the leads of a two-terminal device are the continua
with which the localized spin hybridizes, characteristic transport features appear [115]. These can be readily understood as reﬂecting a density of states
(for the hybridized state) within the dot at the Fermi energy of the lead
participating in the hybridization. The Kondo eﬀect in nanotubes was ﬁrst
investigated in 2000 by Nygard et al. [116] and shows all of the familiar
Kondo-transport features, along with some unique to nanotubes, such as
fourfold shell ﬁlling [116]. Novel Kondo-related phenomena have appeared in
carbon nanotubes owing to both their unique band structure and the ability to produce nanotube quantum dots with non-Fermi liquid leads (e.g.,
superconducting leads). We highlight a few recent results in the following
subsections.
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5.3.1 Nonequilibrium Singlet–Triplet Kondo Eﬀect
The Kondo eﬀect is generally observed as a conductance peak at zero bias
that appears for T < TK when the dot is occupied by an odd number of
electrons. It was recently shown [117] that the lifted degeneracy between the
singlet (spin = 0) and triplet (spin = 1) conﬁgurations of a nanotube dot
occupied by an even number of electrons – somewhat similar to a spin 1/2
system in a magnetic ﬁeld, though at zero ﬁeld the triplet is threefold degenerate – also is described by a Kondo eﬀect that appears at a ﬁnite source–drain
bias V , corresponding to an energy splitting of singlet and triplet energies.
In this case, applying an external magnetic ﬁeld lifts the degeneracy of the
triplet state, splitting the single peak in the diﬀerential conductance at ﬁnite bias into three distinct ﬁnite-bias peaks, separated in bias voltage by
ΔV = gμB B/e. The splitting provides a straightforward measurement of the
electron g factor, which is found to be g ∼ 2. It was also found that the
narrow conduction peaks at ﬁnite bias could only be modeled theoretically
using a full Kondo treatment.
5.3.2 Orbital and SU(4) Kondo
Kondo correlations can also arise when an orbital degree of freedom serves
as the localized two-level system. Since carbon nanotubes possess both band
and spin degeneracies, it becomes possible to realize a higher-order Kondo
system comprising both spin and orbital degrees of freedom. This system is
described by a four-component vector and accordingly an SU(4) symmetry
group.
The orbital Kondo eﬀect was realized experimentally [110] in a nanotube
quantum dot with an applied ﬁeld parallel to the tube axis. This ﬁeld couples
to the magnetic moments of the clockwise and counterclockwise circulating
electrons (the two isospin states) and tunes the degeneracy between isospin
levels. Kondo ridges with appropriate temperature dependences appear at
ﬁnite values of parallel ﬁeld in the Coulomb valleys.
The full SU(4) Kondo symmetry appears at zero magnetic ﬁeld in a regime
of gate voltage that displays fourfold symmetry [110]. In Coulomb valleys
with unpaired spins, an unusually strong Kondo enhancement is apparent at
zero bias, consistent with theory (Fig. 16). As a function of applied magnetic
ﬁeld and source–drain voltage, the Kondo SU(4) resonance splits into four
components.
An interesting interplay [118] between the Kondo eﬀect and multiple Andreev reﬂections (MAR) was investigated in nanotube quantum dots with
strong tunnel coupling to superconducting Au/Al leads [119]. This device
satisﬁes the criterion for observing MAR: EC ≤ Γ ∼ ΔG ≤ Δ, where EC
is the charging energy, Γ the level broadening due to coupling to the leads,
ΔG is half the superconducting gap of the leads and Δ the mean level spacing of the dot. These processes appear as transport resonances when the
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Fig. 16. (a) Conductance G as a function of backgate voltage Vg at 8 K and
0.34 K. Signature of the Kondo eﬀect in valleys I and III is the rising conductance
at decreased temperature. (b) Conductance (grayscale) as a function of Vg and
source–drain voltage V at 0.24 K and B = 0. (c) Same as (b) except at 1.5 T.
Circle marks fourfold splitting region. (d) Fourfold splitting of the Kondo peak as
a function of ﬁeld. Adapted from [110]

source–drain bias satisﬁes Vsd = 2ΔG /ne, with n an integer. Subsequent experiments demonstrating asymmetric device structures with one normal and
one superconducting lead have also been performed in the presence of Kondo
correlations [120].
5.4 Multiple Quantum Dots
The standard nanotube quantum dot device geometry, with two contacting
leads and a single backgate, is ideal for making single quantum dots, but is not
well suited for multidot structures since each dot usually requires independent
control of tunneling and electrostatics in order to make interesting devices.
Experimental demonstrations of electrostatic depletion regions [12,121] in
a nanotube formed by the application of a voltage to a narrow topgate electrode were reported in [12, 121]. Based on this method, multidot structures
were deﬁned by several depletion gates on a single nanotube with transparent
Pd electrodes [122]. A series of barrier gates produced local depletion regions
in the tube, which served as tunable tunnel barriers, while plunger gates were
used to shift the energy levels of the dots formed between the barrier gates
(Fig. 17a). Double quantum dots produced in this way are fully tunable,
as shown in Fig. 17. Several groups produced devices in similar conﬁgurations with comparable behavior [123–125]. Transport measurements on these
tunable double quantum dots have now demonstrated signatures of fourfold
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Fig. 17. (a) Electron micrograph of top-gated double quantum dot device. Barrier
gates deﬁne the dots, plunger gates tune the electrostatics of the dots. (b) Square array pattern of Coulomb-blockade peaks in the conductance (grayscale) as a function
of two plunger-gate voltages in the regime of small tunnel coupling and capacitive
coupling of the two dots. Each peak marks a transition in the electron number of
both of the dots. (c) As the middle gate separating the dots becomes less positive,
tunneling of holes between the two dots as well as dot–dot crosscapacitance is increased, resulting in a hexagonal pattern of Coulomb-blockade conductance peaks.
(d) At still lower gate voltage, the two dots merge, and the Coulomb-blockade pattern appears as a series of diagonal bands, where one plunger gate compensates the
other, acting on the same large single dot. Adapted from [122]

shell ﬁlling in both the honeycomb charge-stability diagram and ﬁnite-bias
triangles [123].

6 Future Directions
This chapter has presented an overview of the most signiﬁcant advances in
nanotube transport measurements over the past several years. We expect
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that transport measurements on nanotubes will continue to produce fruitful
experimental studies of basic physical phenomena.
We anticipate that hybrid devices [67], incorporating nanotubes and other
nanoelectronics elements will become more common. We also anticipate that
the weak hyperﬁne coupling [126] in carbon will make nanotubes a material
system of choice for spin-based quantum information systems.
We anticipate high-frequency phenomena [70, 127] such as quantized vibrational modes or plasmons to become more widely investigated as techniques to measure nanotubes in the terahertz–far-infrared frequency regime
are developed. We also expect that optoelectronic devices – structures where
electrons and holes are converted to photons (or vice versa) – will open up
new vistas for fundamental physics and device applications. While many of
the basic transport phenomena in nanotubes are now understood, endless opportunities await the utilization of this unique system to explore the science
of the nanoscale world.
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