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The experimentally verified electrical properties of carbon nanotube structures and manifestations
in related phenomena such as thermoelectricity, superconductivity, electroluminescence, and photo-
conductivity are reviewed. The possibility of using naturally formed complex nanotube morphologies,
such as Y-junctions, for new device architectures are then considered. Technological applications
of the electrical properties of nanotube derived structures in transistor applications, high frequency
nanoelectronics, field emission, and biological sensing are then outlined. The review concludes with
an outlook on the technological potential of nanotubes and the need for new device architectures

for nanotube systems integration.
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1. INTRODUCTION

Carbon nanotubes (CNTs) have recently emerged as the
wonder materials of the new century and are being con-
sidered for a whole host of applications' ranging from
large scale structures in automobiles to nanometer scale
electronics. In this paper we review some of the electri-
cal properties of CNT based materials and consider their
utility. In addition to the advantages conferred by miniatur-
ization, carbon based nanoelectronics promise greater flex-
ibility compared? to conventional silicon electronics, one
example being the extraordinarily large variety of carbon
structures exemplified in organic chemistry. Consequently,
nanotubes are also considered as candidates for molecu-
lar electronics.® Several remarkable properties, peculiar to
low dimensionality,4 can be harnessed in CNT structures
and gainfully employed.

This aim of this review, in addition to enumerating
the electrical properties of CNT derived structures, is to
encourage the integration of a diverse set of electrical phe-
nomena into a multifunctional CNT based device. While
large scale assembly of CNTs, at a level that would be
impressive to a systems designer,’ is still challenging it
is the author’s opinion that such a device would encour-
age applications where power savings, radiation hardness,
and reduced heat dissipation are major considerations. In
this paper, firstly, the structure and electrical properties of
the basic CNT morphologies, i.e., single-walled and multi-
walled CNTs (SWNTs and MWNTs, respectively) are dis-
cussed. This will include significant features of electrical
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transport, which impact interpretation of measurements
and suitability in advanced electronics. Basic issues involv-
ing doping to control nanotube properties, methods of
contact from higher dimensional contacts/environment,
and sensitivity to ambient conditions are relevant topics of
concern. The application of such properties to related phe-
nomena of photoconductivity, thermoelectricity, and super-
conductivity are then briefly reviewed. A few examples
which explicitly involve the electrical and chemical char-
acteristics of CNTs, such as a change in electrical con-
ductivity for biomolecular sensing, and field emission will
be discussed. A most exciting aspect, the application of
CNTs to nano-devices incorporating high frequency (THz
scale) electronics will then be studied. In this context, the
possibility of using CNTs as antennae to transmit/receive
information at the nanoscale is an important consideration.
The review will conclude with an outlook for the applica-
tion of the electrical properties in future technology. This
review also attempts to cover ground that has not been
considered in other recent reviews* %! of CNT electronics
and electrical transport.

While electrical properties have been measured on nano-
tubes synthesized through a variety of methods, this
review does not specifically address methods of synthesis
and characterization of nanotubes. Excellent reviews on
the topic of nanotube/nanofiber synthesis exist in litera-
ture.!>1 Briefly however, SWNTs and MWNTs have been
synthesis by various methods, e.g., by arc discharge and
laser ablation methods, which seem to have a higher
degree of structural perfection, due to the high tempera-
tures (>3000 °C) involved in the synthesis.!° Nanotubes
are also grown through Chemical Vapor Deposition (CVD)
at a lower temperature (<1000 °C) with a higher defect
density, which in turn adversely affects the electrical and
thermal characteristics along with the structural proper-
ties. An issue of outstanding importance for the practi-
cal application of nanotubes, indeed in nanotechnology
itself—that of alignment and fabricating large scale arrays
of nano-structured elements will also not be addressed in
this paper. Several methods for obtaining nanotube arrays

are being worked on and include, viz., the use of
(i) electric fields,' !¢

(ii) dip-pen lithography,!”

(iii) microfluidic techniques,'®

(iv) individual catalyst patterning,'” and

(v) mechanical transfer.2

However, none of the above is completely satisfactory for
the goal of rapid and controlled placement of nanotube/s
of defined length and chirality.

2. SINGLE-WALLED NANOTUBES (SWNT)

A SWNT is formed by wrapping a single sheet of graphite
(graphene- Fig. 1(a)), seamlessly, into tubular forms (Fig.
1(b)). It is interesting to note that graphene, by itself, can
be characterized as either a zero-gap semiconductor or a
metal, since the density of states (DOS) is zero at the
Fermi energy (Eg), and imparts those properties to a nano-
tube. It is also well known that the fundamental conducting
properties of a graphene tubule depend on the nature of
wrapping (chirality) and the diameter (typically, SWNTs
have diameters in the range®! 0.4 nm-2 nm).

2.1. Electronic Structure

The electronic band structure of a nanotube can be des-
cribed by considering the bonding of the carbon atoms
arranged in a hexagonal lattice. Each carbon atom (Z = 6)
is covalently bonded to three neighbor carbons via sp?
molecular orbitals. The fourth valence electron, in the p,
orbital, hybridizes with all the other p, orbitals to form a
delocalized m-band. As the unit cell of graphene has two
carbon atoms an even number of electrons are contained
in the basic nanotube structure, which consequently can
be metallic/semiconducting.?? Mintmire,”* Hamada,?* and
Saito® predicted through tight-binding electronic struc-
ture calculations that the relationship between the coef-
ficients (n, and n,) of the translational vector ¢, =
n,a, + n,a,, which connects two crystallographically
equivalent sites, determines the conducting properties
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Fig. 1. (a) A single walled nanotube (SWNT) is formed by wrapping a
graphene sheet into a cylinder with the nature of wrapping uniquely deter-
mined by the chiral vector ¢,. Either metallic/semiconducting SWNTs
can be formed and account for the great variety of nanotube structures.
Reprinted with permission from [25], R. Saito et al., Appl. Phys. Lett. 60,
2204 (1992). © 1992, American Institute of Physics, (b) Illustrations of
the structures of (i) Arm-chair, (ii) zig-zag, and (c) chiral SWNTs, and a
multi-walled nanotube (MWNT) formed by telescoping several SWNTs,
Reprinted with permission from [1], R. H. Baughman et al., Science 297,
787 (2002). © 2002, Science Magazine.

(Fig. 1(b)). When 2 n, + n, is an integer multiple of
three, the CNT exhibits metallic behavior while non-
metallic/semiconducting behavior, with a band gap for
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conduction (E,), is obtained in all other cases. (This can
also be stated as: mod(n, —n,,3) =0, 1,2, where modl
and mod2 SWNTS are semiconducting while mod0
SWNTS (n, < n,) are metallic at room temperature, and
exhibit a small chirality-dependent energy gap, corre-
sponding to quasi-metallic conduction, at lower tempera-
tures, the case n, = n, denotes armchair nanotubes that
are truly metallic). If all values of the chiral vectors were
equally probable, it would be expected that 1/3 of the
total SWNTs would be metallic while the remaining 2/3
would be semiconducting, which is indeed what is found
in synthesis.?!

The Fermi level crossing for zig-zag (n,, 0) tubes, which
can be metallic or semiconducting, is at the center of the
Brillouin zone (k = 0). However, for arm-chair (n,, n,)
tubes, the level crossings are at k = :|:327’To and they are
always metallic. It has also been found that for all metal-
lic nanotubes, the E intersects two bands of the one-
dimensional band structure corresponding to two modes of
conduction (i.e., one with positive velocity and the other
mode corresponding to oppositely moving electrons, with
negative velocity)—this contributes a kinetic inductance
to the nanotube, which has implications in the high fre-
quency electronic properties of nanotubes (c.f., Section
8.1.3). Additionally, the requirement of maintaining peri-
odicity around the circumference of the nanotube (of diam-
eter d,) causes quantization of the transverse wave-vector
component (k, = d%), which dictates the allowed k, spac-
ing of the sub-bands. Consequently, a large diameter nano-
tube will have many sub-bands while a smaller diameter
tube will have fewer sub-bands. A more detailed discus-
sion of the electronic band structure is found in Ref. [26]
and references therein.

As can be seen from Figure 1(a) (ii), the nanotube diam-
eter, dictated through ¢,,, also affects the electron dispersion
and it was derived” that in a semiconducting nanotube,
E, = 4;2? The influence of the band structure topology
(Ey) on the conduction is manifested through the relation-
ship for the Fermi velocity (vg) = A~'V, - E,. The above
translates numerically’ to E, = % eV, with a vg ~ 10° m/s.
The electronic structure, as represented through a density
of states (DOS) diagram is found to exhibit characteris-
tic £~ van Hove type singularities, typical of a one-
dimensional system, and was well manifested in electrical?®
and optical measurements (see also Section 6). However,
at the Fermi energy itself, for metallic nanotubes, the DOS
is finite while for a semiconducting nanotube, the DOS
is zero.

New physical principles are found to be necessary to
explain nanotube phenomena. For example, the Fermi lig-
uid theory which is used to describe electronic excita-
tions, in the non-interacting electron limit, is found to
be inadequate®® to describe the electrical properties in
SWNTs, in the one-dimensional limit. Compared to metals,
in metallic nanotubes, the carrier density is lower by orders
of magnitude and electron correlations will also have to

3
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be considered. Consequently, the Luttinger liquid (LL) the-
ory, which does take into account electron-electron inter-
actions is more appropriate and can be embodied in novel
phenomena®® such as spin-charge separation, suppression
of the electron tunneling density of states and interaction
dependent power laws for the electrical conduction. In most
experimental studies, however, the details of such behav-
ior are masked by imperfect contacts and contact resis-
tances. Theoretically, a g parameter which is the ratio of
the single-electron charging energy to the single parti-
cle energy spacing is quoted for monitoring the degree
of LL behavior in a one-dimensional system. In the non-
interacting Fermi liquid case, g = 1, whereas interactions
reduce the value of g. In SWNTSs, g has been estimated to
be in the range of ~0.2-0.3.° An experimental confirma-
tion of such behavior in nanotubes/nanotube ropes®!' has
been obtained through the power law dependence of the
conductance (G) on voltage (V), i.e., GaV%* and tem-
perature (7), i.e., GaT®3~%%, Further experimental con-
firmation of the LL behavior can also be made through
tunneling experiments between two SWNTs.*

It is to be kept in mind, however, that the LL descrip-
tion strictly applies to metallic SWNTs*® (Interestingly, it
has been predicted® that in bundles of metallic SWNTs
van der Waals interaction between individual nanotubes
can induce a pseudo-gap of ~0.1 eV, which mimics semi-
conducting behavior).

2.2. Doping Characteristics of Nanotubes

For semiconducting SWNTs, in the absence of impurities
or defects (doping), the Fermi energy (Ey) is taken to be at
a reference value of zero. However, for a realistic graphene
based nanotube a finite doping is inevitable due to the
presence of adsorbates, from the ambient, which would
cause charge transfer. In that case, the Ey is either <0
(for hole doping, electron transfer from the NT—p type)
or >0 (for electron doping, electron transfer to the NT—
n type). The effects of temperature also have to be taken
into consideration i.e., (i) kg7 > E or (ii) kg T < Ep, (also
see section 2.3). Case (i), suitable for high temperatures,
corresponds to low doping while low temperatures (case
(ii)) are typify strong doping conditions. In metallic nano-
tubes the results of the shifts in the Fermi level are masked
by a higher density of states and doping effects are less
marked.

When connected to external contacts, semiconducting
SWNTs are usually measured to be p-type. This character-
istic could be induced by the higher work function of the
contact whereby holes could be generated in the nano-
tube due to electron transfer from the NT to the contact.
However, it was seen, in top-gated device structures with a
field effect transistor (FET) configuration, that devices can
show ambipolar characteristics®® with larger drive currents.
The device characteristics are then determined by the rel-
ative heights of the Schottky barrier for electron- and hole

4

injection at the metal electrode-CNT interface. It was also
determined®’ that the annealing in vacuum, through oxy-
gen removal (or doping the surface with alkali metals) con-
verts p-type devices to n-type, which results in a shift in
the Fermi energy from the valence band to mid-gap. Inter-
estingly, exposure to oxygen resulted in reversion to p-type
characteristics. Evidence for charge transfer in doped car-
bon nanotube bundles exposed to electron donor (K, Rb)
and electron acceptor (Br, I) atoms was also seen through
Raman spectroscopy investgations®® through a vibrational
mode shift.

As mentioned earlier, it is seen that intrinsic nanotubes
cannot be produced whenever there is exposure to oxygen
ambients. The effect of oxygen on nanotubes is plausibly
not just due to doping, as is conventionally understood but
could be related more to the effects on the contacts. Also,
the physisorbtion® of the oxygen with CNTs is weak and
is unlikely to result in charge transfer. A phenomenologi-
cal model was advanced to explain the p- to n-conversion
(Fig. 2), where the concentration of oxygen is proportional
to, and determines the position of, the Ep at the metal-CNT
interface. Such an effect changes the line-up of the bands
at the interface but does not involve the bulk of the CNT.

(a) Vg <0 (b)

; Rl Vgs >0
E " et
b
A}
METAL | %, NANOTUBE

ANNEALED N-FET
electron injection for Vg >0

STARTING P-FET
hole injection for V<0

(©) (d)

Eg

METAL

N-DOFED
no current at any Vg

HIGHLY N-DOPED
electron tunneling through the barrier

Fig. 2. Effect of ambient conditions on the electronic band structure of
a CNT-metal contact. Initially, (a) the doping is p-type due to the higher
work function of the metal and extrinsic oxygen doping, (b) When oxy-
gen is driven out through an annealing treatment, the transistor behavior
mimics a n-doped device in that electron injection is allowed, but (c) true
n-type behavior is only obtained through alkali element (e.g., K) doping,
(d) At higher doping levels, electron tunneling occurs through a thin bar-
rier. Reprinted with permission from [37], V. Derycke et al., Appl. Phys.
Lert. 80, 2773 (2002). © 2002, American Institute of Physics.
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When Ep at the junction is close to the center of the band
gap, the barrier allows tunneling and ambipolar transport
is observed. With Au contacts in air, only holes can be
injected into the device, while annealing/removal of oxygen
results in only electrons being injected due to the high hole
injection barriers (Fig. 2(b)). Subsequently exposing the
SWNTs to nitrogen* and alkali metal dopants®” resulted
in n-doping. However, in the latter case the strong oxidiz-
ing characteristics of the dopants are undesirable and stable
doping can instead be obtained through functionaliza-
tion by amine-rich polymers'? such as polyethyleneimine
(PED).

Note that in a SWNT fabricated as a p-n junction, the
depletion region is a dipole ring, c.f., as opposed to a
dipole sheet in a planar junction.*! Consequently, the
depletion width (W) of a nanotube device at low doping
levels is found to depend exponentially on the inverse dop-
ing fraction (f).** This factor needs to be considered in
device design, where tunneling through the device occurs
at f > 21073 while in the opposite case, i.e., f <2-107%,
a large depletion width is formed. Even outside the deple-
tion region, the charge distribution is not cut-off abruptly,
but has a logarithmic decay with distance z (as m
where A is a constant proportional to the nanotube radius)
and can extend up to um distances. These limitations on
charge confinement are intrinsic to nanotubes and demand
a radical new design for devices. One might need to con-
trol the leakage current (in highly doped nanotube based
p-n junctions, due to the large charge decay lengths) by
including an undoped region of length (L) > W) between
the p- and n-doped regions. This reduces the tunneling
probability, and hence the leakage current, by an exponen-
tial factor, ~exp(—2kL).

In summary, the mechanisms for doping and the deter-
mination of the acceptor and donor levels still need to
be investigated. Raman spectroscopy, widely used for
determining the metallic/semiconducting characteristics of
nanotubes,®® offers one possible way to determine the
charge transfer characteristics through spectroscopic line
shifts.’ % Charged defects are also known* to modify
electronic properties through local modification of the
electronic structure (see also Sections 7.2 and 7.3(a)).

2.3. Characteristics of Electrical Transport

A determination of the band structure allows for the cal-
culation of an energy dependent Drude conductivity (o)
for the graphene sheet that constitutes a nanotube surface,
as = (%)%le. The elastic scattering length (/,) of the
carriers is proportional to the electron-phonon scattering
and generally increases with decreasing temperature (usu-
ally, l,a T7P, with p > 1). One characterizes the electrical
conductivity in two regimes:

(1) Low temperatures (kyT < Ey), where in the conduc-
tivity equation above, the energy (E) replaced by Ep (the
Fermi energy). The conductivity in this regime is metallic.

J. Nanosci. Nanotechnol. 7, 1-29, 2007

A finite zero-temperature value, the magnitude of which is
determined by the static disorder, is obtained.

(2) High temperatures (kyT > E), where in the conduc-
tivity equation, the energy (E) is replaced by kz7T. The
conductivity, and the carrier density, is then directly pro-
portional to T.

At the very outset, it is not trivial to measure the intrin-
sic resistance of a SWNT. Any contact in addition to those
at the two ends of the tube (say, for a four-terminal mea-
surement) can destroy*® the one-dimensional nature of the
SWNT and make a true interpretation difficult. Theoreti-
cally, for a strictly one-dimensional system the Landauer
formula predicts an intrinsic resistance (R;,), indepen-
dent of the length, to be equal to %#EF) which translates
to a resistance of 25.8 k{)) assuming perfect transmis-
sion through ideal Ohmic contacts, i.e., T(Ey) equal to
one. This contact resistance arises from an intrinsic mis-
match between the external contacts to the wire (which are
of higher dimensionality) and the one-dimensional nano-
tube system and is always present. When one takes indi-
vidually into account both the two-fold spin and band
degeneracy of a nanotube the intrinsic resistance (R,,)
now becomes %T(EF), which again seems to be length
independent.

However, in the above discussion, we have not yet con-
sidered the contribution of the external contacts. When we
consider the transmission (7") through the contacts into the
one-dimensional channel and then to the next contact, 7 =
lclﬁ’ where [, is the mean free path length for scattering*®
and L is the length of the one-dimensional conductor. The
resistance is now equal to

ile—f-L _ i(l—}—l—e)
4e2 ] 4¢? L

[

The first term represents R,, while the second term
denotes an Ohmic resistance (Rq,m;) associated with scat-
tering. In the presence of dynamically scattering impu-
rities, such as acoustical or optical phonons, which are
inevitably present at any temperature above 0 K, the
Ohmic resistance should definitely be considered. It is
interesting to consider the limiting cases of a large mean
free path (I, — o0) or a small tube (L — 0) i.e., in the bal-
listic regime, when the Ohmic resistance is seen to vanish.
Finally, the material resistance of the contacts contributes
an additional term: R_. The total resistance as measured in
an external circuit would now be: R = R,,; + Ropmic + Re-
These considerations imply that a minimum resistance of
4& (~6.5 kQ) is present in a SWNT with a single chan-
nel of conduction. In practice however, imperfect contacts
(which lead to T < 1) and the presence of impurities lead
to larger resistance values, while deviations from strict
one-dimensionality or multiple channels of conduction (as
in a MWNT) could lead to smaller numbers for the resis-
tance. These observations primarily account for the large
discrepancy of the numerical value of the resistances in
literature.

M3IA3H
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2.4. Experimental Measurements

For measuring the electrical properties, standard lithogra-
phic*’ practices are employed. A solution of SWNT ropes,
dispersed in an organic solvent (e.g., dichloroethane), is
spun onto an oxidized Silicon wafer. The nanotube is then
aligned on to the electrodes (Source and Drain) either
through Atomic Force Microscope (AFM) manipulation or
electron-beam lithography alignment. Experiments are then
typically carried out, in a three-terminal geometry (mim-
icking a FET—Field Effect Transistor topology) utilizing
the Silicon wafer as a back-gate. Further details of experi-
mental procedures are illustrated in Ref. [11].

The metallic/semiconducting characteristics of individ-
ual nanotubes are ascertained by the absence or depen-
dence of the source-drain current-voltage characteristics
on the gate voltage. While the smallest possible resistance
of SWNTs is ~6.5 k(), high contact/Ohmic resistances
usually prevent the observation of such values. The gran-
ularity of the metal electrodes and contamination at the
interface are some obstacles to the realization of good con-
tacts. Several methods such as thermal and electron-beam
induced annealing® are being attempted with moderate
success. Early experimental results® on the /-V character-
istics of semiconducting SWNTs (indicative of p-doping)
in a FET like arrangement are shown in Figure 3. The
pinning of the valence band of the nanotube to the Fermi
level of the contact metal electrode (typically Au) results
in the description of transport in the channel of the device
as through two back-to-back connected Schottky barri-
ers. The device operation can be explained by invoking
band structure modification typical of a traditional semi-
conductor transistor.*! The observed gain, in this case,

Fig. 3. Current—Voltage (/-V,,,) curves as a function of gate voltage
(Vi) reveal p-type characteristics for an SWNT arranged in a FET con-
figuration (see top-left inset) The applied bias is across the source and
drain electrodes (V) and V,,, is applied on the backside of the FET. The
decrease of the conductance (G) with increasingly positive V,,, (bottom-
right inset) varies by six orders of magnitude and is characteristic of
holes as majority carriers. Reprinted with permission from [35], S. J.
Tans et al., Nature 393, 49 (1998). © 1998, Nature Magazine, Macmillan
Publishers.

6

was only ~0.35 but could be increased by reducing the
gate oxide thickness/using high k-dielectrics.** The carrier
mobility (i) can be determined from the (I-Vj;,,)y, data’

through
G = Cg(vg - Vgo)l'l’
L

where C, is the capacitance per length (L) of the tube,
and V,, is the threshold voltage. Owing to the nanotube-
metal band alignment, it was found that the p-type (hole)
conductance in nanotube FETs is higher than n-doped
channels (electrons as majority carriers). While in the
early experiments, hole mobilities of ~200 cm?/Vs were
observed,® recent work® on longer nanotubes report
mobilities exceeding 10,000 cm?/Vs. Additionally, with
Pd/Pt contacts, and in situ modification of the electrode
work function through hydrogen annealing treatments,>
Ohmic behavior has been induced with ballistic transport
and measured nanotube resistance approaching the theoret-
ical minimum of R, (= 4&)- Such behavior, characteristic
of reflection less contacts, were used to construct devices
with perfect electron coherence, such as a Fabry-Perot
interferometer.>

Further seminal work focused on low temperature trans-
port in SWNTs, where non-linear transport characteristics
such as Coulomb Blockade effects were observed.’*> In
this regime (kz T < Ef), the nanotube is essentially behav-
ing like a single-electron island (c.f., quantum dot)/array
of islands, of very small capacitance (aF, ~10~'3F) where
the addition of each extra electron results in an enormous
charging energy (= %) cost. A peak in the conductance
corresponding to the addition of each extra electron has
been observed as a function of the gate voltage®® (Fig. 4).
Further details of such experiments for observing quantum
dot like behavior are found in Refs. [54, 57, 58], Such
work has served to elucidate the nature of transport in
nanotubes vis-a-vis resonant tunneling from the electrodes
to discrete energy levels in the nanotubes and the coher-
ence of electron currents, at low temperatures. However,
significant deviations from the simple Coulomb blockade
picture are mediated through the electronic correlations®

0.10} B=0, T=100 mK
gﬁﬁS
IR
0.00k l 1 1 |
s < 4.0 1 2
v,V

Fig. 4. Sharp spikes in the conductance (G), characteristic of Coulomb
blockade and single electron tunneling, is seen in electrical transport
through a SWNT as the gate voltage (V,) is varied. Reprinted with per-
mission from [56], J. Nygard et al., Appl. Phys. A 69, 297 (1999). © 1999,
Springer-Verlag.
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and imperfect screening due to Luttinger liquid behav-
ior (Section 2.1), where it is found (at <5 mK) that an
applied gate voltage significantly changes the electronic
spectrum through inducing spin flips. The transport mea-
surements, in a magnetic field, can help in the determina-
tion of the ground-state spin configuration and a need for
a better model than simple Coulomb Blockade is felt. The
Zeeman energy splitting (= gugB) was used® to deter-
mine the gyromagnetic ratio (g) to be ~2.04 indicating
the absence of orbital contributions. The ground state of
a short SWNT, exhibiting quantum dot like characteris-
tics, was hypothesized® to alternate between the S =0
and § = 1/2 states. These results are in contrast to those
of Tans® et al. where it was stated that electrons enter
the nanotube with the same spin (with a unique S), at low
fields. These observations indicate that studies beyond the
single electron picture are imperative to describe the low
energy electron transport in SWNTs.

It was also found through scanning probe techniques®!
that semiconducting nanotubes had significant potential
fluctuations along the length of the nanotube, more so than
in the case of metallic nanotubes. This is equivalent to
breaking the nanotube into a series of quantum dots and is
particularly insidious to the conductance of semiconduct-
ing SWNTs. If the disorder is long-range, the difference in
the transport characteristics between semiconducting and
metallic tubes could be explained, and lead to much larger
mean free paths (>1 wm) in the latter variety.%?

3. MULTI-WALLED NANOTUBES (MWNT)

MWNTs are composed of coaxial nanotube cylinders, of
different helicities, with a typical spacing of ~0.34 nm,?’
which corresponds closely to the inter-layer distance in
graphite of 0.335 nm.?! These adjacent layers are gener-
ally non-commensurate (different chiralities) with a neg-
ligible inter-layer electronic coupling and could alternate
randomly®® ® between metallic and semiconducting vari-
eties. The layers, constituting the individual cylinders, are
found to close in pairs at the very tip of a MWNT, and the
detailed structure of the tips plays an important role, say
in the electronic and field emission® properties of nano-
tubes. While there was debate on whether the individual
nanotubes close on themselves or the tubes are scrolled,
it is currently accepted through the evidence of high res-
olution electron microscopy studies®® that the latter i.e.,
the Russian doll model is more likely to be true. Typi-
cal MWNT diameters grown by the arc-discharge method
are ~20 nm, while CVD grown nanotubes can have much
larger diameters of up to 100 nm. (In literature, a wide
variety of filamentous/segmented/non-continuous carbon
nanostructures are often classified under the category of
nanotubes, but which should really be called nanofibers'#)
Larger diameter tubes are found to have a greater density
of defects, i.e., vacancies or interstitials.

J. Nanosci. Nanotechnol. 7, 1-29, 2007

3.1. Electronic Structure

As MWNTs are composed of several coaxial SWNTs it
might be expected that they are not strictly one-dimensional
conductors. However, a pseudo-gap was observed® in I-V
measurements with a power scaling law for the conduc-
tance, characteristic of Luttinger liquid (Section 2.1) like
behavior. It has been found that the LL parameter g scales
as /N, where N is the number of tubules screening the
charge in the MWNT. It was also determined®® (see also
Section 3.3.1) that the current flow only occurs through the
outer most nanotube cylinder (which could also result from
the contact geometry with deposited metal electrodes).
Consequently, many features peculiar to reduced dimen-
sionality can be studied in MWNTs as well. Also, while the
mutual interaction between the adjacent coaxial cylinders
might be very small, it cannot be completely neglected,
and which makes for a richer band structure® in contrast to
SWNTs and comparable to graphite (where the inter-plane
coupling is ~10 meV). Inter-tube coupling (which depends
inversely with the MWNT diameter’®) can also signifi-
cantly affect the band structure. For instance, in a two wall
nanotube, one metallic and the other semiconducting low
energy properties characteristic of metallic tubes predom-
inate while if both the constituent tubes are metallic, a
much more complicated situation in terms of band cross-
ings can arise. As an example, it was shown that’! in a
n-wall armchair nanotube n?> avoided band crossing can
occur leading to the formation of pseudo-gaps in the den-
sity of states. The consequent strong coupling between the
electronic states at the Fermi level (Ep) and the phonon
modes may then cause superconductivity.”! Additionally,?’
strong band structure modifications can also be expected
if the constituent undoped nanotubes were of different chi-
ralities. However, in the case of different chiralities (say,
arm-chair and zig-zag) the total DOS would just be the
sum of the individual density of states.

3.2. Transport Characteristics

The electrical conductivity of MWNTSs can be modeled to
be comparable with that of independent graphene sheets.
When the tube diameter (d,) is smaller than the elastic
mean free path (,), the one-dimensional ballistic transport
predominates, while, if d, is larger than /., the current flow
could be described as diffusive/two-dimensional transport.
Another quantity of importance* is the phase coherence
length (/,) which was determined, through an elegant
experiment® exploiting the Aharonov-Bohm effect, to be
~250 nm, even larger than the diameter of the MWNT!
However, the value of [, inferred from direct /-V mea-
surements was ~20 nm; the discrepancy could arise from
poor Ohmic contacts. Another source of difference could
also be due to the quality of the MWNTs; higher tempera-
ture growth processes (say, arc-growth) synthesize cleaner
MWNTs and exhibit metallic temperature dependence,
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where the resistance linearly decreases with tempera-
ture. Coulomb Blockade effects, which are almost always
observed in SWNTs at low temperatures, do not seem to
be particularly relevant for MWNTs.

Quantized conductance, corresponding to multiples of
G, (%) and ballistic transport, was measured,”” at room
temperature, in a single MWNT mounted on a scanning
probe microscope (SPM) tip and dipped into liquid mer-
cury metal. While a conductance of 2G, should have
been observed in the absence of magnetic fields, it was
assumed for the interpretation of the experimental results,
that the spin degeneracy was resolved through electron-
lattice structure coupling. In yet another experiment, where
the MWNT was grown in situ on a tungsten contact, for
better contact resistance, and probed with a W tip, a con-
ductance of up to 490 G, (corresponding to a current of
8 mA in a 100 nm diameter MWNT) was observed,’* char-
acteristic of multi-channel quasi-ballistic transport. Gen-
erally, measurements of nanotubes placed on/below metal
electrode contacts on substrates suffer from non-reliable
Ohmic contacts—a recurring theme in electrical charac-
terization. In measurements, using contacting electrodes
patterned through STM lithography, it was shown’* that at
low temperatures (~20 mK) electron interference effects
typical of disordered conductors are present in the trans-
port characteristics. A logarithmic decrease of the conduc-
tance with temperature followed by a saturation was taken
to be the evidence for two-dimensional weak localization*
effects (Fig. 5) Further evidence of localization phenom-
ena is manifested through the observation of a negative
magneto-resistance (MR) and a low value (<20 nm) for
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Fig. 5. The electrical conductance as a function of temperature for a
MWNT exhibits an initial decrease followed by saturation at low temper-
atures. Weak localization behavior is manifested at temperatures <60 K,
plotted as a function of the magnetic field (B). The presence of disor-
der is thought to be responsible. Reprinted with permission from [74],
L. Langer et al., Phys. Rev. Lett. 76, 479 (1996). © 1996, The American
Physical Society.
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the 1, (note that localization effects are important only in
the case, [, < d).”

In doped MWNTs, the Fermi energy (Eg) is shifted
changing the total number of participating conduction
channels. Localization effects have also been observed’®
in B doped MWNTs, along with a negative MR, below
~60 K. The overall temperature dependence of the con-
ductance (G) is then:

(i) an initial linear decrease of G from 300 K-60 K,
(ii) a log (T) variation from 60-1 K, and
(iii) a saturation at low temperature (<1 K).

(It is interesting to note that in disordered graphite at
low temperatures, carrier localization leads to a resistance
increase (with a typical sheet resistance, R, of ~100 k()
while crystalline graphite is characterized by a metallic R,
of ~1 kQ).

3.2.1. Magneto-Resistance Measurements

Electron-electron interactions do have to be considered in
explaining the magneto-resistance (MR) measurements on
nanotubes. A typical MR measurement of a MWNT in a
perpendicular magnetic field®” (Schonenberger, 1999) is
shown in Figure 6(a) where the fits to the lines are made
using one-dimensional weak localization theory and the
conductance change (AG) ~ %)% is used to calculate
the phase coherence length (/,). The strong temperature
dependence of the conductance is modeled through GaT?,
where 6 < 0.3 (In SWNTSs, 6 can be as large as 0.8 due
to reduced screening effects). It was noted, with a theo-
retical basis from the Onsager reciprocity relations,* that
the two-terminal resistance was symmetric in a magnetic
field while the four terminal resistance could be asymmet-
ric. Universal conductance fluctuations (UCF), of magni-
tude %, characteristic of stochastic, quantum interference
effects’”’ in the sample have also been observed in MR
measurements. While disorder in the nanotube could cause
the UCEF, it is also likely that chaotic scattering of the elec-
trons, in a nanotube cavity, could also be responsible.

While the weak localization effects monotonically dis-
appear for the case of a perpendicular field, in contrast,
a parallel magnetic field causes a periodic, (AB = (2)+)
modulation of the localization effects which is area (A)
dependent—TFigure 6(b). In the parallel case, the threading
magnetic flux (¢) gives rise to an Aharanov-Bohm phase
which modifies the boundary conditions transverse to
the nanotube. From the Altshuler—Aronov—Spivak (AAS)
theory®® this led to the conclusion that the current in a
MWNT only traverses the outermost tubule.

In summary, the wide variety of electrical transport
characteristics could be due to the differences in their
growth conditions and method of probing/contacts. Con-
sequently, MWNTs display characteristics ranging from
localization to metallic behavior at low temperature result-
ing in either a small or large phase coherence length. The
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Fig. 6. Negative magneto-resistance (MR) is observed in a MWNT
placed perpendicular to a magnetic field. Reprinted with permission
from [27], L. Forro and C. Schonenberger, Physical properties of Multi-
wall Nanotubes, Carbon Nanotubes—Topics in Applied Physics, edited
by M. S. Dresselhaus, G. Dresselhaus, and P. Avouris, Springer-Verlag,
Heidelberg, (2001). © 2001, Springer-Verlag, Berlin; (b) The magnetore-
sistance of a MWNT placed parallel to a magnetic field exhibits charac-
teristic (h/2e) oscillations. A phase coherence length (/,) of 200 nm has
been inferred. Universal Conductance Fluctuations (UCF) in the resis-
tance are present, e.g., see data at 0.3 K. Reprinted with permission from
[68], A. Bachtold et al., Nature 397, 673 (1999). © 1999, Nature Maga-
zine, Macmillan Publishers.

non-local interactions manifest in a disordered sample can
cause difficulties in the interpretation of even four-terminal
measurements.

4. SUPERCONDUCTIVITY

A postulated mechanism of superconductivity in one-
dimensional SWNTs involves the reversal of the normally
repulsive interactions of the Luttinger liquid. This may
happen, for instance, when the curvature’® of CNTs leads

J. Nanosci. Nanotechnol. 7, 1-29, 2007

R(kO)

T(K)

Fig. 7. Observation of superconductivity on SWNT ropes. A T, of
~0.5 K is inferred. The length (L,), the number of nanotubes in the bun-
dle of ropes (N,) and the room temperature resistance (R,) are indicated
on the figure, along with the response to the magnetic field. Reprinted
with permission from [80], M. Kociak et al., Phys. Rev. Lett. 86, 2416
(2001). © 2001, The American Physical Society.

to the creation of new electron-phonon scattering channels
and consequent attractive electron phonon interactions”
can induce superconductivity. It was also proposed that
the superconducting transition temperature (7,) could be
enhanced by chemical doping of the nanotubes, by anal-
ogy with the higher transition temperatures in alkali doped
fullerenes.

A T, of ~0.55 K was measured®® (Fig. 7) in ropes
of SWNTs connected to non-superconducting metallic
(Pt/Au) pads. From the Bardeen—Cooper-Schrieffer (BCS)
relations (A = 1.76kzT,) a superconducting gap (A)

(hvplpg)/A) of
300 nm was inferred, for a mean-free path length (/)
of ~18 nm and a Fermi velocity (vgz) of 8-10° m/s. A
higher T, of 15 K was reported 8! in 04 nm SWNTSs embed-
ded in a zeolite matrix, accompanied by the observation
of an anisotropic Meissner effect, characteristic to one-
dimension. Such an effect is very intriguing in that a strictly
one-dimensional system is unstable to any fluctuations and
true superconducting behavior can only be observed at
T=0K

It was also shown that® superconductivity could be
induced in a metallic nanotube bundle in close proxim-
ity with a superconducting electrode (Re/Ta on Au), on
a characteristic length scale, bounded by both the phase
coherence length (/,) and the thermal diffusion length
(Ir). Induced superconductivity was inferred through the
existence of Josephson supercurrents, with a magnitude
exceeding the theoretically predicted value of Z~ ”A (A is the
superconducting gap, Ry-the normal resmtance of the junc-
tion). To explain the observation of higher than expected
value of the supercurrents, it was hypothesized that the
superconducting state in the nanotube could have been sta-
bilized by the macroscopic superconductivity of the con-
tacts. On the other hand, supercurrents were not observed®?
in SWNTs connected to Nb electrodes; however, the trans-
port behavior was seen to be dominated the effect of
the contacts, tuned by varying a back-side gate voltage
(V). The contacts were varied between (i) high (V, set

of ~85 eV and a coherence length (§ =
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to —40 V), and (ii) low transparency (V, =0 V) to incident
electrons. At high interface transparency, characteristics of
Andreev reflection (where an incident electron at the con-
tact is converted into a Cooper pair with the concomitant
introduction of a reflected hole) were noted. In the tun-
neling regime, where the contacts are relatively opaque
to incident currents, the /-V behavior was comparable
to SWNT attachment to non-superconducting electrodes.
While the above observations do not explicitly take into
account electron-electron interactions, it seems necessary
to consider Luttinger liquid behavior for explaining very
low temperature (40 mK) spectra and superconducting cor-
relations in one-dimension more fully.

5. THERMOELECTRIC PROPERTIES

It has been found recently® 3 that dimensional restriction
can lead to a much enhanced efficiency over tradition-
ally used bulk thermoelectrics. Nanotubes offer a natural
template for exploring the effects of reduced dimension-
ality towards fabricating the best thermoelectric®® mate-
rial. However, in the case of intrinsic/undoped SWNTs,
due to symmetry considerations, the electron and the hole
thermopower (S) contributions exactly cancel out and the
Seebeck effect®’” is not exhibited. This can also be for-
mally derived from the Mott-relation, which relates S to
the density of states (DOS) at the Fermi level:

S w_zlcé_T d(DOS(Ey))
3 e dEg

In a metallic nanotube, the derivative % is zero,
which implies a zero S. It is also interesting to note that in
the case of phonon or electron ballistic transport, S — 0.
(The heat current, in analogy to an electric current, is N
G AT, where N is the total number of acoustic modes, the
thermal conductance quantum® (G) is %2](%;—1T, and AT the
temperature difference along the nanotube). Any effects
that break electron-hole symmetry, i.e., doping, impurities
etc., in the nanotube can however contribute to a ther-
mopower due to a larger DOS (Ef), which is enhanced in
low-dimensional nanostructures.

Generally, the efficiency of a material’s thermoelectric
performance is quantified by a figure of merit (ZT), where
T is the temperature of operation, and Z(= SZT”) A high
ZT then, often demands that a set of incompatible crite-
ria have to be simultaneously fulfilled, i.e., a high ther-
mopower/Seebeck coefficient § (which is greatest for
insulators), large electronic conductivity o (indicated by
metallicity), and low thermal conductivity k& (which con-
sists of both the phonon contribution: k. and an
electronic part: K ponic)- Indeed the ideal thermoelec-
tric material has been described® as a phonon-glass (low
k)-electron crystal (large o). Artificially fabricated quan-
tum confined structures, say quantum wells, have shown

10

promise®> 2 in this regard by increasing the S through

carrier confinement, modulation doping which increases
o and the presence of interfaces which may enhance
long wavelength phonon scattering, thus decreasing k..
(Note that the ke eeronc 1S proportional to o through the
Wiedemann-Franz law).?

Early measurements®® of the thermoelectric effects were
performed in mats of nanotubes (of both metallic and semi-
conducting variety) where the breaking of the electron-hole
symmetry, for the observed thermopower, was ascribed to
inter-nanotube interactions (which again, can enhance the
DOS**). As mentioned earlier (section 2.1) a pseudo-gap
of 0.1 eV can be opened up through these interactions
and was confirmed through an increase of the resistivity of
the nanotube bundles at low temperature. (It is also pos-
sible that weak metallic links between the nanotubes are
contributing to the measured §). The thermopower, mea-
sured, was proportional to the temperature, with a value of
+60 wV/K at 300 K (Fig. 8), and tended to zero at low tem-
peratures (cf., commercially used Bi,Te; thermoelectrics
have an S of ~250 wV/K ) The holes, typical of p-doped
nanotubes, were the responsible carriers, as the sign of
thermopower follows the sign of the dominant carrier. It
was also assumed that the Ep is considerably shifted into
the valence band. Slightly higher thermopower (S) val-
ues of up to 80 uV/K were obtained on measurements®*
on carbon nanotubes, where the Kondo resonance effect
(manifested through a resistance minimum at ~40-300 K,
dependent on the catalyst particle) was thought to be a
mediating factor. The interaction of the Fe, Co, and Ni
nanoparticles, inevitably present during catalytic synthesis,
with the electron spins in the nanotubes was hypothesized
to be playing a role in enhancing o, S and the thermoelec-
tric efficiency. To overcome the uncertainties associated
with the above measurements, such as inter-nanotube and
substrate interactions, experiments were also carried out
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Fig. 8. The variation of the thermopower with temperature for three
different SWNT samples Reprinted with permission from [93], J. Hone
et al., Phys. Rev. Lett. 80, 1042 (1998). © 1998, The American Physical
Society.
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on individual suspended CNTs.*>% In this case a linear
variation of the S with temperature was seen along with
a two orders of magnitude increase in the measured ther-
mal conductivity over bulk/mat samples. The modulation
of the conductance and the thermoelectric power, through
an external gate voltage, with a peak S of 260 uV/K at
room temperature was also accomplished’” on individual
SWNTs.

It is to be noted, for calculating the thermoelectric effi-
ciency ZT, that there is a wide discrepancy in the mea-
sured values of the thermal conductivity, ranging from
20 W/mK in MWNT mats*® to 3000 W/mK (compa-
rable to the in-plane thermal conductivity of graphite)
in suspended nanotubes®® at room temperature. These
numbers are much lower than the theoretically expected
value® of 6600 W/mK (due to decreased phonon scatter-
ing in one-dimension) and correspondingly give a large
range of the performance efficiency: ZT at 7 =300 K
ranges between 0.3-3. (It is commonly accepted that a
ZT > 1 would compete with existing thermoelectric mate-
rials and ZT > 4 would be necessary to simulate tech-
nology replacement in devices such as heat pumps and
power generators). However, note that in measurements on
nanotubes the traditional view of thermal conductivity, as
derived from Fourier law of heat conduction, may have to
be modified!® due to the inherent assumptions of diffusive
transport. In view of the proposed utility of nanotube com-
posites for thermal management,'”' the investigation of the
thermoelectric properties of nanotubes towards application
in current generation and heat recovery is one of the excit-
ing directions in nanotube technology. A scientific motiva-
tion also arises from the theoretical interpretation that the
best thermoelectric®® is one with a delta function DOS,!?
which is eminently satisfied in the band structure spectrum
of nanotubes (see Sections 2.1 and 6).

6. PHOTOCONDUCTIVITY AND
LUMINESCENCE

CNTs have a direct band gap and their optical spectra
have been interpreted in terms of transitions between free-
particle 7 and 7* bands. The confinement of the electronic
states in a one-dimensional system also results in van
Hove singularities in the nanotube density of states (DOS)
which can be accessed by resonant photons of the appro-
priate energy (these singularities can occur in both metallic
and semiconducting nanotubes).'”® A resonant enhance-
ment due to the divergent nature of the singularities'™ can
then be exhibited (Each type of (n,, n,) nanotube exhibits
a different set of van Hove singularities due to the geome-
try of wrapping and a different set of electronic transition
energies, which can hence be used as a diagnostic tech-
nique such as Raman Spectroscopy.*)

There is a strong anisotropy of optical absorption and
emission due to antenna-like interactions'® (where the size

J. Nanosci. Nanotechnol. 7, 1-29, 2007

of the nanotubes compares with the wavelength of inci-
dent light), and the optical transitions induced by the light
parallel to the long nanotube axis is orders of magnitude
stronger than the intensity of the transitions perpendicu-
lar to the axis. The difference between parallel and per-
pendicular exposure of the nanotubes to light was noted
as being similar to that of planar graphite. The selection
rules for the photon transitions depend on the exciting
light polarization and are derived from group theory.'®
For light polarized parallel to the nanotube axis, only
dipole-transitions from the valence band to the conduction
band of the same symmetry (labeled as an E,_ transi-
tion, where the E refers to doubly degenerate levels) are
allowed. In the case of light polarized perpendicular to the
nanotube axis, only the E,_, ., transitions are permitted.
Circularly polarized light propagating along the SWNT
axis can be used to probe the chirality (which is manifested
in terms of the relative intensity of the E, _ ., and the
E,_,_, transitions). Raman spectroscopy measurements'%
have also been used to measure various sub-band ener-
gies and quantitatively determine metal and semiconduct-
ing SWNT band energies. The dielectric response (& =
g, +ie, of oriented nanotube films have been determined
through ellipsometry.'?’?

A strong confinement between photo-excited electrons
and holes, in low dimensional structures can create
strongly bound excitons with an increased binding energy
(Eg). A variational approach was used to determine!®® that
there is a significant enhancement in the Ey; with a power
law dependence (Fig. 9) on the nanotube radius (r) follow-
ing r~0%. It was also concluded that the optical transition
energy can be lowered by as much as 40% and excitons
provide a strong correction to the CNT electronic ener-
gies. Experimental evidence for excitonic states have been
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Fig. 9. The variation of the exciting binding energy (E) as a function
of the nanotube radius. A significant enhancement factor up to a factor
of ten, due to confined excitons in one-dimension, is predicted for small
diameter semiconducting nanotubes. The inset shows the spatial extent
of the exciton wave function (k and g refer to the variational parameters
used and are related to the exciton radius). Reprinted with permission
from [108], T. G. Pedersen, Phys. Rev. B 67, 073401 (2003). © 2003,
The American Physical Society.
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obtained through laser excitation.!%:1° The observation'®
of an additional peak in the absorption spectra (~190
meV) above the expected E,, van Hove transition was
correlated to excitons and exciton-phonon coupling. The
width of the peak was related to exciton dispersion effects.
In the latter experiment with pump-probe spectroscopy,''’
a Mott transition indicating a highly correlated exciton gas
was indicated.

In examining the effects of illumination, excitations
intrinsic to the nanotube should be carefully distinguished
from photodesorption effects. For example, it has been
shown'!! that UV light (~254 nm) can desorb oxygen
molecules bound on nanotube surfaces at light intensities
as small as 20 wW/cm?. As oxygen functions as an elec-
tron acceptor/hole donor in nanotubes (see Section 2.2), its
removal lowers the hole concentration in p-type SWNTs
and reduces the electrical conductivity. It has been sugges-
ted that such a molecular desorption process could also be
mediated through photo-excited plasmons. The hot elec-
trons/holes from the plasmon de-excitations attach on to
the adsorbed molecules and induce desorption.

Fluorescence, with a quantum yield of 103 and a life-
time of 2 ns, between singlet excitonic levels has been
obtained from isolated SWNTs.!'? However, photolumi-
nescence (PL) was not observed''? for SWNT bundles,
possibly due to rapid charge transfer in between the nano-
tubes, which allows rapid relaxation of the photo-excited
carriers. To guard against such effects and measure the true
response both (1) photoconductivity!®!'* and (2) elec-
troluminescence (EL)''*!!5 experiments were carried out
on single CNT constituted FETs with an oxide capping
layer.!!3

To measure the photoconductivity, a nanotube transistor
was nominally operated'”® in the OFF state to minimize
the dark current background and noise level. A linearly
polarized, CW Ti: Sapphire laser that is continuously tun-
able between 780 nm (1.59 eV) and 980 nm (1.27 eV),
with a power density of 1 kW/um? was shone on the nano-
tube. A peak in the photocurrent corresponding to a E,,
transition was observed as the incident energy was var-
ied (Fig. 10(a)). The photocurrent depends strongly on the
light polarization direction, with a maximum when the
light is polarized in the direction of the nanotube axis
(Fig. 10(b)) and a minimum in the perpendicular direction.
A quantum efficiency of 10% was inferred through finite
element analysis.

A CNT FET with thin Schottky barriers at the Source
and Drain electrodes (Fig. 11(a)) can allow the simultane-
ous injection of electrons and holes which permits the con-
struction of a light-emitting device without the necessity
of doping (or creating a p-n junction). This principle was
used!''* in an ambipolar nanotube FET, where the gate was
biased exactly in between the source and the drain i.e., the
source electrode was grounded (i.e., V; = 0), the gate (V)
was placed at +5V and the drain (V,) at +10 V. This cre-
ates electric fields of opposite signs at the source and drain
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Fig. 10. (a) Light induced photocurrents in nanotubes, as a function of
incident photon energy. Both the experimental data and the Lorentzian
fits are shown (b) The light emission varies with the angle of polariza-
tion, with a maximum when the light is polarized in the direction of the
nanotube axis. The photocurrent for parallel excitation is twice greater
than that for perpendicular excitation. As a function of the polarization
angle. Reprinted with permission from [113], M. Freitag et al., Nanolett.
3, 1067 (2003). © 2003, The American Chemical Society.

electrodes, and there is an equal injection of electrons (n-
type modulation) from one end and holes (p-modulation)
from the other. This is also equivalent to creating a for-
ward biased p-n junction. The band diagram is shown in
Figure 11(b) as a function of nanotube length. It was seen
that the nanotube operated as a source of linearly polar-
ized infra-red emission (<1500 nm), with a peak intensity
at V, = Vp/2 (Fig. 11(c)). When this bias condition was
not satisfied, i.e., with unipolar operation no IR emission
was observed precluding thermal effects from contribut-
ing to the observed emission. The EL also depends on the
length of the nanotube, through the interplay of the phonon
scattering time and the carrier transit time. For example,
in short (~0.5 um) CNTs the acoustic phonon scattering
(of time scale ~0.4 ps) is too slow and only the opti-
cal phonons (0.02 ps) contribute to carrier thermalization
during the transit time of ~0.6 ps. On the other hand, in
longer CNTs (>10 pm, say) the transit time is ~60 ps
and complete carrier relaxation is obtained. Consequently,
the emission spectra are narrower from shorter nanotubes.
These effects are especially important in high electric field
transport,''® where phonon assisted radiative recombina-
tion can play a major role in the overall luminescence.
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Fig. 11. (a) A typical device topology, comprising an ambipolar SWNT,
for measurement of the optical properties of nanotubes, (b) The band
structure of the device is comprised of two back-to-back Schottky diodes,
through which electrons and holes are simultaneously injected for recom-
bination and optical emission. Note that the band curvature is more
marked for a shorter tube (Ly; =400 nm) compared to a larger tube
(Lyr = 800 nm). This has implications in whether a particular SWNT
is optimized for light emission/photovoltage generation (see text) (c) the
observed optical emission is localized as illustrated in the infra-red image,
Reprinted with permission from [114], J. A. Misewich et al., Science
300, 783 (2003). (d) A larger intensity of light emission can be obtained
by inducing electroluminescence in suspended nanotubes. The abrupt
junction between a contact and a suspended SWNT causes hot electron
formation and subsequent radiative exciton decay. Reprinted with per-
mission from [115], J. Chen et al., Science 310, 1171 (2005). © 2005,
Science Magazine.
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It is interesting to compare!''® the CNT band structure
needed for photovoltage generation and operation as a light
emitting device for ambipolar operation. In both cases, the
carrier tunneling through the Schottky barriers are impor-
tant. In the case of photovoltage generation, the barrier
should be opagque to electrons and holes and a large elec-
tric field at the center would help to separate the carri-
ers. For light emission however, a relatively transparent
Schottky barrier is desirable for easy carrier injection and
flat bands at the center promote their radiative recom-
bination. The curvature of the bands can be regulated
by the gate oxide thickness, where a thinner gate oxide
can promote charge tunneling through the barriers. It was
also seen that the point of emission (i.e., the ambipolar
domain)'!” could be tuned along the length of the nano-
tube by varying the gate voltages. The relative values of
the contact and nanotube resistance determine the range of
voltages and the intensity of emission is correlated with
the magnitude of the current.

In the experiments described, the SWNTs were sup-
ported in close proximity to the substrate with the possibil-
ity of non-radiative recombination of the injected electrons
and holes. A new mechanism of EL, with unipolar con-
duction at lower drain bias, was reported'!® in suspended
(~2 pm above the substrate) nanotubes, where high local
electric fields at the suspension interface were found to
enhance the emission efficiency by almost a factor of
1000 (10~ vs. 107° in ambipolar devices).''® The effi-
ciency was exponentially proportional to the ratio of the
applied electric field to the interface electric field. At
the point of suspension, there is a dramatic bending of
the CNT bands, due to a decreased capacitive coupling
to the substrate, with a concomitant high local electric
field (Fig. 11(d)). Consequently, hot carriers can be gen-
erated through impact excitation which can create radia-
tively decaying excitons (provided that the optical phonon
scattering can be avoided). A threshold electrical field of
1.5% is needed, which was estimated to be ~0.6 MV/cm
(assuming an energy gap E, of 0.6 eV and an optical
phonon scattering length, Ay, of ~15 nm). The one-
dimensional character of SWNTs is helpful in increasing
the exciton binding energy (Ej) while also being amenable
to observe exciton dynamics and recombination. As an
example, it was observed!''® that the formation of the E,,
excitons was due to annihilation of two E,; excitons.

7. NOVEL ELECTRONIC FUNCTIONALITY
via BRANCHED CARBON NANOTUBES

From the above discussion, we note that the electrical
properties'™® of both SWNTs* and MWNTs have been
relatively well explored. While SWNTs can be described
as quantum wires due to the ballistic nature of electron
transport,” the transport in MWNTs is found to be dif-
fusive/quasi-ballistic.’”- "' Quantum dots can also be
formed in both SWNTs>* and MWNTs®’ and the Coulomb
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Fig. 12. (a) The Carbon Nanotube (CNT) Y-junction morphology can
be used as a novel platform for an integrated electronics, where the gate
(say, stem) can be an integral part of the structure for measuring transport
properties. Reprinted with permission from [121], P. R. Bandaru et al.,
Nat. Mater. 4, 663 (2005). © 2005, Nature Magazine; (b) A more com-
plex three-dimensional CNT network, including Y-, T-, and X-junctions,
produced through CVD synthesis.?® The existence of such negative cur-
vature fullerene based units,”” and branching in nanotubes necessitates
the presence of topological defects—in the form of pentagons, heptagons,
and octagons—at the junction regions for maintaining a low energy sp”
configuration.!’ These intrinsic defects are natural scattering centers
that could affect the electrical transport characteristics of a nanotube.
Reprinted with permission from [122], J.-M. Ting and C.-C. Chang, Appl.
Phys. Lett. 80, 324 (2002). © 2002, American Institute of Physics.

blockade and the quantization of the electron states can
be used to fabricate single-electron transistors.>> While
extremely important in elucidating fundamental properties,
the above experiments have used external electrodes, made
through conventional lithographic processes to contact the
nanotubes and do not represent truly nanoelectronic cir-
cuits. Additionally, the well known MOSFET architecture
is used, where the nanotube serves as the channel between
the electrodes (Source and Drain), and a SiO,/Si based
gate modulates the channel conductance. In other demon-
strations, cumbersome Atomic Force Microscope (AFM)
manipulations'?® of nanotube properties have been utilized.

It would, therefore, be attractive to propose new types
of nanoelectronic elements, to harness new functionali-
ties, peculiar to carbon nanotubes. Such novel function-
alities can be found for example in CNT morphologies
such as Y-junctions'?' (Fig. 12) and even more complex
networks,'?? incorporating T- and X-junctions (Fig. 12(b)).
(Note that these are naturally formed CNT forms and dis-
tinct from crossed nanotube junctions,32 where metallic
and/or semiconducting nanotubes have to be individually
assembled through Atomic Force Microscope manipula-
tions). With Y-junctions as an example, one can envision
a more ambitious scheme and circuit topology—where
both interconnect and circuit elements are all based on
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nanotubes, realizing true nanoelectronics. Nanotube based
interconnect does not suffer from the problems of electro-
migration that plague copper based lines, due to the strong
carbon—carbon bonds, and can support higher current
densities'? (~10 wA/nm? or 10° A/cm? vs. 10 nA/nm? or
10° A/cm? for noble metals such as Ag). Additionally, the
large thermal conductivity®® (~3000 W/mK at 300 K), up
to an order of magnitude higher than copper, could help
alleviate the problem of heat dissipation in ever shrink-
ing devices. Developing nanotube based devices, besides
miniaturization and lower power consumption, will also
allow us to exploit the features of inherently quantum
mechanical systems, such as ballistic transport and low
switching voltages'** (~kgzT /e). In this section, we report
on the study of the electrical properties of novel CNT mor-
phologies, with Y-junctions as a prime example.

7.1. Electrical Phenomena in Novel Carbon
Nanotube Morphologies

Branched nanotubes with T-, Y-, L- and more complex
junctions, were initially observed in arc-discharge pro-
duced nanotubes.'? Earlier work on individual Y-junctions
in a nano-channel alumina template'®® resulted in the
observation of non-linear /-V (Fig. 13) characteristics at
room temperature through Ohmic contact'?’ and tunneling
conductance'?® measurements and has opened up a vista of
possibilities. While the current theoretical explanations of
the observed electrical behavior in Y-junctions are based
on SWNT Y-junctions, the experimental demonstrations
were made on MWNTs,!?”-128 which are easier to exper-
imentally manipulate compared to SWNTs. In straight
MWNTs, it has been shown that electronic conduction
mostly occurs through the outermost wall,*®® (Section 3.3.1)
and interlayer charge transport in a MWNT is dominated
by thermally excited carriers.'?* While the outer wall dom-
inates in the low-bias regime (<50 mV), at higher bias
many shells can contribute to the conductance with an
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Fig. 13. Diode behavior was observed through the measurement of a Y-
junction, using the configuration shown in the inset. A reduction/change
in the band gap from a smaller diameter branch to a larger diameter
stem was posited to be the reason. Reprinted with permission from [127],
C. Papadapoulos et al., Phys. Rev. Lett. 85, 3476 (2000). © 2000, The
American Physical Society.
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average current carrying capacity of 12 wA/shell at room
temperature.'?® In contrast to SWNTs with wm coherence
lengths, the transport in MWNTSs is quasi-ballistic’’ with
mean free paths <100 nm. Based on the above survey of
properties in straight MWNTs, it would be reasonable to
conclude that non-coherent electronic transport dominates
the Y-junctions and other branched morphologies.

7.2. Electron Momentum Engineering in Y-Junctions
for More Efficient Electronic Devices

The basic functionality is derived from an electron-wave
Y-branch switch'*® (YBS) where a refractive index change
of either branch through electric field modulation can
affect switching. This device, demonstrated in the GaAs/
AlGaAs™' and InP/InGaAs'*> '3 based two-dimensional
electron gas (2-DEG) system, relies on ballistic trans-
port and is useful for low power, ultra-fast (THz) signal
processing. It was derived theoretically'** and proven
experimentally'3* that based on the ballistic nature of the
electron transport, non-linear and diode-like /-V charac-
teristics were possible. These devices based on III-V mate-
rials, while providing proof of concept, were fabricated
through conventional lithography. It was also shown in
2-DEG geometries'?® with artificially constructed defects/
barriers, that the defect topology can affect the electron
momentum and guide the current to a pre-determined
spatial location independent of input current direction.
This type of rectification involves a new principle of
electron momentum engineering in contrast to the well
known band engineering. Nanotubes provide a more nat-
ural avenue to explore such behavior. It was theoreti-
cally postulated'®® that switching and rectification could
be observed in symmetric (i.e., with no change in chiral-
ity from stem to branch) Y- junction SWNTSs, assuming
quantum conductivity of electrons, where the rectification
could be determined'*’ by the:

(i) formation of a quantum dot/asymmetric scattering
center'® at the location of the Y-junction,

(ii) finite length of the stem and branches connected to
metallic leads,

(iii) asymmetry of the bias applied/the potential profile
across the nanotube, and

(iv) strength of the nanotube-metal lead interactions.
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These criteria have been debated upon!'* in relation
to whether the non-linear behavior is intrinsic to the
Y-junction or is due to the metal contacts. Currently, the
influence of metal contacts and Schottky barrier formation
on nanotube properties'* and rectification is a very active
area of research.

7.3. New Physical Principles
and Potential Applications

As an example of novel functionality at the nanoscale, the
Y-junctions represent one of the first attempts in realizing

J. Nanosci. Nanotechnol. 7, 1-29, 2007

a nanoelectronic device from CNTs alone. The motiva-
tion for use of new CNT morphologies, in addition to
the miniaturization of electronic circuits, is the possibil-
ity of new devices and technologies through new physi-
cal principles. At the nanometer scale the dimensions of
the device are comparable to electron wavelength (Ag) and
electron travel/current must be considered in terms of wave
propagation,'*! analogous to the propagation of light down
a optical fiber. Wave phenomena, such as interference and
phase shifting, can now be used to construct new types of
devices. For example, constructive and destructive inter-
ferences can be used to cause transmission and reflection
of current leading to switching and transistor like applica-
tions with added advantage of very low power dissipation.
Novel applications, have been proposed theoretically'4?!44
for ballistic nano-junctions, of which the Y-junction is only
one example. They include:

(a) Switching and Transistor Applications. In a basic Y-
junction switch, an electric field can direct electrons into
either of two branches, while the other branch is cut off.'?*
It has been shown, in computer simulations,'? that a suf-
ficient lateral field for electron deflection is created by
applying a very small voltage of the order of milli-Volts.
The specific advantage of a Y-junction switch is that it
does not need single-mode electron waveguides for its
operation and can operate over a wide range of electron
velocities and energies, the reason being that the elec-
trons are not stopped by a barrier but are only deflected.
An operational advantage over a conventional FET is that
the current is switched between two outputs rather than
completely turned on/off,'*3 leading to higher efficiency of
operation.

An electrical asymmetry can also be induced through
structural or chemical means across the two branches
in a nanostructured junction. The Y-junction region, for
instance, can possess a positive charge!*® due to two rea-
sons, viz., the presence of: (1) topological defects,'*® due to
the formation of non-hexagonal polygons (e.g., pentagon-
heptagon pairs/Stone-Wales defects) at the junction to sat-
isfy the local bond order,'”” where delocalization of the
electrons over an extended area leads to a net positive
charge, and (2) catalyst particles, which are inevitably
present through synthesis.'>'*® This positive charge and
the induced asymmetry is analogous to a “gating” action
that could be responsible for rectification/transistor like
behavior. While the presence of defects at the junction
seems to assist switching, there is also a possibility'*® that
such defects may not be needed. Additional studies will
elucidate on this aspect, but such an observation is sig-
nificant in that a three-dimensional array of Y-junction
devices based on CNTs would be much easier to fabri-
cate if a particle is not always required at the junction
region. The switching voltage (AV,) is proportional to the
interaction time between the electron and the scatterer,
through the Heisenberg uncertainty relation: eAV, ~ rﬂ

L’
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where vg is the Fermi velocity and L, is the interaction
length. It is then seen from the above expressions, that both
switching efficiency and power consumption is minimized
when a nano-sized scattering mechanism is operative as in
the Y-junctions.'® It is also possible to nano-engineer Y-
junctions through optimized growth sequences and in situ
manipulation'®® of the scattering centers can be used to
vary individual device characteristics.

(b) Rectification and Logic Function. It is possible to
design logic circuitry, based on electron waveguiding in
Y-junction nanotubes, to perform operations similar to
and exceeding the performance of conventional electronic
devices.'"™ When finite voltages are applied to the left and
the right branches of a Y-junction, in a push-pull fashion
(i€, Vi = —Vijgne O vice versa), the voltage output at the
stem would have the same sign as the terminal with the
lower voltage.

This dependence follows from the principle of conti-
nuity of electro-chemical potential (u = —eV) in electron
transport through a Y-junction and forms the basis for the
realization of an AND logic gate, i.e., when either of the
branch voltages is negative (say, corresponding to a logic
state of 0), the voltage at the stem is negative and positive
voltage (logic state of 1) at the stem is obtained only when
both the branches are at positive biases.

A change of w is also not completely balanced out
due to the scattering at the junction, and results in non-
linear interaction of the currents from the left and the right
sides.!** To compensate, the resultant center branch volt-
age (V) is always negative and varies parabolically (as V?)
with the applied voltage.'*?

(c¢) Harmonic Generation/Frequency Mixing. The non-
linear interaction of the currents and the V2 dependence
of the output voltage at the junction region also suggest
the possibility of higher frequency/harmonic generation.
When an AC signal of frequency w, V, , = Acos [wt], is
applied between the left (L) and right (R) branches of the
Y-junction, the output signal from the stem (V) would be
of the form:

Vg =a+bcos[2wt] +ccos [4wt],

where a, b, and c are constants.

The Y-junction can then be used for second and higher
harmonic generation or for frequency mixing.'*> The sec-
ond harmonic (2w) output is orthogonal to the input volt-
age and can be easily separated out. These devices can
also be used for an ultra-sensitive power meter, as the
output is linearly proportional to V? to very small values
of V. A planar CNT Y-junction, with contacts present only
at the terminals, suffers from less parasitic effects (see
Section 8.1.3) than a vertical transistor structure and high
frequency operation, up to 50 GHz at room temperature,'>°
is possible. It can be seen from the brief discussion above
that CNT based Y-junction technology could be the fore-
runner of a new paradigm in nanoelectronics.
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7.4. Electrical Transport Measurements

The Y-junction nanotubes, for the electrical transport
measurements, were grown'*® on bare quartz or SiO,/Si
substrates through thermal Chemical Vapor Deposition
(CVD). The ratio of the Ti-precursor gas and the feed-
stock gases can be adjusted to determine the growth of the
side-branches at specific positions. The Y-junction forma-
tion has also been found to be sensitive to temperature,
time of growth, and catalyst concentration. The growth
of nanotube morphologies essentially seems to be a non-
equilibrium phenomenon and various other methods have
also been found to be successful in proliferating branches,
i.e., through a sudden reduction of temperature during a
normal tip growth process,'® where over-saturation by the
carbon feedstock gas causes a surface energy driven split-
ting of the catalyst particle and branch nucleation. Other
catalyst particles, such as Ca and Si, have also been found
to nucleate side branches.'?® The location of the junction
is in any case a point of structural variation'?? the control
of which determines the formation of Y-junctions and their
electrical properties.

The samples for electrical measurements, were pre-
pared by suspending nanotube Y-junctions (Fig. 14(a)),
made through CVD, in isopropanol and depositing them on
a Si0,/Si substrate with patterned Au pads. Y-junctions, in
proximity to the Au contact pads, were then located at low
voltages (<5 kV) using a Scanning Electron Microscope
(SEM) equipped with a Focused Ion Beam (FIB). The
ion-beam in the FIB-SEM was used to deposit Pt which
connects the Y-junction terminals to the contact pads.

By grounding each branch of the Y-junction succes-
sively, the inter- and intra-branch resistances were probed.
The characterizations of the capacitive and inductive com-
ponents of the impedance also give further insight into
their physical origins and nanotube structure. The non-
linear characteristics of the Y-junctions, when probed in a
three-terminal configuration, are shown in Figure 14(b).

The possibility of using the CNT Y-junctions for switch-
ing applications as an electrical inverter analogous to
earlier'* 133134 Y_gwitch studies in 2-dimensional electron
gases was explored. In this measurement, a DC voltage
was applied on one branch of the Y-junction while the cur-
rent through the other two-branches was probed under a
small AC bias voltage of 0.1 V. As the DC bias voltage is
increased, at a certain point the Y-junction goes from nom-
inally conducting to a “pinched-off” state. This switching
behavior was observed for all the three-branches of the Y-
junction, at different DC bias voltages. The absolute value
of the voltage at which the channel is pinched off is similar
for two branches (~2 V, as seen in Fig. 15(a)), and is dif-
ferent for the third stem branch (~4.6 V, as in Fig. 15(b)).
The switching behavior was seen over a wide range of
frequencies, the upper limit of 42 kHz, being set by the
capacitive response of the Y-junction when the DC current
tended to zero.
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Fig. 14. (a) A SEM micrograph of the overall circuit arrangement used
in the measurement of the electrical characteristics, with Au contact pads
and a FIB patterned Pt wire contacting the Au pads and the Y-junction.
Shown in the figure is an configuration where a control DC voltage is
applied on the stem (terminal 1) of the Y-junction, and the current flow
through the other two branches in response to a constant AC bias voltage
(~V) is monitored. Similarly, control voltages can be applied on branches
2 and 3, for characterizing the Y-junction in detail, (b) Current—Voltage
curves for the Y-junction, where the gating action of the stem voltage
and the asymmetric response'® is to be noted. Reprinted with permission
from [121], P. R. Bandaru et al., Nat. Mater. 4, 663 (2005). © 2005,
Nature Magazine.

In these experiments, if it is assumed that the Ohmic
resistance for all the three contacts is identical, it is possible
to identify the individual branch’s transport characteristics.
(It was not possible to determine all the four impedances:
Z,, Z,, Z, and the contact resistance with 3-terminal mea-
surements). A more in-depth analysis of the contributing
factors to the electrical conductivity of a Y-junction is thus
possible, e.g., an increased resistance R, could result from
the presence of a catalyst particle in the stem-section.

J. Nanosci. Nanotechnol. 7, 1-29, 2007
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Fig. 15. An abrupt modulation of the electrical current through two
branches of the Y-junction is seen on varying the voltage on the third
branch. The voltage, at which the switching action occurs, on the stem
(1 in Fig. 12(a)) (A) is ~4.6 V, while the turn-off voltages on the two
branches (2 and 3 in Fig. 12(a)), as in (B), are similar, at ~2 V. Such
a response has been observed up to 40 kHz. Reprinted with permission
from [121], P. R. Bandaru et al., Nat. Mater. 4, 663 (2005). © 2005,
Nature Magazine.

Preliminary evidence of AND (cf., (b) in Section 7.3)
logic gate behavior (Fig. 16) was also observed. The logic
characteristics are not perfect, however, due possibly to
imperfections!®! of the nanostructure and it would be very
interesting to, determine the exact conditions for and,
demonstrate ideal logic gate characteristics.

The detailed nature of the electrical switching behav-
ior is not understood at present. The presence of catalyst
nano-particles (Fig. 12(a)) in the conduction paths could
blockade current flow, and their charging could account
for the abrupt drop-off of the current. The exact magni-
tude of the switching voltage would then be related to the
exact size of the nanoparticle, which suggests the possibil-
ity of nano-engineering the Y-junction to get a variety of
switching behaviors. An alternative possibility is that there
is inter-mixing of the currents in the Y-junction, where
the electron transmission is abruptly cut off due to the
compensation of currents, for example, the current through
branches 2 and 3 is cancelled by current leakage through
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Fig. 16. The carbon nanotube Y-junction can be used as an AND logic
gate (see text for details). A constant voltage, (positive in (a) and negative
in (b), is applied on one branch (V,,..)> and the voltage monitored across
the second branch (V;), while a control DC voltage (V,,..) 1S swept
across the third branch of the Y-junction. The two lines (green and black)
refer to the possible permutations of the voltages applied on the two
branches (2 and 3 in Fig. 12(a)). Reprinted with permission from [121],
P. R. Bandaru et al., Nat. Mater. 4, 663 (2005). © 2005, Nature Magazine.

stem 1 (cf., Fig. 12(a)). The geometry and defects could
also be responsible. Further research is needed to clarify
the exact mechanisms in these interesting phenomena.

8. APPLICATIONS OF THE ELECTRICAL
CHARACTERISTICS OF NANOTUBES

Richard Smalley, one of the pioneers of nano-carbon
related research, was said to have remarked, “These
nanotubes are so beautiful that they must be useful for
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something.” In keeping with this pronouncement, a wide
variety of applications are being extensively researched.
Although much of this research is still in the univer-
sity/industrial laboratory a strong foundation is being built
for future deployment and heralds the era of carbon nano-
tube based nanotechnology. A few such applications, by
no means exhaustive, are detailed below:

8.1. CNT Electronics
8.1.1. Interconnect Applications

In state-of-the art copper interconnect, used in the micro-
electronics industry, the scattering lengths are of the order
of a few nanometers resulting in large resistances which
impose limitations in power dissipation and operating
speeds. As an example, it is seen that when'? the lat-
eral dimensions of copper lines fall below 100 nm, surface
and grain boundary scattering cause a significant increase
in the resistivity, e.g., in 50 nm x 50 nm copper traces,
the resistivity was approximately twice the bulk value.
This sets the stage for the possible uses of nanotubes
for interconnect applications in ever-shrinking devices. In
CNTs ballistic transport (Section 2.3) together with large
carrier mobilities allows for a large carrier mean free paths
(Ingy) > 1 pm. The origin of this reduced scattering is
related to the reduced phase space for phonon scatter-
ing in lower dimensional structures. Additional advantages
of using nanotubes include a three orders of magnitude
increased current density (10° A/cm? vs. 105 A/cm? for
Ag) and immunity to electromigration (due to the strong
C-C bonds).

Practically, however, SWNTs typically have a resistance
of several k) (Section 2.3), even excluding the contacts,
and it was calculated (Section 8.1.3) that their low fre-
quency behavior was dominated by the RC time constant.
Additionally, the kinetic inductance (L) due to electron
movement, could be a factor of 1000 higher than the mag-
netic inductance (L,;), and dominate the high frequency
behavior. These limiting factors are a barrier for the use
of nanotubes. An obvious way of extending the speed is
to increase the number of current modes that are transmit-
ted through the nanotube. However, this is limited by the
diameter and the band structure. Perhaps, then, by compar-
ing equivalent areas of parallel connected nanotube bun-
dles with copper interconnect one can arrive at a better
comparison of the efficacy of nanotubes® (A copper line
width of 50 nm and a height of 100 nm corresponds to
a resistance of ~10 Q/um and L,; of 1 pH/um, and is
equivalent to approximately thousand nanotubes connected
in parallel). Assuming negligible interactions between the
constituent wires, the resistance (R) of a CNT of length
(L) with a mean free path (/,,,) as a function of the applied
voltage (V) is given by:

R:i[wi]

—Low electric field
42 Lo
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Fig. 17. A comparison of the resistance of conventional copper inter-
connect with parallel metallic SWNTS, of the same dimension, illustrates
the greater utility of the latter for interconnect lengths larger than 1 pum.
Reprinted with permission from [33], S. Salahuddin et al., IEEE Trans.
Elec. Dev. 52, 1734 (2005). © 2005, IEEE.
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While only acoustic phonons are effective for scattering
at low fields, optical phonons (with mean energies of
~0.1-0.2 eV) must be considered along with the mean
length which the electrons have to traverse for optical
phonon excitation (= 0.16 L/V + L;,). The comparison
of the equivalent resistance as a function of interconnect
length for nanotubes and copper interconnect is shown*
in Figure 17. The conclusion is that CNTs can outperform
copper interconnect if they could be connected in parallel
for lengths larger than 1 wm. The current carrying capacity
(of 10° A/cm?) is intrinsically a big advantage correspond-
ing to copper lines as electromigration problems begin to
set in Ref. [153] at ~10° A/cm?. Consequently, in high
power applications CNTs are desirable and could make a
mark in long interconnect due to their high current drive
capabilities.

8.1.2. Will Nanotubes Make for a Better
Field Effect Transistor?

CNTs have been widely tested and are contemplated for
transistor/switching applications in advanced electronics.
The device topologies mainly incorporate:

(1) Adaptation to the conventional silicon based MOS-
FET (Metal Oxide Semiconductor Field Effect Transistor)
architecture, where the nanotube serves as the channel.
(2) Novel morphologies, such as Y- and T-junctions which
possess an intrinsic functionality in that the gate can be
fabricated as a part of the device.!!

As remarked earlier, the band dispersion for electrons
and holes is similar for SWNTs. This has the important
implication that devices using p- and n- doping (with holes
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and electrons as majority carriers, respectively) would have
similar characteristics. Therefore, if one adapts carbon
nanotubes to MOSFET type architecture, in an inverter
configuration the characteristics of the PMOS (p-type
MOS) and the NMOS (n-type MOS) devices would be
similar, which is a distinct advantage over silicon electron-
ics. The possibility of easily p- or n-doping nanotubes (or
of inter-conversion) through exposure to ambients (Section
2.2) is also an advantage. The FET architecture has been
extended to

(i) a depletion mode type- where the CNT is fully doped,
(i1) an enhancement mode type- where carriers are indu-
ced in the CNT channel by an applied gate voltage, or
(iii) Schottky barrier type,” where a metal contact-nano-
tube interface regulates electrical transport.

Excellent reviews, studying such configurations for the
application of nanotubes in electronics exist®®° and this
section aims to take a brief but critical look at the
advantages and drawbacks of using CNTs for transistor
applications.

It is to be noted that as the band gap is inversely related
to the diameter, (Section 2.1) only small diameter MWNTs
are used for electrical switching/transistor related applica-
tions. CNT transistors, in the FET configurations above,
have been used to demonstrate complex logic circuits!>+!%6
and memory'>’ applications.

The use of nanotubes in FET type has a few peculiar
merits, especially in terms of reducing the leakage cur-
rent and minimizing the power- two issues of vital impor-
tance in the scaling of transistor devices, in accordance
with ITRS (International Technology Roadmap for Semi-
conductors) recommendations.'>® A few other innovations,
in addition to smaller device size,'”® could also occur as a
consequence, Vviz.,

(a) the possibility of moving away from the SiO,/Si inter-
face paradigm- an issue of importance in terms of the ever
reducing oxide thickness in silicon electronics. Alternative
dielectric materials, such* HfO, or ZrO,, can now be used
with higher gate capacitance and improved performance.
(b) The chemical inertness of the nanotube surface is also
advantageous in terms of reducing surface recombination,
leakage current, and sub-threshold conduction. !0

(c) Lower resistance (or higher transconductance) in the
devices, due to the reduced effects of phonon scattering
in low dimensional nanostructures. This can lead to faster
device operation coupled with low power dissipation.

However, interface traps and inefficient contacts are often
seen to plague CNT based transistors and affect the device
characteristics significantly. The ambient oxygen also
affects the device performance by inadvertently doping the
contacts/nanotube. While the defects can, in some cases
be exploited (say, a charged impurity can gate the device
forming a localized diode)'®' in most instances this repre-
sents a loss of control and a source of unreliability. This
leads one to the conclusion that CNT based transistors are
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unlikely to find immediate application in large scale elec-
tronics. However, an individual nanotube transistor’s supe-
rior performance and sensitivity over a silicon FET can be
used in niche applications such as sensors. As an example,
the chemical stability of a SWNT FET was exploited'®? in
a salt-water environment, where the electrolyte potential
was used to gate the nanotube conduction. As the FET is
immersed, the gating efficiency is higher and the device
can be used at low voltages (up to an order of magnitude
lower than in vacuum) with conceivable single molecule
sensitivity.

8.1.3. High Frequency Electronics

A scientific topic of great interest in the study of SWNTs
is Luttinger liquid behavior (Section 2.1) and its possible
consequences. In such a system, the creation of an elec-
tron is equivalent to the excitation of an infinite number
of one-dimensional plasmons.!®* The generation of these
plasmons led to the evaluation of high frequency proper-
ties, performance, and applications of SWNTs along with
their possible use in nanometer sized antennae,'®* detec-
tors, and mixers.'®

The high mobilities,! large transconductances, and long
mean free paths (>1 um) of nanotubes promise their
application in high frequency electronics. Intrinsic to an
isolated SWNT, the frequency scales are set by the (a)
(RC),,, time constant and, (b) the combined effects of the
capacitance and transconductance (g,,). (RC),,, can be as
small as 25 femtoseconds (corresponding to a minimum
resistance of 6.3 k() i.e., h/4¢* and a capacitance value
of 0.1 aF) with a corresponding frequency of 6.3 THz (=
Grroy)- The quantity 5 j"c’gs (= f;) corresponds to the high-
est frequency at which current gain is possible and for a
g Of 10 uS we obtain'® an ultimate limit of operation of
0.4 THz. While extrinsic circuits and parasitics reduce the
frequencies of operation from the intrinsic limits above,
the operating speeds are nevertheless, still very impressive.

In radio-frequency (RF) applications, a SWNT (of diam-
eter d) referenced to a ground plane (at a distance h)
can be modeled as a transmission line'®’ with lumped
impedances—electrostatic capacitance,

C 2me 50 aF/
= ————,~50 aF/um
BS = Cosh 1 (2h/d) H
and magnetic inductance,
2h
P = F cosnt (22 , IpH/um
2 d

where w(= p,p,) and e(= g,¢,) refer to the magnetic
permeability and the dielectric constant respectively. How-
ever, in nanosystems, it also becomes necessary to consider
the quantum capacitance (C,) and the kinetic inductance
(%%),'®® which may even be more important than the clas-
sical electrostatics numbers. Considering the electron sys-
tem in a nanotube as a quantum mechanical box/quantum
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Fig. 18. (a) The reactive components of the impedance, including both
the quantum and classical inductances and capacitances, must be taken
into account for analyzing the performance of nanotubes in high fre-
quency electronics, (b) The high frequency response of an SWNT with a
roll-off dictated by the intrinsic nanotube resistance and parasitic effects,
(c) The cut-off frequency (f;) for reliable transistor performance has a
considerably better scaling than conventional semiconductors. Reprinted
with permission from [163], P. J. Burke, IEEE Trans. Nanotech. 1, 129
(2002). © 2002, IEEE; [168] P. J. Burke, IEEE Trans. Nanotech. 2, 55
(2003). © 2003, IEEE; [169], P. J. Burke, Solid State Electron. 48, 1981
(2004). © 2004, Elsevier Ltd.

dot (Section 2.4) it takes a finite energy to add one extra
electron, which is taken into account by the Co» which in
a one-dimensional system = f—: and is calculated to be

~100 aF/um (G, is the quantum of conductance = % and
g the Fermi velocity, ~8-10° m/s). The kinetic energy of
the added electrons (only electrons above the Fermi level:
Ep are considered) is taken into account through £y =
(G,vg)~!, which translates to ~16 nH/um. Considering all
these quantities individually, one comes up with an equiv-
alent transmission line model (neglecting electron spin),
illustrated in Figure 18(a). (Generalizing the above expres-
sions in the transmission line model where many (say, M)
modes of transmission are operative, it can be derived that
when M is of the order of the relative dielectric constant
(g,), Cq and Ly can be ignored and we recover the usual
transmission line model).

Considering the frequencies (w) of operation (e.g.,
with a time scale set by the momentum relaxation time,
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7, ~10712 5), only at w > 77! the inductive impedance
(~wLyg) is comparable to the series resistance, R. As
seen earlier, this again corresponds to THz frequencies for
SWNTs. However, external circuit connections also have
to be taken into account and the overall characteristics are
depicted through the frequency response of the dynamic
impedance (Z = R+ jo¥) of a 100 um long metallic
SWNT (Fig. 18(b)). Two points of inflexion are seen: the
first point is determined by the RC time constant of the
external circuit as w; = 1/RC (typically ~0.5-5 GHz)
while the second point w, = R/¥ (~10-50 GHz). Note
that the larger of &y or &, dictates the overall inductance,
while the smaller of Cgg or C,, determines the capacitance
of the nanotube device.

Considering the above factors, a small-signal equiva-
lent model of a nanotube transistor has been proposed'®®
which takes into account the finite gate-source capacitance
(incorporating both Cgg and Cy) of ~44 aF/um, parasitic
capacitance (~100 aF//um), the transconductance and the
series resistance. A f; of 8 GHz was predicted in these
approximations. Only by reducing the parasitics to negli-
gible values, and in the ballistic limit, f; is of the order
of Ty and with a nanotube, of sub-micron lengths (L)
THz cut-off frequencies should be possible!®® (Fig. 18(c)).

However, in preliminary experimental work on the
microwave transport'” in metallic SWNTSs through S-para-
meter measurements up to 10 GHz, no frequency depen-
dence of the impedance (the DC response was identical
to the AC response) or resonance effects were observed.
This was attributed to the effects of resistance damping
and optical phonon scattering in the CNTs. The small sig-
nal levels at high frequencies and the parasitic probe pad
capacitance, which could be much larger than the intrin-
sic nanotube capacitance,*® make sensitive measurements
difficult. Typically, nanotube resistances are much higher
than 50 ), which poses problems for a conventional'”!
impedance-matched high frequency setup. Additionally,
the fabrication of test circuits such as ring oscillators is
non-trivial due to the difficulty of nanotube placement.

Alternate ways to explore the high-frequency character-
istics include:

(1) Studying the small signal behavior through time-
domain measurements using a high-impedance measure-
ment system, while large signal measurements were
carried out through frequency domain®® analyses, and

(2) Exploiting the non-linear '"*/diode'® like mixer char-
acteristics of nanotube transistors.

In the time-domain measurements the bandwidth of the
CNT device was inferred through pulsed measurements.
A pulse with a short rise time was applied to the gate of
the device and the rise time of the resulting output pulse,
measured on an oscilloscope, was taken as a measure of
the bandwidth. The impedances and parasitics of the mea-
suring circuits and instruments, including the cables, the
load resistor etc., must be carefully considered. Through
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such measurements a switching speed up to 100 kHz was
measured, with the upper frequency restriction imposed
by the measurement system.*® In frequency domain mea-
surements, the limitations, at high frequency, arise from
the cross-talk between the gate and drain and attention
must be paid to de-embedding the frue FET signal. Fab-
ricating the CNT FET on insulating quartz substrates
partly alleviates this problem by lowering the overall
cross-talk level. Such a measurement scheme permitted a
response up to 100 MHz to be observed at an expense of
reduced signal intensity (Fig. 19(a)). A roll-off of the fre-
quency response was observed due to interference effects
between the capacitively coupled cross-talk and the CNT-
FET drain current. Future measurements would have to
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Fig. 19. (a) Direct measurement of 100 MHz operation of a nanotube
FET. The figure shows the signal power from a nanotube field effect
transistor (Peyper) along with crosstalk (Pep) at high frequencies. Para-
sitics interfere with the direct measurement of the frequency characteris-
tics and must be carefully de-embedded. Reprinted with permission from
[36], D. V. Singh et al., [EEE Trans. Nanotech. 3, 383 (2004). © 2004,
IEEE; (b) An indirect measurement of high frequency performance is
through using the nanotube as a mixer.!”! A DC mixing current (I,;,)
is obtained at frequencies up to 50 GHz, in response to an applied AC
gate voltage, in a SWNT based FET. Reprinted with permission from
[165], S. Rosenblatt et al., Appl. Phys. Lett. 87, 153111 (2005). © 2005,
American Institute of Physics.
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devise strategies on avoiding these parasitic behaviors.
An indirect observation of high frequency operation up
to 580 MHz!”? was made by observing the DC current
response of the nanotube to a combined AC/DC signal.
For a device/CNT transistor exhibiting non-linear /-V
characteristics, a change in the DC current proportional
to the amplitude of the applied AC voltage is observed.
These measurements showed that the response was essen-
tially frequency independent in a large domain (250 kHz—
580 MHz) over a range (0-0.5 V) of AC voltages (it was
noted that the upper limit, of 580 MHz, was again due
to the limitations of the measurement setup and does not
represent an intrinsic value).

Yet another indirect measurement of nanotube response
to frequency was made by using a SWNT transistor as a
mixer. When a combined DC bias voltage (V,) along with
a small signal RF voltage (v, coswt) is fed into a non-
linear device, a fraction of the RF input signal is converted
to DC power!”! along with a rectified/DC current of mag-
nitude Z—ZGQ, where G/, is the derivative of the conductance
with respect to the voltage (N.B. This rectification is also
followed by higher harmonic AC signals which can be fil-
tered out). This DC current is obtained at frequencies (w,)
smaller than (RC)~! (the inverse time constant of the tran-
sistor). In this experiment, a high resistivity Si substrate
was used for the CNT transistor and measurements were
performed in vacuum to minimize any variation of the gate
voltage threshold voltage. Interestingly, there was a small
overlap (~100 nm) of the top gate contact!®> (which was
used for the mixing) with the source electrode. Mixing up
to 50 GHz (Fig. 19(b)) was observed (the RC time constant
of the device was consequently estimated to be ~100 ps)
with an upper limit set by the external measuring circuit
at 100 GHz. Again, the frequency measurement of only
up to 50 GHz was due to the frequency source limitations
and not the CNT device.

Further direct measurements at higher frequencies
(>1 GHz)'" are necessary to explore the detailed behav-
ior of nanotubes and their LL characteristics. However,
indirect observations using the non-linear properties of the
nanotube devices promise their use for high frequency
electronics.

8.1.3.1 Nanotube Antennae. The impedance mismatch
between nanotubes (~k{)) and macroscopic RF circuitry
and packaging (50 ) poses an interfacing problem in
nano-devices. One way around this problem is to construct
a system completely out of nanotubes (Section 7). Yet
another way is wireless contact through nanotube anten-
nae. The radiation pattern for a CNT is comparable to that
of a small dipole (Section 6) as the size is small relative
to the free-space wavelength (A).

A comparison'” of metallic nanotubes with conven-
tional!”! metallic dipole antennae reveals significant differ-
ences due to (1) Additional impedances (Cq, and Zx—see
Section 8.1.3), and (2) associated plasmonic effects. In
a conventional microstrip configuration, the boundary
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conditions imply a vanishing longitudinal electric field,
at the edges. However, in a one-dimensional SWNT con-
ductor, the field does not completely vanish due to the
quantum inductance (&) related to electron inertia. Con-
sequently, plasmonic dispersion effects have been pre-
dicted in waveguide,'” which propagate along the surface
and length of the tube with a reduced velocity,
T
1 Ges ' Co

~0020)= [— | =, =2
u( C) \/Stotal Ctotal ‘Sgl( + ‘prM

These plasmon resonances are only active above the relax-
ation frequency (f,,, = 1/relaxation time) and their velocity
is larger than the Fermi velocity (vg). For a large length
() to diameter (d) aspect ratio it was derived'” that nano-
tube dipoles exhibit sharp resonances with a wavelength
of A,(=0.01A,, the free space wavelength), which can
be modified'” by periodic scatterers, e.g., by filling the
interior of the nanotubes with a material of a different
permittivity. The distinctly different current distribution on
nanotubes, due to the )\p modulation, has the effect of
dramatically reducing the efficiencies (P, 4/P,, of ~107°)
through increased surface resistance losses compared to
a copper based nano-antenna. The gain (G), proportional
to the product of the efficiency and directivity (D, ~1.5),
is consequently very small. However, in the nano-regime,
these efficiencies might be adequate for assessing electro-
magnetic interactions and nano-device communications.

8.2. CNTs as Field Emitters

A currently used application of carbon nanotubes in the
commercial arena,'’® exploiting their nanometer scale
radius of curvature is their use as field emitter arrays in
displays. When employed as electron emitters, there is a
large enhancement factor (B) in the field emission, and
emission can be obtained at a lower threshold voltage.'”’
This increased sensitivity to electrical fields can be used
for example, in gas ionization sensors.'”® Other appli-
cations include micron scale on-chip triodes for high
frequency (>200 MHz)'” vacuum microelectronics, and
X-ray generation.'®® The use of CNTs in cold cathode
devices allows for

(i) instantaneous turn-on,

(ii) high power,

(iii) low control voltage operation, along with long life-
times and miniaturization.

Compared to thermionic emission, field emission induced
from nanotubes also offers the additional advantages
of lower power consumption and room temperature
operation.

For a metal with a flat surface, the threshold electric
field for field emission can be large, at 10* V/um which is
impractical. In CNTs however, B (the field enhancement
factor which is the ratio of the electric field at the CNT
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Fig. 20. (a) A typical triode-like setup to measure field emission with
the carbon nanotube used as the cathode. Reprinted with permission from
[189], G. Pirio et al., Nanotechnology 13, 1 (2002). © 2002, IOP Pub-
lishing Ltd.; (b) The relative efficiencies of field emission from vari-
ous types/configurations of nanotubes, as a function of turn-on voltage.
Reprinted with permission from [185], J.-M. Bonard et al., Appl. Phys. A
69, 245 (1999). © 1999, Springer-Verlag; (c) Schematic of a non-volatile
memory based on CNT field emission. Reprinted with permission from
[192], J. P. Hollingsworth and P. Bandaru, Appl. Phys. Lett. 87, 23315
(2005). © 2005, American Institute of Physics.

tip and the macroscopic electric field and a function of tip
geometry) can be as high'”” as 3000, with orders of mag-
nitude lower turn-on voltages (<10 V/um),'8! and larger
currents (up to 1 wA from a single MWNT)!®2 and current
densities (~200 mA/cm?).

Regulated field emission can be obtained from the tips
of metallic nanotubes, in a triode-like arrangement, where
the CNT functions as the cathode (Fig. 20(a)). The emis-
sion current (/) is determined by the Fowler-Nordheim
relationship:

b 3/2
I:AVZexp<— ¢ )

BV
J. Nanosci. Nanotechnol. 7, 1-29, 2007

where V is the applied voltage, ¢ the work-function of the
surface (~4.8 eV for a CNT,'®® and which can be reduced
by adsorbates'®* and Cs intercalation)'®® and a and b are
phenomenological constants. While it would be expected
that vertically orientated CNTs have the best emission
characteristics, the effect of screening between individual
nanotube emitters must also be taken into account.!®! For
nanotube of length L, radius r, and spaced a distance s
apart, 3 approximates to

L 09 —2.3172s
1.2( = +42.15 l—exp| ——=
r L

Experimentally,'8> the turn-on (E,, < 2V/um) and the
threshold-fields (E;,, < 5V/um) for metallic nanotube field
emitters was seen to be lower by a factor of two than com-
parable geometries, e.g., CVD diamond on silicon-tips. It
was also determined that both the internal geometry of the
nanotubes as well as their placement was important in their
field emission characteristics. Generally, SWNT films, due
to a higher degree of structural perfection, had the high-
est B(>3000) while catalytically grown MWNTSs had a 8
approaching 800- which could be ascribed to their larger
tip radius. Most single open (where the tip was removed
by oxidation)'®/closed MWNTSs are capable of emitting
over a large current range (from 10 pA-0.2 mA). However,
the efficiency of emission is lower for the open tubes in
terms of a two-fold increase in the threshold voltage (Fig.
20(b)) Aligned MWNTs were also found to have a larger
density of states (DOS) and a lower work function than
the randomly oriented MWNTs due to a difference in the
distribution of their electronic states. '8

It has also been demonstrated through electron holog-
raphy studies'® that the electric field is concentrated only
at the CNT tips and not at any surrounding defects. Other
important characteristics of field emission from CNTs
include a smaller electron energy spread (~0.2 eV) com-
pared to metallic electron emitters (~0.45 eV). The dis-
creteness of the electronic energy levels was posited to be
the reason, associated with which a field emission induced
luminescence, from localized states at the tips, was also
observed. The quantum efficiency (= the ratio of emitted
photons to field emitted electrons) of the luminescence was
~107%. The majority contribution to the emission arises
from states at/near the Fermi energy (Eg), which in turn
depends on the tube geometry, presence of defects etc. It
was predicted, through electronic structure calculations,®
that the optimum geometry for field emission corresponds
to a slant-cut open CNT with dangling bonds of the zig-
zag type which contribute the highest density of localized
states. A compilation of field emission characteristics from
various nanotube structures has been presented. '8

Several experimental realizations of carbon nanotubes
in aligned field emitter configuration'””-'¥-1°! have been
made, in which the Fowler Nordheim relation was veri-
fied and electron emission obtained. The specific values of
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the turn-on voltages vary with the experimental arrange-
ment. The reliability of CNT emitters in terms of current
decay is of interest, and could be due to tip blunting,
caused by bombardment from surrounding ions and/or car-
bon evaporation. When such issues are resolved it is very
likely that CNT based field emitters can be used in appli-
cations such as X-ray sources and field emission displays
which require high currents (>100 mA) coupled with large
integration densities (>10° emitters/cm?) with low power
consumption. It has also been proposed'®? to use carbon-
nanotube based field emission in a vacuum microelectron-
ics based non-volatile memory core. A design that can
be implemented with state-of-the art nanotube fabrication
techniques is shown in Figure 20(c) and nonvolatile mem-
ory operation, up to 0.25 GHz, has been shown to be
feasible through circuit simulations. When integrated with
flip-chip technology, this type of memory offers a possible
solution to the problem of flash memory scaling coupled
with the advantages of high density integrated circuitry
and a faster speed of operation.

8.3. Bio-Chemical Sensors, Through the Measurement
of Changes in Electrical Conductivity

In view of their high carrier mobilities and chemical
sensitivity, field effect transistor (FET) devices with car-
bon nanotubes as the conducting channel have been used
to detect changes in the surrounding electrochemical
potential. Note that the chemical inertness of SWNTs
makes covalent attachment difficult and physisorbtion/non-
covalent attraction is a more likely mechanism for analyte
binding.'”®> On the other hand, the surfaces of nanotubes
can also be manipulated, for chemical sensing, by appropri-
ate functionalization to achieve specificity. As an example,
a helical configuration of the streptavidin protein, useful
in many biochemical assays, can be crystallized'** on a
MWNT surface through size and hydrophobic effects.!® It
is also possible to attach carboxylic acid groups resulting
in a hydrophilic nanotube surface which prevents protein
attachment.'®® Non-covalent binding to anchor a bio-recep-
tor molecule onto a nanotube has also been attempted.

A FET can also be configured, without a gate,'”’ in
which case the analyte can deplete/accumulate carriers in
the channel and cause an electrical property change through
chemical gating. Sensors exploiting such changes in the
electrical characteristics of nanotubes have been used both
in gas and liquid environments. An example of an effort
in using semiconducting SWNTs (metallic SWNTSs have
much less sensitivity) in gas sensors is the work by Kong!®
et al., where a three orders of magnitude change in the
electrical resistance was observed on exposure to oxidizing
and reducing gases such as NO, and NH; with a sensi-
tivity of 2 ppm and 0.1% respectively. The rationale for
the experimental results hinged on electrical modification
of the doping of intrinsic p-type nanotubes (with holes
as majority carriers). While strong oxidizers (say, NO,)
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resulted in a charge transfer from the SWNT, an opposite
effect (charge transfer fo the nanotube) was observed with
reducing agents (say, NH;). Consequently, in the former
case, an increased hole density results with enhanced elec-
trical conductivity while electron donation to the p-type
SWNT results in a decreased conductance. It is to be noted
that similar principles could account for a transition from
p- to n-type conductivity, on exposure to a reducing atmo-
sphere (Section 2.2) From basic organic chemistry,'” it
would also appear that the activating (due to —-OH, -NH_, —
CH, etc.) or deactivating (due to halogens, -NO,, -COOH,
—CN etc.) effects of substituents and functionalizing agents
on the nanotube could also play a major influence and
a careful control of the ambient would be necessary for
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Fig. 21. (a) A schematic of a nanotube FET configuration that can be
used to detect protein binding/bio-sensing via the interaction of the strep-
tavidin protein with surface immobilized biotin. The polymer coating is
used to preserve the physical properties of the nanotube. (b) The /-V char-
acteristics of the FET are specific to the chemical entity being detected;
the effect of the biotin assembly on the PEI/PEG coated nanotube elec-
trical characteristics is distinct and can be used to initialize the sensor,
(c) The binding of streptavidin to biotin manifested in the electrical con-
ducting characteristics. Reprinted with permission from [196], A. Star
et al., Nano lett. 3, 459 (2003). © 2003, The American Chemical Society.
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interpreting experimental results. It was recently?® sug-

gested that hitherto observed conductivity changes of the
nanotube were not intrinsic. One also needs to consider the
influence of the gases/environment on the electrodes, and
consequently modifying sensor characteristics.””® Through
electrical field distribution simulations such effects were
taken into account,””’ through changes in the contact metal
work function and their influence on the Schottky barrier
constituting the transistor. Another interesting explanation
of the experimental results hypothesizes that the nanotube
only serves as a counter—electrode in the measurement
scheme.?! The influence of mobile ions on nanotube FET
characteristics in an aqueous environment** provides sup-
port for this argument.

A few applications of chemical sensing in an aqueous
environment include the specific detection of protein bin-
ding,'” exploiting the well known biotin-streptavidin
interactions on to a polymer (a mixture of polyethelenei-
mine-PEI for n-doping the nanotube'®® and polyethylene
glycol-PEG for inducing a hydrophilic surface) coated
nanotube arranged in a FET configuration (Fig. 21(a)).
The Current—Gate voltage (V,) characteristics from a bare
nanotube indicate a change from p-type behavior to n-type
on PEI coating (Fig. 21(b)). On immobilizing biotin on the
polymer surface, the covalent binding reduces the over-
all electron concentration and the device characteristics
revert to p-type. On streptavidin attachment the conduc-
tance is reduced considerably (Fig. 21(c)) which indicates
the onset of detection. While the current detection level is
around ten streptavidin molecules higher sensitivity can be
achieved through a better control of the surface charges.
In another interesting application, the fast electron transfer
rate and the high electro catalytic effect, intrinsic to CNTs,
was used®® for the fabrication of glucose sensors. Several
other biosensors for detecting a whole host of pathogens
and chemicals are also being developed with the nanotube
as a base element.?

The small scale of the sensing element, in the form of
a nanotube, could enable high sensitivity and the change
of the electrical properties of a nanotube can be used in
the future for electronic sensing at the cellular level and
in-vivo physiological studies.

9. OUTLOOK FOR THE FUTURE

This review has aimed to give an overview of the
extensively studied topic of the electrical properties of
nanotubes. The outstanding message is that the reduced
dimensionality, inherent to nanotubes, gives rise to new
physical effects in which quantum mechanical consider-
ations are important. This marks a departure from clas-
sical electromagnetic phenomena and devices, and also
represents a large opportunity for future technological
advancement. As CNTs can be synthesized both as metal-
lic and semiconducting forms, this feature can be used
to make heterogeneous metal-semiconductor junctions or

J. Nanosci. Nanotechnol. 7, 1-29, 2007

homogeneous metal-metal/semiconductor-semiconductor
junctions, and this can be extensively exploited in device
design. In this section, the obstacles to be overcome for
fruition of promising CNT based applications at the fron-
tiers of electronic technology will be discussed.

In the short term, CNTs could provide an example
of a disruptive technology for interconnect applications
and heat management, i.e., when tightly packed so as to
have the same cross-sectional area®® as copper intercon-
nect (Section 8.1.1) nanotubes have been found to have
lower resistivity and higher resistance to electromigration
failure. The ability of SWNT field effect transistors in
biosensing is also likely to engender new applications in
view of the nanotubes’ chemical and mechanical stability.
A higher density of integration of CNTs is necessary for
their extensive application in Field emission displays. The
wide variety of electrical phenomena exhibited by CNTs
can be optimally harnessed through the creation of a multi-
functional device (powered by thermoelectric effects) for
autonomous sensing.

In the longer term, the prognosis is less clear. While
integration of CNT growth with silicon CMOS?® and flex-
ible polymer?® substrates has been demonstrated as an
example of top-down and bottom-up integration, in our
view this represents an evolutionary advance. Silicon tech-
nology, over the years, has proven to be very robust and
adaptable and CNTs could be embraced into the Silicon
fold as another nanostructured material.

In order for CNTs to stand on their own and be exten-
sively used in nanoelectronics, it is necessary to provide
for their controlled and rational growth in place of the ran-
dom assembly in vogue. While efforts in this direction have
been proliferating, they seem to have not kept pace with the
rapid advances in the science of nanotubes. Such a chasm
is being perceived as being detrimental to the deployment
of nanotubes in the commercial/industrial arena, which is
essential for continued growth. Synthesis and fabrication
methods should also incorporate efficient means for
(i) distinct growth of metallic and semiconducting nano-
tubes, and
(ii) their rapid assembly at a scale/rate comparable to what
is possible for silicon technologies.

A fundamental analysis of what new technologies/devices
are possible in reduced dimensions, using nanotubes, is
then needed. A few such examples are the recent anal-
yses of the high frequency properties'® and array-based
architectures® for nanotube based electronics. While it is
likely that the CNT field is still relatively young, forays
in such directions are necessary and would greatly con-
tribute to its vitality. We look forward to ideas along the
lines of Conway and Mead’s classic textbook?? applied to
nanotubes and nanosystems integration.

Novel and different device architectures would also be
necessary to exploit the unique CNT properties and bring
forth new devices. One possible example, using Y-and
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Fig. 22. A conceptual view of a possible CNT technology platform,
including novel carbon morphologies (such as Y- and T-junctions), inter-
connect vias and directed nanotube growth. Such, three-dimensional
nano-interconnected designs can go beyond existing technologies (MOS-
FET etc.) and bring forth new functionalities. (b) A proposed logic circuit
(XNOR logic) based on Y- and T-junction CNT topology. V; and V,

represent the inputs while the output terminal is V. Reprinted with per-

mission from [151], H. Q. Xu, Nat. Mater. 4, 649 (2005). © 2005, Nature
Magazine.

T-junctions is illustrated in Figure 22. This would lead
to new paradigms in device electronics design. It would
also be desirable, in the future to fabricate an integrated
nanotube architecture, where all the components, i.e., the
connections as well as the logic and memory devices
are fabricated from nanotubes. This could have immedi-
ate practicability in high frequency electronics, where the
electrode geometry in conventional designs causes com-
plications in measurements and applications. The parasitic
capacitances in an integrated nanotube configuration could
potentially be smaller'*® and result in THz scale operat-
ing speeds. While the road to achieving such architectures
might be hard and long, the rewards and insights it would
bring could be many-fold.
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