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Abstract: Carbon nanotubes (CNTs) have exceptional physical properties that make them one of the most promis-
ing building blocks for future nanotechnologies. They may in particular play an important role in the development 
of innovative electronic devices in the fields of flexible electronics, ultra-high sensitivity sensors, high frequency 
electronics, opto-electronics, energy sources and nano-electromechanical systems (NEMS). Proofs of concept 
of several high performance devices already exist, usually at the single device level, but there remain many se-
rious scientific issues to be solved before the viability of such routes can be evaluated. In particular, the main 
concern regards the controlled synthesis and positioning of nanotubes. In our opinion, truly innovative use of 
these nano-objects will come from: i) the combination of some of their complementary physical properties, such 
as combining their electrical and mechanical properties, ii) the combination of their properties with additional 
benefits coming from other molecules grafted on the nanotubes, and iii) the use of chemically- or bio-directed 
self-assembly processes to allow the efficient combination of several devices into functional arrays or circuits. 
In this article, we outline the main issues concerning the development of carbon nanotubes based electronics 
applications and review our recent results in the field.
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1. Introduction

Molecular electronics targets the use of 
molecules, and, by extension, molecular-
sized objects for electronics. This domain 
saw pioneering experiments ten to fifteen 
years ago, with the first transport mea-
surements on single molecules, on single 
nanoparticles and on single carbon nano-
tubes. The reader will find a historical re-
view of this field in ref. [1]. In the pres-
ent article, we focus on carbon nanotubes 
which are particularly promising for use 
in various types of electronic applications 
and functions.

Carbon nanotubes and fullerenes are 
different allotropic forms of carbon. Fuller-
enes are closed-cage molecules containing 
only carbon atoms disposed in a hexago-
nal and pentagonal interatomic bonding 
network. Nanotubes are like large, cylin-
drical fullerenes with usual aspect ratio of 
103 to 105 (see Fig. 1). More precisely, a 
single-wall carbon nanotube (SWNT) is a 
cylinder obtained by rolling-up a graphene 
sheet of hexagonal carbon rings (with half-
fullerenes potentially capping the shell 
ends). Similarly, multi-wall nanotubes 
(MWNTs) can be schematized as a rolled-
up stack of graphene sheets in concentric 
shells (like Russian dolls). It turns out that 
depending on its geometry and on the way 
the graphene sheet is rolled-up, the SWNT 
is either metallic or semi-conducting. 

While the different allotropic forms of 
carbon (diamond, graphite, graphene, C

60
 

molecule etc.) refer to well-defined struc-
tures, the term ‘carbon nanotube’ (CNT) 
encompasses a large variety of different 
objects, which differ from each other in 
terms of diameter, length, chirality, elec-
tronic properties and number of shells in the 

case of MWNT. It can be an opportunity for 
future applications since different types of 
nanotubes can be better suited for different 
types of use. For example, the mechanical 
properties of multi-wall nanotubes with in-
termediate diameter (5–15 nm) are of par-
ticular interest in the field of nanoelectrome-
chanical systems (NEMS). Semiconducting 
SWNTs can serve as channels in field effect 
transistors, while metallic SWNTs could be 
important as nanoscale interconnects or na-
noscale electrodes. 

In the past, a strategy was developed 
at the Laboratory of Molecular Electronics 
of the CEA Saclay to build and study elec-
tronic devices, starting from commercial 
nanotubes and going through different steps 
of chemical purification,[2,3] solubilization, 
functionalization,[3,4] and assembly.[5–11] 
We considered these steps as the key to 
the development of innovative electronic 
functions. In particular, we studied carbon 
nanotube field effect transistors and their 
chemical optimization,[12,13] high frequen-
cy nanotube transistors,[14–16] nanotube-
based nano-electromechanical systems 
(NEMS),[17,18] and nanotube-based opto-
electronic devices with memory capabilities 
and related computing architectures.[19–21]

2. Mastering the Chemistry of CNTs

Since the very first synthesis of CNTs, 
the issues of purification, sorting and func-
tionalization have been the focus of a lot of 
attention by researchers worldwide.

Along with the spreading use of SWNT 
in various domains, SWNTs functionaliza-
tion methods flourished to help process 
this highly insoluble material, as well as to 
add new functionalities such as tuned light 

SWNT MWNT

(a) (b)

1-3 nm 2 - 30 nm

Fig. 1. Schematic view and typical size of (a) a SWNT and (b) a MWNT. 
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absorption or chemical sensing. Among 
the covalent functionalization methods, 
diazonium to SWNTs coupling is the most 
wide-spread because of its handiness and 
high yield. Nevertheless, the mechanism 
of this complex reaction remained mys-
terious. Using chemical kinetics methods, 
we thoroughly studied the mechanism of 
the reaction, aimed at mastering the cou-
pling rate and controlling the selectivity 
of the reaction towards metallic SWNTs. 
Chemical kinetics as well as electron spin 
resonance demonstrated without ambigu-
ity a free radical chain reaction involving 
SWNT stable radicals.[3] In the propagation 
phase, the aryl radical reacts with SWNT 
to yield an aryl-SWNT radical, then the 
aryl-SWNT radical reduces the aryl diazo-
nium into a new aryl radical. The origin 
of the selectivity of the reaction towards 
metallic SWNTs was unveiled. Indeed, 
metallic SWNTs have a higher HOMO 
(Higher Occupied Molecular Orbital) than 
semiconducting SWNTs, which enhances 
their reactivity towards the electrophilic 
aryl radical. 

Nanotubes by themselves already com-
bine many exceptional physical properties. 
Still, both the development of new func-
tionalities for individual devices and the 
assembly of complex structures and cir-
cuits could be improved by the incorpora-
tion of highly engineered molecules on the 
nanotube surfaces. There is thus a real need 
for simple and versatile procedures which 
allow the introduction of new functional 
groups onto the nanotube surface. In par-
ticular, we recently investigated the func-
tionalization of SWNTs with Zn-phthalo-
cyanine derivatives via ‘click chemistry’ 
and demonstrated that this concept can 
be used for the realization of photovoltaic 
cells.[4] The term ‘click chemistry’[22] de-
fines a series of clean, versatile, specific 
chemical reactions, easy to realize and 
exhibiting simple purification processes 
(absence of by-products). Among the large 
collection of organic reactions, Huisgen 
cycloaddition (1,3-dipolar cycloaddition 
between azide and acetylene derivatives in 
the presence of Cu(i) catalyst) represents 
the most effective reaction of the ‘click 
chemistry’.[23–26] It has been demonstrated 
that the emerging field of ‘click chemistry’ 
can bring very elegant solutions to easily 
achieve nanotube-based functional mate-
rials.[4,27,28] In our recent experiments, we 
described the functionalization of SWNTs 
with 4-(2-trimethylsilyl) ethynylaniline 
and the subsequent attachment of a zinc-
phthalocyanine (ZnPc) derivative using the 
reliable Huisgen 1,3-dipolar cycloaddition 
(Fig. 2). The SWNT-ZnPc nanoconjugate 
was fully characterized and a photoinduced 
communication between the two photoac-
tive components (i.e., SWNT and ZnPc) 
was identified. Such beneficial features led 

us to incorporate the SWNT-ZnPc hybrid 
in a photoelectrochemical cell as photoac-
tive material in an ITO photoanode. The 
use of such hybrid CNT-molecule objects 
is also studied in our laboratory in the con-
text of optically controlled nanotube tran-
sistors. 

3. Selective Placement of 
Nanotubes

To fully take advantage of the unique 
electrical properties of SWNTs in device/
circuit applications, it is necessary to be 
able to selectively place them at specific 
locations on a substrate with a low cost and 
high yield technique, preferentially based 
on self-assembly. We developed three dif-
ferent techniques of selective deposition: 
i) chemically-assisted self-assembly on 
patterned molecular monolayers, ii) di-
electrophoresis, and iii) bio-directed self-
assembly. 

During the last 10 years, we have de-
veloped and optimized a technique of 
localized nanotube deposition assisted 
by self-assembled monolayers (SAMs). 
The approach is based on the grafting of 
amine-terminated SAMs to modify the 
surface properties of certain regions of a 
SiO

2
 substrate. This affects the interac-

tions between the sidewalls of CNTs and 
the surface so that the CNTs in solution are 
preferentially captured on the pattern. This 
kind of study started with the pioneering 
works of Lui et al.,[29] Muster et al.[30] and 
Choi et al. in the laboratory.[5] The com-
bination of adapted organic solvent and 
well organized monolayers allowed us to 
control both the deposition density and se-

lectivity.[6–8] We efficiently used this tech-
nique to build field-effect transistors based 
on individual SWNTs[13,19] or network of 
CNTs[14] and electromechanical switches 
based on individual MWNTs.[18] 

A second deposition technique, which 
is of particular interest for carbon nano-
tubes, is dielectrophoresis (DEP).[31] It 
consists in depositing a droplet of a nano-
tube solution on pre-patterned electrodes 
and applying between these electrodes an 
AC electric field in the MHz range. The 
polarisability of carbon nanotubes induces 
an increase in nanotube concentration in 
the area of high electric field gradients and 
the favourable alignment of the nanotubes 
along the field lines. As shown in Fig. 3, 
the method works for both MWNTs and 
SWNTs, and for both individual and dense 
networks of nanotubes. Using dielectro-
phoresis, such individual MWNT can be 
incorporated in NEMS, while dense nano-
tube networks are important for the devel-
opment of high frequency devices. 

Because of its unique recognition 
properties, its size and the sub-nanometric 
resolution, DNA is of particular interest 
for positioning and organizing nanomate-
rials, and in particular SWNTs. Moreover, 
in DNA-directed nanoelectronics, DNA 
can be envisioned not only as a position-
ing scaffold, but also as a support for the 
conducting elements.[32,33] With the aim to 
fabricate carbon nanotube-based devices 
by combining DNA with SWNTs, we de-
veloped a non-covalent approach based on 
biotin-streptavidin molecular recognition 
properties[9–11] that preserves the structural 
quality of the CNTs (Fig. 4). Complex 
structures can be fabricated by DNA-strand 
engineering. For example, we incorporated 
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Fig. 2. Principle of the addition of phthalocyanine on SWNTs via ‘click chemistry‘ and schematic 
representation of the photoelectrochemical cell containing the SWNT-ZnPc conjugate. From ref. 
[66] after ref. [4].
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biotin at tagged locations along DNA mol-
ecules[10] or close to the intersection site 
of T-shape DNA structures.[11] Such syn-
thesis of three branch DNA scaffolds and 
the insertion of CNTs at their centre are 
the first steps toward the bio-directed self-
assembly of nanotube transistors with in-
dividual gates.

Once DNA-CNT hybrid objects have 
been prepared and deposited, the DNA 
scaffold can be transformed into an inter-
connected network by selective metalliza-
tion of the DNA strands.[32,33] To convert 
DNA into conducting leads, we developed 
a novel approach for DNA metallization.[34] 
The progressive growth of nanowires was 
achieved by the slow and selective pre-
cipitation of palladium oxide on DNA 
molecules previously deposited on a dry 
substrate. The second step consisted on 
the reduction of the palladium oxide into 

metallic palladium. We fabricated ho-
mogeneous, continuous and conductive 
DNA-based Pd nanowires with very thin 
diameter (20–25 nm). In addition, the pro-
posed method is very selective as almost 
no parasitic metallization of the surface is 
obtained.

4. Versatile Use of SWNT-based 
Field Effect Transistors for New 
Functions and New Architectures

Once carbon nanotubes have been pu-
rified, solubilized, possibly functionalized 
and finally deposited by one of the selec-
tive deposition or self-assembly methods, 
they can be connected in a device geom-
etry which allows the study and use of 
their electronic properties. A particularly 
interesting geometry is that of the field 

effect transistor, in which a semiconduct-
ing nanotube serves as the channel, the 
conductivity of which is controlled by a 
capacitively coupled gate electrode.[35,36] 
Due to the exceptional electronic proper-
ties of carbon nanotubes[37] (in particular, 
the very long carrier mean free path, the 
high carrier velocity and the high current 
density capability), aggressively scaled 
carbon nanotube field effect transistors 
(CNTFETs) are among the best perform-
ing nano-scale FETs.[38–41]

At the LEM, we developed various 
type of CNTFETs and studied in particular 
their chemical sensitivity to minute modi-
fications of their direct environment.[12,13] 

4.1 CNTFETs with a Molecular Gate 
Insulator

Most of the CNTFETs reported in the 
literature were fabricated using inorganic 
dielectrics (SiO

2
, Al

2
O

3
, HfO

2
...). Recently, 

several groups proposed the use of organic 
or molecular[42,43] dielectrics. It is an inter-
esting step toward fully organic nano-scale 
transistors that could be fabricated on any 
type of substrate. It has also an important 
impact on performance. Indeed, most CNT-
FETs suffer from very severe hysteresis in 
their transfer characteristics (I

D
-V

GS
), which 

principally originates from trap states in the 
inorganic dielectric layer and adsorbed mol-
ecules at their surface. Recently, we showed 
that a single molecular layer of alkanethiol 
molecules can be used as an ultra-thin or-
ganic dielectric for CNTFETs, as shown 
in the inset of Fig. 5. It consists of a single 
nanotube deposited on top of a thin gold 
electrode on which a self-assembled mono-
layer of octadecanethiol has been prepared. 
As shown in Fig. 5, no hysteresis is observed 
in the I

D
-V

GS
 characteristics due to the re-

duced density of trap states in such molecu-
lar layer and to its hydrophobic character. 
Moreover, the reduced dielectric thickness 
(~2.2 nm) allows an ideal sub-threshold 
slope of ~60 mV/dec to be achieved, prov-
ing the excellent gate coupling achieved in 
such configuration.[44]

4.2 High-frequency CNTFETs
Semiconducting SWNTs are one of 

the most promising materials for the de-
velopment of electronic devices working 
at very high frequencies. Several theoreti-
cal estimations predict cut-off frequencies 
in the THz range for short channel nano-
tube transistors in the ballistic regime.[45,46] 
More detailed models, in particular those 
developed at the IEF-Orsay in the group 
of P. Dollfus and S. Retailleau, include 
the impact of phonon scattering and have 
improved to a point where they become a 
valuable guide for the design of future high 
frequency devices.[47–49]

In close collaboration with the group 
of G. Dambrine at IEMN (CNRS, Lille), 

5 µm2 µm

(a) (b) (c)

Fig. 3. Scanning electron microscopy (SEM) images of: (a) An individual MWNT selectively 
deposited by DEP from solution on predefined electrodes (and then re-contacted). (b) A dense 
network of SWNTs deposited by DEP between macroscopic electrodes and over a two-finger Al/
AlOx back-gate electrode. This design is the one used (after source and drain contact fabrication) 
for the study of high frequency CNT transistors as described in the device section.[15] (c) Higher 
magnification image showing the high degree of alignment of SWNTs deposited by DEP. 

(a)

(b)

Fig. 4. (a) Principle 
of the non-covalent 
coupling of DNA 
to CNTs using the 
streptavidin-biotin 
recognition capabilities. 
(b) AFM images of 
CNT-DNA hybrids 
built by non-covalent 
coupling. After ref. [10].
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we developed high frequency carbon nano-
tube-based devices composed of multiple 
nanotubes in parallel, which allow a cor-
rect matching to 50 Ω and lower the im-
pact of parasitic capacitances.[14,15,50] Ben-
efiting from a collaboration with the group 
of M. Hersam at Northwestern University, 
that provides us with highly pure semi-
conducting nanotubes, we recently estab-
lished the highest measured f

T
 (80 GHz) 

for a nanotube-based device.[51] However, 
it is still well below the intrinsic poten-
tial of nanotubes. Several routes for the 
improvement of these performances have 
been identified and are presently under in-
vestigation. 

Interestingly, the methods of fabri-
cation and characterization we used are 
compatible with any type of substrate, in 
particular plastics. This opens new op-
portunities for the realization of high fre-
quency flexible electronic devices. Carbon 
nanotubes have been identified early as 
interesting candidates for the development 

of flexible electronic devices.[52–55] Indeed, 
they combine the required mechanical 
flexibility with very high carrier mobil-
ity (> 104 cm2/V.s). This later advantage 
is particularly important when compared 
with conventional organic electronic ma-
terials such as semiconducting polymers, 
in which the carrier mobility is usually in 
the 1–10–3 cm2/V.s range. Using the same 
strategy as for CNT devices on silicon, 
we recently demonstrated nanotube-based 
flexible transistors with as-measured f

T 
as 

high as 1 GHz[16] and constant transcon-
ductance up to 6 GHz, as shown in Fig. 6. 
We noticeably showed that the DC trans-
conductance of such devices fabricated 
on a polyethylenterephtalate substrate re-
mains constant down to radius of curvature 
of ~3.3 mm, a value already satisfactory 
for most envisioned flexible electronic ap-
plications. Thus, nanotubes prove by far 
more promising than conventional organic 
materials and already compete favourably 
with flexible semiconducting nanowires 

and ribbons.[56–58] In this context, better 
performance at strong bending angles are 
expected due to the superior elasticity of 
CNTs.

4.3 Optoelectronics Devices and 
New Architectures

Semiconducting carbon nanotubes have 
also interesting optical properties includ-
ing a direct band-gap, the energy of which 
depends on the nanotube diameter. From 
2002, individual nanotubes have been in-
corporated into several types of optoelec-
tronic devices,[59] in particular nano-scale 
light sources[60] and sensors.[61] Instead 
of relying on the optical properties of the 
nanotubes, which vary from one nanotube 
to the other, one can try to develop opto-
electronic devices which combine the ex-
ceptional electrical properties of nanotubes 
with additional optical properties brought 
in by organic molecules. These molecules 
can be simply deposited or, better, chemi-
cally grafted on the nanotube (see part 2 
and ref. [4]). Few examples of such strategy 
have been recently demonstrated.[19,62–65] 
One particularly interesting route for both 
its simplicity and the originality of the 
achieved functionality consists in coating 
a CNTFET with a thin film of a photo-
conducting polymer.[19,62,64] We fabricated 
CNTFETs using the chemical self-assem-
bly technique described above and func-
tionalized them with a thin film (~5 nm) of 
poly (3-octyl-thiophene), a semiconduct-
ing conjugated polymer (OGCNTFET). 
We showed that the photo-generation of 
charges in the polymer allows the modu-
lation of the nanotube conductivity over 
four orders of magnitude as presented in 
Fig. 7b.[19] In this configuration, the carbon 
nanotube acts as a local probe remarkably 
sensitive to the photo-generated charge 
distribution in the polymer film and at the 
polymer-dielectric interface and we pro-
posed to use this probe to study organic–
inorganic interfaces that are important in 
the framework of organic electronics and 
solar cells.[20]

Moreover, the OGCNTFET is a non-
volatile, programmable memory. We re-
cently showed that such optically-gated 
carbon nanotube transistors can be used 
as 2-terminal memory devices, i.e. pro-
grammable resistors, which have all the 
required characteristics to serve as build-
ing blocks for adaptive architectures. In 
particular, the nanotube channel resistivity 
can be precisely adjusted in a very large 
range spanning several orders of mag-
nitudes and then stored in a non-volatile 
way, using source–drain bias pulses for 
programming. We also established the 
capability to handle the programming of 
multiple devices and demonstrated how 
this approach addresses the crucial issue 
of variability among devices. Altogether, it 

Fig. 5. Transfer 
characteristic ID(VGS) 
of a carbon nanotube 
transistor using 
a self-assembled 
molecular mono-layer 
of octadecanethiol 
on gold as ultra-thin 
gate dielectric (VDS = 
−100 mV). The dotted 
line corresponds to 
the ideal 60 mV/dec 
subthreshold slope. 
Inset: AFM image 
illustrating the device 
geometry (adapted 
from ref. [44]).
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shows that such mixed nanotube-polymer 
devices have all the characteristics of arti-
ficial synapses that can provide an elegant 
solution to build neural network types of 
circuits (Fig. 7 and ref. [21]).

The presented devices could also play a 
role in other types of programmable archi-
tectures, such as FPGA (field-programma-
ble gate array) where efficient and versatile 
non-volatile memories are also required.

5. Conclusions

In this review of our recent results, we 
showed that carbon nanotubes handled 
in solution can lead to the development 
of innovative electronic devices with re-

Fig. 7. (a) Schematic representation of a nanotube network-based OG-CNTFET. (b) Typical 
transfer characteristic ID(VGS) of such OG-CNTFET (typical size 8 µm long, 5 stripes of 500 nm 
width) in the dark before (black) and after (blue) a light pulse (VDS= –400 mV). The arrows indicate 
the direction of the bias sweep. (c) Drain current as a function of time of an OG-CNTFET working 
as a 2-terminal device (at constant VGS = +2 V). Light pulses and electrical pulses (applied on the 
source electrode) are used to program the resistivity of the device. (d) ID-VDS curves acquired in 
the dark on the same OG-CNTFET at different programming stage (at constant VGS=+3.5 V). The 
programmed resistivity values are R = 5 MΩ, 2R, 4R, 8R, 16R, 32R and 64R. (e) AFM image of a 
4-inputs / 1-output circuit based on a stripes-structured network of SWNTs. The channel length is 
8 µm. Each of the 4 devices is composed of 5 stripes of 500 nm in width. (f) Generic diagram of a 
perceptron. The resistivity of each device in (e) codes for the synaptic weights (Wi). (from ref. [21])
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markable functionality and performances. 
These devices result from the combined 
use of chemical functionalization and self-
assembly techniques that are the basis of 
our approach. With the ever-improving 
quality of the available SWNTs sources 
and the development of new purification 
and sorting methods, SWNTs become 
serious candidates to target specific ap-
plications in particular in the field of large 
scale/flexible electronics. In addition, the 
better control of individual devices opens 
new routes for the development of circuit 
architectures that would be adapted to the 
efficient exploitation of nano-devices. This 
represents an important direction of our 
present nanotube activity.  	
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