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a b s t r a c t

Because of the one-dimensional (1D) nanostructural nature of single-walled carbon nanotubes (SWNTs)
and their advantages of chemical flexibility and sensitivity arising from the susceptibility of their active
surfaces to interacting species, great effort has been made to integrate carbon nanotube field-effect tran-
sistors (NTFETs) into functional optoelectronic devices capable of converting external stimuli to easily
eywords:
ingle-walled carbon nanotube
hemical functionalization
elf-assembly
icro/nanofabrication
ptoelectronic devices

detectable electrical signals. In this Review article, we aim to capture recent advances of rational design
and chemical functionalization of NTFETs for the purpose of switching or biosensing applications. To
provide a deeper understanding of the device responses to analytes, this review will also survey the
proposed sensing mechanisms. As demonstrated by these remarkable examples, the concept of com-
bining the proper selection of functional molecular materials and molecular self-assembly with device
micro/nanofabrication offers attractive new prospects for constructing NTFET-based molecular optoelec-

d fun
tronic devices with desire
. Introduction

The functionalization of nanoscale materials with functional
olecular materials with desired properties is an important tool

∗ Corresponding author. Tel.: +86 10 62757789; fax: +86 10 62757789.
E-mail address: guoxf@pku.edu.cn (X. Guo).

010-8545/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2009.11.007
ctionalities.
© 2009 Elsevier B.V. All rights reserved.

for mimicking functions of biological systems such as vision and
photosynthesis, ensuring the conversion of external inputs to use-
ful signals for information processing [1–11]. In particular, the

integration of 1D nanomaterials, such as nanowires and nan-
otubes, into functional electronic devices has received considerable
attention in the fields of microelectronics and nanoelectron-
ics due to their potential applications in switching, detecting
and sensing systems [6,11–21]. 1D nanomaterials are good can-

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:guoxf@pku.edu.cn
dx.doi.org/10.1016/j.ccr.2009.11.007
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idates for switching and sensing because of their reduced
ow-dimensionality. For example, shrinking the dimensions of
he materials down to the nanometer scale can strengthen the
mportant role of surface chemistry of the materials since they
re comparable in size to the analytes detected. On the other
and, the low-dimensionality also produces ultraminiaturized
tructures with exceptionally large surface-to-volume ratio. The
ynergistic effect of the two aspects resulting from the reduced
ize affords a unique class of materials that has the intrinsic
ltrasensitivity towards changes in their local chemical envi-
onment. In addition to that, shrinking the dimensions of the
evices down to the nanoscale also meets the ever-increasing
equirements of the scaling of conventional silicon-based com-
lementary metal-oxide semiconducting technology (CMOS) in

ndustry [5,22,23]. Therefore, it is of crucial importance to
evelop nanomaterials and paradigms for device architecture and
peration to install functionality into devices capable of con-
erting an external stimulus to an easily detectable electrical
ignal.

Since their discovery in 1991 by Ijima [24], carbon nanotubes
ave been regarded as one of the best nanostructural materials
erived from bottom-up chemical synthesis approaches. Carbon
anotubes have the simplest chemical composition and atomic
onding configuration but exhibit perhaps the most extreme
iversity and richness among nanomaterials in structures and
tructure–property relations [1,2]. The structure of single-walled
arbon nanotubes (SWNTs) can be appreciated by folding up a
raphene sheet into a cylinder along a certain lattice vector. This
ints at useful conduction via the �-bonding network. Each atom on
he surface of SWNTs is exposed to the environment and, thus, any
mall changes from their environment could cause drastic changes
n their electrical properties. Moreover, depending on the chiral-
ty and diameter, SWNTs can be either metallic or semiconducting.
his suggests different energy band alignment scenarios between
WNTs and interacting molecules. These can be expected to yield
useful variety of device properties. Another significant feature of
WNTs is that they are one-dimensional ballistically-conducting
anowires that are intrinsically the same size as the molecules.
hey are long enough and can be easily micro/nanofabricated on a
arge range of substrates. Ultimately, SWNTs are molecular chem-
cals entirely composed of carbon atoms, which provide a natural

atch to organic molecules, and also allow us, to an extent, to tai-
or their chemical reactivity. As a result of all of these features,
WNTs have great potential for switching and sensing applica-
ions.

The first nanotube field-effect transistors (NTFETs) were inde-
endently obtained in 1998 from both the Dekker group at Delft
niversity and the Avouris group at IBM [25,26]. These two reports

ed to a deluge of worldwide research interest in carbon nanotube
lectronics due to their potential in applications in areas as varied
s switching, sensing, molecular electronics, gas storage, field emis-
ion devices, drug discovery, catalyst supports, probes for scanning
robe microscopy, and components in high-performance compos-

tes. The main focus of this Review article is to summarize recent
rogresses in the design, fabrication, and electrical properties of
unctional molecular devices based on NTFETs for switching and
ensing applications in the past few years. The design principle
s the combination of the proper selection of molecular materials
nd molecular self-assembly with micro/nanofabrication to con-
truct functional optoelectronic devices. However, this research
eld is a diverse and rapidly growing one. Having limited space

nd references, we will only be able to cover some of the major
ontributions with the most general applicability and highlight
ome important aspects, which were neglected in most previous
eviews. Fortunately, there are a number of excellent previous
eview papers in the literature covering various aspects of car-
eviews 254 (2010) 1101–1116

bon nanotube electronics, which can amend these deficiencies
[1–3,5,11,17–19,27–35].

2. Functionalization strategies

Many applications based on SWNTs require chemical function-
alization of the carbon nanotubes to make them more amenable
to rational and predictable manipulation because the insolubility
of SWNTs in most organic solvents and the difficulties of dealing
with these highly intractable carbon nanostructures restrict real-
life applications of SWNTs to a considerable extent. To improve
the properties of SWNTs, two generalized approaches to achieve
the desired results involve covalent and non-covalent modifica-
tion of SWNT sidewalls. In terms of covalent modification, one
convenient approach is to oxidize the SWNT sidewalls to nanotube-
bound carboxylic acids [36–47]. SWNTs, after functionalization
with carboxylic acid groups, can undergo further modification
with a range of organic entities by means of amide/ester link-
ages or carboxylate-ammonium salt ionic interactions (Fig. 1A)
[36–45]. Another popular method for the covalent functionaliza-
tion of SWNTs is the fluorination of SWNTs because the SWNT
sidewalls are expected to be inert [46,47]. The fluorine atoms
in the fluorinated SWNTs can be substituted by alkyl groups
through treatment with carbon anions, such as alkyl lithium or
Grignard reagents (Fig. 1A). Although covalent modifications are
often effective at installing functionality, they result in a change
of carbon hybridization from sp2 to sp3, potentially leading to a
partial impairment of conjugation with consequences for mechan-
ical and/or electron-transport properties of SWNTs. Non-covalent
functionalization [11,18,19,48–51], on the other hand, not only
improves the solubility of SWNTs in solvents but also constitute
invasive processes, preserving the primary structures of SWNTs
along with their unique electronic and mechanical properties. It
is because of these reasons that non-covalent functionalization has
been extensively used to build functional optoelectronic devices.
In general, there are two main schemes to non-covalent function-
alization of SWNT sidewalls (Fig. 1B). The first approach employs
functional aromatic compounds that exhibit �–� stacking on the
sidewalls of SWNTs. For example, a pyrene headgroup [49–51],
commonly used for graphite functionalization, is typically utilized
as an anchor for non-covalent functionalization. The second type
of non-covalent functionalization is to use long alkyl chain, sur-
factants, biomacromolecules, and polymers through hydrophobic
interactions [18,19,48,52]. It is believed that in most cases the mode
of interaction between SWNTs and these components are heli-
cal wrapping or simple surface adsorption [53–66]. For example,
SWNTs can be made water-soluble by wrapping in amylase (linear
component of starch) [56]. After starch functionalization, NTFETs
were used to detect the catalytic activity of the enzyme, �-amylase,
which can break starch down into smaller carbohydrate fragments,
such as glucose [67].

3. Sensing mechanisms

Depending on the chirality and diameter, SWNTs can be either
metallic or semiconducting [68]. Semiconducting SWNTs can be
used to fabricate FET devices, which can operate at room tem-
perature and in ambient conditions [25,26]. In a standard NTFET,
a semiconducting SWNT is connected to metal source and drain
electrodes through which a current is injected and collected,

respectively (Fig. 2). The conductance of the devices between the
source and the drain is switched on and off by a third gate elec-
trode that is capacitively coupled through a thin dielectric layer.
In the case of a p-type SWNT, applying a positive gate voltage
depletes carriers and reduces the conductance, whereas applying
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Fig. 1. Schematic presentation of functionalization strategies of SWNT sidewalls: covalent functionalization (A) and non-covalent functionalization (B).
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ig. 2. (A) Schematic representation of a NTFET device. (B) A representative scanni
lectrodes on a silicon oxide surface.

negative gate voltage leads to an accumulation of carriers and
ncreases the conductance. The gate-dependence of the conduc-
ance of NTFETs makes them natural candidates for electrically
ased sensing because the electric field resulting from the changes

n the local environment to the gate dielectric is analogous to the
ffect of applying a voltage with a gate electrode. Since each atom
n the surface of SWNTs is exposed to the environment, any small
hanges from their environment could cause drastic changes to
heir electrical properties. After the interactions between analytes
nd SWNTs, charge transfer might occur from analyte molecules
o the carbon nanotubes, potentially leading to the shift of the
hreshold voltages to either more negative values (if the analytes
re electron-donating), or more positive values (if the analytes
re electron-withdrawing). On the other hand, the analytes could
lso generate a scattering potential across the carbon nanotubes.
n this case, the overall conductance of the devices will decrease
ecause of the scattering effect produced by the target analytes
dsorbed on the surface of SWNTs. In some cases, the devices
sed for chemical and biological sensing have carbon nanotubes
nd nanotube-metal contacts directly exposed to the environ-
ent. The changes in conductance of this type of devices could

e dominantly caused by the interplay between molecules and
etal contacts or contact interfaces. The adsorbed analytes could

hange the work function of the exposed portion of metal con-
acts and thus the Schottky barrier between nanotubes and metal
lectrodes [50,69–75]. Through this mechanism, NTFETs were used

o detect specific protein–protein interaction at 1 pM concentra-
ions by increasing the Schottky contact area [71]. However, the
xact sensing mechanism of NTFET-based sensors is still a topic
f debate. It is logically very difficult to separate the behavior of
he contacts or contact interfaces from the interactions between
ctron micrograph (SEM) of an individual straight SWNT spanning source and drain

nanotubes and analytes, since the operating devices must be a com-
bination of all of them [76,77]. More discussion can be found in
Section 6.

4. Organic materials-functionalized NTFET devices

Organic materials, such as long alkyl chain, pyrene, porphyrin,
polymer, and their derivatives, do interact with the sidewalls of
SWNTs by means of �–� stacking and hydrophobic interactions,
thus opening up the way for non-covalently functionalizing SWNTs.
Their attractive feature is that when tethered on the surfaces of
SWNTs, these organic materials, with the opportunities open to
their wide-ranging functionalities, such as electromechanical, pho-
tochromic, optical, molecular recognition, and magnetic behaviors,
might lead to novel devices that show interesting properties of
switching and sensing.

4.1. Catenane-functionalized switches

Catenanes are a family of mechanically-interlocked molecules
with one or more rings encircling a dumbbell-shaped compo-
nent (Fig. 3). As prime candidates for the construction of artificial
molecular machines, catenanes have become the subject of intense
investigation [78–83]. Among rotaxanes, [2]catenanes contain two
recognition sites and one cyclic moiety, which encircles either
of the two recognition sites (Fig. 3). One important feature of

[2]catenanes is that the cyclic moiety can be mechanically switched
between the two stations upon external stimuli, such as redox
reactions and light irradiation [84]. By employing this prop-
erty, the Stoddart group has demonstrated that, for particular
device configurations, these bistable molecules can be utilized as
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ig. 3. (A) A schematic representation of an SWNT—STJ device. (B) Device cycling
egenerate [2]catenane (red). These graphics are reproduced from ref. [87] with pe

olid-state voltage-addressable, nonvolatile switches that oper-
te reversibly under ambient conditions [84–86]. Another recent
nteresting result from the same group is the design and fabri-
ation of SWNT hybrid-based molecular switch tunnel junctions
MSTJs) [87]. In this report, they described two-terminal MSTJs
hat incorporate a semiconducting SWNT as the bottom electrode
Fig. 3). A high-quality Langmuir-Blodgett monolayer of bistable,
ondegenerate [2]catenane tetracations, self-organized by their
upporting amphiphilic dimyristoylphosphatidyl anions, which
hield the mechanically switchable tetracations from a 2 �m-wide
etallic top electrode, were non-covalently coated on the surface

f SWNTs. This passivation strategy proved to be efficient so as to
void electrical shorts between the top and bottom electrodes. The
esulting 0.002 �m2 area tunnel junction addresses a nanometer-
ide row of ca. 2000 molecules. Current–voltage measurements
emonstrated that these devices can be switched reconfigurably
nd cycled repeatedly between high- and low-current states under
mbient conditions (Fig. 3). Control experiments, using a closely
elated nondegenerate [2]catenane, yielded no similar signatures,
ither in the solution phase or in devices. These results have impli-
ations of the design of molecular electronic devices, such as the
recise choice of functional molecular materials and electrode
aterials.

.2. Photochromism-functionalized switches

Photochromic molecules, such as spiropyrans, diazobenzenes,
nd their derivatives [88,89], can undergo reversible structural
nterconversions and modulation of photophysical properties upon
xposure to external optical, chemical, or thermal stimulations,
hus constituting a family of promising nanobuilding blocks of great
mportance for designing and constructing functional molecular
evices. Among them, particular attention is paid to photochromic
piropyrans because they can toggle back-and-forth between a
eutral, colorless form and a zwitterionic, colored form. The charge-
eparated ring-opened form is generated by illumination with UV
ight, whereas the reversing ring closure is effected with visible
ight to form the neutral state. The reversible photoisomeriza-
ion causes a significant change in the electric dipole moment
f the molecule. Such a change in dipole moment could initi-
te a significant change in the electrostatic environment. This
hotoinduced electrostatic environment can function as a local
egative gate voltage, thus modulating the electrical conductivity

n devices. Based on this hypothesis [90–93], we have demonstrated
he reversible photomodulation of the electrical conductivity of
piropyran-functionalized pentacene thin films through rubber

tamping. Another promising application of spiropyrans is the
unctionalization of the surfaces of SWNTs through molecular self-
ssembly to give photosensitive devices [94]. In this study, we
ynthesized versions of the spiropyrans that were derivatized with
ither alkane or pyrene groups because these moieties have been
he nondegenerate [2]catenane (green) contrasted with the lack of cycling for the
on from the copyright holder.

shown by Dai and co-workers to non-covalently associate with the
surface of carbon nanotubes [49,51]. These functional headgroups
acted as anchors to hold the photoswitchable spiropyrans in prox-
imity to the tube surface (Fig. 4). Once the photochromic molecules
are tethered to the surfaces of the SWNTs, the device characteristics
become very sensitive to light. We found large changes in Ron occur
in the photochromic NTFET devices when the spiropyrans are pho-
toswitched to their charge-separated merocyanine form (Fig. 4).
The reverse process in spiropyrans (i.e., from the charge-separated
merocyanine form to the closed spiropyran form) is initiated with
visible light. After further exposure to visible light, the device char-
acteristics are essentially restored to the original values before UV
irradiation. A Schottky barrier is known to form at these junctions
and could, in principle, complicate the analysis [50,69–75]. To elim-
inate this possibility, we covered the junctions with an insulating
layer using hydrogensilsesquioxane resin (HSQ) that was patterned
using electron beam lithography. These junction-protected devices
were then immersed in solutions of spiropyrans. The electrical
properties are essentially the same as that shown in Fig. 4, indi-
cating that the observed photoswitching effect of the molecules
tethered on the SWNT is responsible for the change in device char-
acteristics.

To gather kinetic data on this process of devices, we followed the
drain current as a function of time while the device is held at 50 mV
source-drain bias and −9 V gate bias as the light is toggled between
UV and visible wavelengths. From the data in Fig. 5, the forward
and reverse rate constants, k (UV) = 1.9 ± 0.2 × 10−3 s−1 and k (vis-
ible) = 1.5 ± 0.1 × 10−3 s−1, were obtained. The time scale for this
process is similar to that measured by Haddon and co-workers [95],
but much faster than the rates of switching spiropyrans in the crys-
talline state [96]. This implies that the spiropyrans are not tightly
packed on the tube surface. After the third switching cycle shown
in Fig. 5, the device was left in the dark. To revert fully back to the
high conductance state takes more than 6 h. This study provides a
clear example of how to combine microfabrication with molecular
self-assembly to produce field-effect devices that detect the photo-
switching events of around 104 molecules. At a rudimentary level,
these devices accomplish a task similar to biological processes, such
as vision and photosynthesis, where light is sensed and converted
into a signal.

Following the initial work, Simmons and Zhou et al. used the
similar methods to functionalize SWNTs with azobenzene-based
chromophores [97,98]. In the Simmons’ case [97], an azo-based
chromophore with an anthracene tether was utilized to non-
covalently functionalize SWNTs for forming an optically active
nanotube-hybrid material (Fig. 6A). Upon UV illumination, the con-

jugated chromophore underwent a cis-trans isomerization leading
to a charge redistribution near the nanotube. This charge redis-
tribution changes the local electrostatic environment, shifting the
threshold voltage and increasing the conductivity of the nanotube
transistor. For a 1–2% coverage, they observed a shift in the thresh-
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Fig. 4. (A) A one-dimensional semiconductor that has molecules assembled on its surface. Light is used to toggle the molecules between a cyclized (left) and charge-separated
(right) state. These molecules contain a SWNT recognition domain and a photoswitchable headgroup (alkyl chain or pyrene). (B) Change in drain current of an individual
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WNT device as a function of Vg. The source drain bias voltage is held at 50 mV. B
reen curve after irradiation with UV light for ∼10 min; blue curve after irradiation
opyright holder.

ld voltage of up to 1.2 V. The remarkable result they found is that
he conductance change was reversible and repeatable over long
eriods of time, indicating that the chromophore-functionalized
anotubes are useful for integrated nanophotodetectors. In the
hou’s case [98], they reported a nanoscale color detector based
n a SWNT functionalized with azobenzene chromophores, where
he chromophores serve as photoabsorbers and the nanotube as the
lectronic read-out (Fig. 6B). By synthesizing chromophores with
pecific absorption windows in the visible spectrum and anchoring
hem to the nanotube surface, they demonstrated the controlled
etection of visible light of low intensity in narrow ranges of wave-

engths. The measurements suggest that upon photoabsorption, the
hromophores isomerized from the ground state trans configura-
ion to the excited state cis configuration, accompanied by a large
hange in dipole moment, changing the electrostatic environment
f the nanotube. In addition, they performed all-electron ab initio
alculations to study the chromophore-nanotube hybrids, which
howed that the chromophores bind strongly to the nanotubes
ithout disturbing the electronic structure of either species. Cal-

ulated values of the dipole moments support the notion of dipole
hanges as the optical detection mechanism. This system can be
sed to study fundamental properties of chromophore-nanotube
ybrids and to probe molecular transitions.
.3. Chromophore-functionalized switches

The photophysical properties of photosensitive molecules or
olymers make them strong candidates for various demanding

ig. 5. Time course of the drain current for a SWNT transistor with spiropyrans
ssembled on its surface. The bias between the source and drain electrodes is 50 mV,
nd the gate bias is −9 V. Alternating irradiation with UV (365 nm) and visible light
633 nm). After ∼2000 s, the device was measured in the dark and found to slowly
evert back to the closed form of the spiropyran. This graphic is reproduced from
ef. [94] with permission from the copyright holder.
curve is device before assembly; red curve is device after assembly of molecules;
isible light. These graphics are reproduced from ref. [94] with permission from the

applications [99–102], such as telecommunication, thermal imag-
ing, remote sensing, thermal photovoltaics, light-emitting diode,
and solar cells. These materials, when combined with NTFETs,
might afford new types of functional optoelectronic devices. For
example, prototypes of optoelectronic memory devices based on
NTFETs have been reported recently [103–106].

Porphyrin, the light-absorbing chromophore in chlorophyll,
plays a central role in photosynthesis because of their long-lived
intermediate electronic state under visible light irradiation. The
uniqueness of charge-separated states of porphyrin can be used
to functionalize NTFETs for mimicking the electron transfer pro-
cess in nature. By employing a zinc porphyrin derivative [107,108],
Hecht et al. fabricated visible light sensitive NTFET switches that
directly detected a photoinduced electron transfer (PET) within a
donor/acceptor (D/A) system (Fig. 7A). They found that the SWNTs
act as the electron donor and the porphyrin molecules as the elec-
tron acceptor. The magnitude of the PET was measured to be a
function of both the wavelength and intensity of applied light,
with a maximum value of 0.37 electrons per porphyrin for light at
420 nm and 100 W/m2 (Fig. 7B). These results are helpful for under-
standing the photophysics of this D/A system, which may form the
basis for applications in artificial photosynthesis and alternative
energy sources such as solar cells.

In another interesting report, Pradhan et al. [109] discovered
that rigid, conjugated macromolecules, poly(p-phenylene ethyny-
lene)s (PPEs), can be used to non-covalently functionalize SWNTs.
After functionalization, the resulting SWNTs were mixed with poly-
carbonate solution to form a homogeneous SWNT-polycarbonate
composite solution, which can be cast on the glass substrate ulti-
mately to form free-standing films. Electrical contacts to the films
were made with silver paste. Electrical conductivity measurements
indicated that these two-terminal devices were very sensitive to
infrared light (Fig. 8A). The conductivity change in a 5 wt% SWNT-
polycarbonate nanocomposite is significant (4.26%) and sharp upon
infrared illumination in the air at room temperature [110,111]. By
comparing with the results in the infrared photoresponse of a pure
SWNT film, they concluded that the photoeffect predominated in
the infrared photoresponse of SWNT-polycarbonate nanocompos-
ites.

In the similar way, Borghetti et al. [112] used a photoconduct-
ing polymer, poly(3-octylthiophene-2,5-diyl) (P3OT) to achieve
polymer-functionalized NTFETs (Fig. 8B). The process impacts both

the ON- and the OFF-states of the transistor with the change in
conductance reaching four orders of magnitude upon illumina-
tion. Remarkably they found that depending on the applied gate
bias, the device can be optimized as a memory element or as
an optical switch (optically driven current modulator). On the
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Fig. 6. (A) Under UV light, the azo-based chromophore isomerizes from the equilibrium trans conformation to the metastable cis conformation. In doing so, the molecular
dipole moment changes from 9 to 6 D. (B) Optimized geometries, dipole moments, and binding energies for a pyrene-derivatized nitroazobenzene non-covalently attached to
a (10,0) nanotube. The pyrene unit is in contact with the nanotube surface at a distance of about 2.8 Å. These graphics are reproduced from ref. [97] and [98] with permission
from the copyright holder.
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ig. 7. (A) Schematic of the porphyrin-functionalized device used for transistor me
f varying wavelengths but constant intensity. The time dependence of the resistan
he larger graph shows the change in resistance of the device at each wavelength
orphyrin molecule. The plot shows a correlation between the porphyrin absorptio
107] with permission from the copyright holder.

asis of a set of experiments performed with either NTFETs or
olymer thin-film transistors (TFTs), they proposed a mechanism
ased on the trapping of photogenerated electrons at the nan-
tube/gate dielectric interface. These trapped electrons act as an

ffective “optical gate” for the nanotube transistor. These results
emonstrated that the polymer-functionalized NTFETs, as a very
ensitive charge sensor, proved to be a good tool to study the
harge distribution and dynamics in polymer thin-film transistors
112,113].

ig. 8. (A) Schematic experimental setup for detecting infrared light. Inset: SEM image of
icroscope image of the sample showing a series of self-assembled NTFETs and the blue l

f the NTFET showing a single nanotube connected by Pd electrodes separated by ca. 100
nd [112] with permission from the copyright holder.
ents. (B) Change in resistance of device coated with porphyrin in response to light
hown in the inset for three different wavelengths as the light was cycled on and off.
ponse to the light being on for 5 s. Also included is the absorption spectrum of the
trum and the change in device resistance. These graphics are reproduced from ref.

4.4. Molecular recognition-based sensors

Increasing the selectivity, response speed, and sensing ability
of devices is one of the key requirements for practical applica-

tions in switching, detecting, and sensing systems. To achieve
this goal, host–guest chemistry is a powerful strategy of great
importance to impart the necessary selectivity for distinguishing
the structural isomers and stereoisomers. Based on the con-
cept of molecular recognition, Zhao et al. [114] have fabricated

the 5 wt% SWNT-polycarbonate nanocomposite film (scale bar: 1.0 �m). (B) Optical
aser spot focused on an individual transistor. The magnification shows a schematic
nm and coated with the P3OT film. These graphics are reproduced from ref. [109]
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son and co-workers [121,122] took a unique approach to chemical
vapor sensing in that they used DNA-functionalized SWNTs as
the sensing element and conduction channel in NTFET devices.
To further improve the sensitivity and detection limit, the inte-
ig. 9. Schematic representation of the pyrenecyclodextrin-decorated SWNT hybri
-Adamantanol, 1-Adamantanecarboxylic Acid, Sodium Deoxycholate, and Sodium
older.

yrenecyclodextrin-decorated NTFET devices to sense particular
rganic molecules (Fig. 9). Interestingly, the transistor characteris-
ics of the pyrenecyclodextrin-decorated SWNT/FET device shifted
owards negative gate voltage in the presence of certain molecules,
ome of which are included inside the cavities of cyclodextrins
ith moderate binding constants, and do not have appreciable

nteractions with the SWNTs. The magnitudes of the shifts for
hese organic molecules depend highly on their complex forma-
ion constants (KS) with the pyrenecyclodextrin and follow a linear
elationship. The mechanism is postulated to involve either the
hange of the carrier concentration as a result of the change in
he charge transfer from the pyrenecyclodextrins to the SWNTs
n the pyrenecyclodextrin-decorated SWNT/FET, or because of
he change in the carrier mobility resulting from differences in
he scattering potential as a consequence of deformation of the
WNTs. These experimental results indicate that the electrical con-
uctance of the pyrenecyclodextrin-decorated SWNTs is highly
ensitive to certain organic molecules and varies significantly with
hanges in the surface adsorption of these molecules. Thus, the
yrenecyclodextrin-SWNT/FET device can serve as a chemical sen-
or to detect organic molecules, not only selectively, but also
uantitatively, an outcome which augurs well for real-life appli-
ations.

Following this initial work, the same group used the
ame approach to fabricate a tunable photosensor based on
yrenecyclodextrin-decorated NTFET devices to sense a fluores-
ent adamantyl-modified Ru complex (ADA-Ru) (Fig. 10) [115].

hen the light is on (I = 40 W m−2 and � = 280 nm), the transfer
urve of the pyrenecyclodextrin-NTFET device shifts toward a neg-
tive gate voltage by about 1.6 V and its sheet resistance increases
uickly, indicating a charge-transfer process from the pyrenecy-
lodextrins to the SWNTs. On the contrary, the transfer curve of
he pyrenecyclodextrin-SWNT/FET device in the presence of the
DA-Ru complex shifts toward a positive gate voltage by about
.9 V and its sheet resistance decreases slowly when the light is
n (I = 40 W m−2 and � = 490 nm), showing a charge-transfer pro-
ess from the pyrenecyclodextrin-SWNT hybrids to the ADA-Ru
omplex. Because these photoresponse processes are recoverable
ollowing the removal of the light, the present photosensor exhibits

promising application in the area of tunable light detection.

Another remarkable example of this approach was reported
y the Swager group [116]. In this work, they developed an
WNT/calixarene substituted polythiophene-based resistance sen-
or (Fig. 11). The key point they used is that calix [4]arenes are
e following sequence of sensing abilities for the guest molecules: 1-Adamantanol,
te. The graphic is reproduced from ref. [114] with permission from the copyright

promising receptors to differentiate the isomers of xylene because
of the shape-persistent hydrophobic binding pockets of these mate-
rials in their cone conformation. Importantly, this sensor does show
high sensitivity to minor structural differences in the analytes
and a fast response rate. The effectiveness of this approach sug-
gests that SWNTs dispersed in receptor-functionalized polymers
are promising candidates for low-cost, real-time, and selective
chemical monitoring based on host–guest chemistry.

With the increased threat of terrorist activity, there is a press-
ing need to develop new generations of low power, low cost,
and portable sensing devices for the detection of chemical vapors
indicative of malicious intent. Several groups have made great
efforts towards developing SWNT-based sensing devices for detect-
ing explosives and nerve agents [117–125]. For example, Strano and
co-workers [124] employed devices composed of mostly metal-
lic SWNTs ordered with alternating-current dielectrophoresis as
chemical sensors for the detection of DMMP and SOCl2. Cattanach
et al. [123] reported the design of a flexible sensor, composed
of SWNT bundles deposited onto a polyethylene terephthalate
(PET) polymer film, for the detection of DMMP and DIMP. John-
Fig. 10. A model of the pyrenecyclodextrin-decorated NTFET device showing how
the pyrenecyclodextrin molecules interact with the SWNT and, at the same time,
bind with guest molecules. The graphic is reproduced from ref. [115] with permis-
sion from the copyright holder.
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ig. 11. (A) Schematic view of the SWNT/calixarene substituted polythiophene sen
ylene isomers (400 ppm). Black: p-xylene, green: o-xylene, red: m-xylene for all p
older.

ration of molecular recognition into their structures is attractive.
ost recently, the Swager group developed a high-performance

olymer/SWNT chemical sensor using a very simple spin-casting
echnique (Fig. 12) [125]. They used hexafluoroisopropanol-
ubstituted polythiophene (HFIP-PT) or poly(3-hexylthiophene)
P3HT) to non-covalently functionalize SWNTs because of its H-
inding with phosphate esters that are common to a number of
hemical warfare agents. As shown in Fig. 12, the sensor response
s fast and reproducible even at low analyte concentrations. The
ispersing polymer provides increased sensitivity due to strong
-bonding interactions with the analyte. The effectiveness of this
pproach suggests that carbon nanotubes dispersed with receptor
ontaining polymers are a promising approach for the production
f low cost chemoresistive sensors [126,127].

.5. Other functional sensors

The detection of vapor or gas species in atmosphere or process
ases, using miniature and portable gas sensors that are able to
etect the analytes in real time with good sensing performance, is
f great importance in relation to environmental pollution, indus-

rial emission monitoring and process control, medical diagnosis,
ublic security, agriculture and a variety of industries. As discussed
bove, SWNTs are composed entirely of surface atoms, which is
deal for the direct electrical detection of trace chemical vapors

here SWNTs act as both sensing materials and transducer. The

ig. 12. (A) Schematic view of the device consisting of a percolative network of
arbon nanotubes between two gold electrodes deposited by casting a HFIP-PT sta-
ilized dispersion. (B) Conductance change (−�G/G0) of the sensor upon exposure
o varying concentrations of DMMP. The bias voltage is fixed at 0.1 V, and the tem-
erature is 70 ◦C. These graphics are reproduced from ref. [125] with permission
rom the copyright holder.
at selectively adsorbs p-xylene. (B) Conductance change of the sensors exposed to
hese graphics are reproduced from ref. [116] with permission from the copyright

first paper showing the great potential of NTFETs for gas sensing
applications was published in 2000. In this paper, Kong et al. [128]
at Stanford University observed that a single SWNT used as a tran-
sistor channel between two gold electrodes, fabricated on a SiO2/Si
substrate acting as a bottom gate, interacted with gas molecules,
changing the NTFET transfer characteristics. This work led to an
explosion of both experimental and theoretical work. To date, great
efforts have been made for fabricating NTFETs that show the sen-
sitivity towards such gases as NH3, NO2, H2, CH4, CO, SO2, H2S,
alcohols, and O2. However, using pristine CNTs as sensing elements
generally lacks specificity to different gaseous analytes and the
high sensitivity towards analytes that have no affinity to SWNTs.
These shortcomings can be in part circumvented by functionalizing
the SWNTs with analyte-specific entities. Considering the limit of
space and references, we will highlight several recent progresses for
demonstrating the concept of the design, fabrication, and electri-
cal properties of NTFET-based gas sensors. There are several good
previous review papers in the literature including the reports by
Kauffman, Zhang, and Bondavalli [11,129,130].

For example, Qi et al. [131] showed non-covalent functionaliza-
tion of NTFETs by drop-coating polyethyleneimine (PEI) and Nafion
(a polymeric perfluorinated sulfonic acid ionomer) onto devices,
producing gas sensors with improved sensitivity and selectivity
for NO2 and NH3 [132–134]. Star et al. [135] also fabricated non-
covalently functionalized NTFETs by simply submerging nanotube
network FETs in an aqueous solution of PEI and starch. PEI–starch
polymer-coated NTFETs had n-type characteristics and were used
as CO2 gas sensors because the amine groups of polymer PEI can
react with dissolved CO2 to form carbamates with the aid of starch,
which introduce scattering centers that decrease the electrical
resistance in the SWNTs [136]. To detect NO in exhaled breath,
Kuzmych et al. [137] developed NTFET-based sensors similarly
based on PEI non-covalently functionalized SWNT networks. The
detection mechanism was based on the combination of an Ascarite
scrubber (to remove the interference from CO2), a CrO3 converter
(to oxidize NO to NO2) and conductivity measurements [138].

Another set of good examples with the best sensitivity to NO2
and NH3 have been reported by the Haddon group and others
[139–145]. In the initial work, the Haddon group covalently func-
tionalized NTFET devices with the polymer poly(m-aminobenzene
sulfonic acid) (PABS) [139,140]. Such materials offer great promise
as sensors because the attached functionality may be tailored
for specific analytes while the influence of the chemistry on the
oligomer side-chain is detected via a change in the electronic con-
ductivity due to a modulation of the joint density of states of the

SWNT graft-copolymer. The SWNT–PABS devices showed n-type
behavior and significant sensitivity to 5 ppm NH3. In addition to
that, they also demonstrated that this was the first functional-
ized SWNT material with a hybrid electronic structure which is
not a simple sum of the individual components [141]. Further



S. Liu et al. / Coordination Chemistry Reviews 254 (2010) 1101–1116 1109

F ction w
a ay in
w

w
t
i
t
S
s
c
a
I
t
h
a
i
a
N
w
d
a
l
h

5

i
c
i
t
f
o
o
a
o
f
t
S
s
S
w
d
s
a
m
[
[

nanoparticle.
To mimick functions of the biological systems such as photo-

synthesis and vision, we employed photoactive highly crystalline,
monodisperse anatase TiO2 quantum dots to produce functional
ig. 13. (A) Schematic of the protonation/deprotonation of SWNT-PABS upon intera
mmonia at 20 ◦C (black curves) and −20 ◦C (blue curves). The inset shows the del
ith permission from the copyright holder.

ork from the same group then provided definitive evidence for
he mechanism of electronic detection of ammonia by monitoring
n situ changes in the electrical resistance and optical spec-
ra of films of poly(m-aminobenzenesulfonic acid)-functionalized
WNTs (SWNT-PABS) [142]. The increase of resistance during expo-
ure to ammonia is associated with deprotonation of the PABS side
hain that in turn induces electron transfer between the oligomer
nd the valence band of the semiconducting SWNTs (Fig. 13). Near
R spectroscopy was also used to demonstrate that the charge
ransfer is a weakly driven process, and this accounts for the
igh reversibility of the sensor. Following this work, Zhang et
l. [143,144] used SWNT–PABS devices to achieve detection lim-
ts of 100 ppb NH3 and 20 ppb NO2 with short response time
nd total recovery. The response of the SWNT–PABS sensor to
O2 was explained through protonation of the PABS polymer,
hich is logically opposite to the mechanism described for NH3
etection. Furthermore, Li et al. [145] reported the fabrication of
nother SWNT sensor functionalized by poly(methyl methacry-
ate) (PMMA) for NH3 detection that excluded the effects of relative
umidity.

. Inorganic materials-functionalized NTFET devices

Inorganic materials exhibit a broad range of electronic, chem-
cal and physical properties that are often highly sensitive to
hanges in their chemical environment. They can be mechan-
cally and chemically robust and stable, and hence, compared
o organic materials-functionalized sensors, inorganic materials-
unctionalized sensors can work under harsher conditions. On the
ther hand, the high surface area of SWNTs and the fact that all
f the carbon atoms in the SWNTs are surface atoms makes them
n ideal candidate as supports for inorganic materials, in spite
f the low reactivity of sp2 hybridized C atoms. The substrates
or supporting these materials have a considerable influence on
heir morphology and properties. Consequently, the combination of
WNTs with inorganic materials could afford functionalized NTFET
ensors with the improved sensitivity and selectivity [11,29,129].
everal research groups have explored the decoration of NTFETs
ith different catalytic metal nanoparticles (Pd, Pt, Au, Rh, etc.) to
evelop specific sensors for detecting the trace chemical vapors,

uch as H2, CH4, NO2, NH3, CO, HCN, HCl, Cl2, acetone, benzene,
nd H2S, by means of electron-beam lithography [146,147], ther-
al evaporation [148], sputter-coating [148–151], drop-coating

152], chemical functionalization [150,153], and electrodeposition
147,154–156].
ith HCl and NH3, respectively. (B) Response curves of a SWNT-PABS film to 20 ppm
the response at lower temperature. These graphics are reproduced from ref. [142]

Among inorganic materials, semiconductor nanoparticle-SWNT
hybrids have been the subject of recent interest because such
hybrids are well suited for use in optoelectronic devices, given the
tunable bandgap of nanoparticles and the ease of chemical fabri-
cation [11,29,129,157–159]. Based on this concept, NTFET devices
have been widely used to build functional optoelectronic devices.
For example, the Stoddart group [160] used network transistors
to study the charge transfer (CT) from self-assembled pyrene-
functionalized CdSe (pyrene/CdSe) nanoparticles on CVD-grown
SWNTs (Fig. 14). The surfaces of CdSe nanoparticles were function-
alized with a pyrene derivative. The pyrene units attached to the
surface of the CdSe nanoparticles associated with the surfaces of
SWNTs by means of �–� interactions to facilitate the formation of
the pyrene/CdSe-SWNT hybrids. The experimental results demon-
strated effective CT from pyrene/CdSe nanoparticles to SWNTs
by using both fluorescence quenching experiments and transis-
tor measurements. The SWNTs act as electron acceptors and the
pyrene/CdSe nanoparticles act as electron donors. The magnitude of
the CT shows a strong dependency on the light intensity and wave-
length and reaches a maximum of 2.2 electrons per pyrene/CdSe
Fig. 14. Schematic drawing of the non-covalent bonding between surface-
functionalized CdSe nanoparticles and a SWNT. The graphic is reproduced from ref.
[160] with permission from the copyright holder.
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turized gas sensor using hybrid nanostructures consisting of
discrete SnO2 nanocrystals supported on multi-walled carbon nan-
otubes (MWNTs). In contrast to the high-temperature operation
required for SnO2 nanocrystals alone and to the insensitivity to
ig. 15. (A) A schematic of SWNTs coated by TiO2 nanoparticles and an AFM image
ube is ∼2.5 nm in diameter. The average diameter of TiO2 nanoparticles is ∼ 3.6 n
rradiation and in the dark. These graphics are reproduced from ref. [161] with perm

evices formed from individual NTFETs (Fig. 15A) [161]. The unique
eature of TiO2 nanoparticles used in this study is that UV irra-
iation generates free electrons (e−) and holes (h+) as the active
enters on the nanocrystal surface (Fig. 15B). TiO2 nanoparti-
les with 3–5 nm in diameter were derivatized with oleic acid
ecause the long alkane chain of oleic acids can non-covalently
ssociate with the surface of carbon nanotubes and therefore act
s anchors to hold the photoactive TiO2 nanoparticles close to the
ube surface [49,51,94]. High-resolution atomic force micrograph
AFM) as well as Raman spectroscopic studies, thermogravimet-
ic analysis, and high-resolution transmission electron microscope
xperiments proves the successful assembly of TiO2 nanoparticles
n the tube surface (Fig. 15A).

Importantly, once TiO2 nanoparticles are tethered to the surface
f the tubes, we observed reversible, fast, and significant changes
n Ron when the devices were under UV irradiation versus in the
ark. To rule out the possibility of Schottky barrier modification at
he junctions between the metal electrodes and the carbon nan-
tube, we fabricated NTFETs with these junctions covered by an
nsulating layer (polymethylmethacrylate, PMMA), which was pat-
erned using electron beam lithography. We observed essentially
he same photoswitching effect after treatment of TiO2 nanoparti-
les. We proposed that during UV illumination, the free electrons
enerated by photoinduced charge separation migrate to the sur-
ace of quantum dots, producing scattering sites for the hole carriers
owing through the tubes. These active sites can scatter the hole
arriers and therefore lower the mobility in the p-type semicon-
ucting devices. Based on this hypothesis, it can be inferred that
ne should observe both the hole current decrease and the elec-
ron current increase in a same device when an ambipolar material
s used. As shown in Fig. 16, we observed a fast, significant cur-
ent decrease when the negative gate bias was held and on the
ontrary, a fast large current increase under UV irradiation in the
ame device when the positive gate bias was applied. It is remark-
ble that the photoactivity of TiO2 realizes a symmetric, opposite,
mirror image” photoswitching effect in the same device (Fig. 16).

For practical applications, increasing the photosensitivity,
esponse speed, and selectivity of UV photodetectors is a pre-
equisite. To this end, we recently developed a method for
abricating tunable hybrid photodetectors (whose responsivity is
s high as five orders of magnitude) by surface-functionalization
f SWNTs as test-beds with high-crystal-quality zinc oxide (ZnO)
anoparticles as antennas for UV detection [162]. The special
roperties of ZnO nanoparticles used in this work are the large

urface-to-volume ratio for the purpose of increasing the num-
er of the surface trap states and the reduced low-dimensionality
or the purpose of confining the active area of charge car-
ier. Due to the photoinduced adsorption and desorption of
xygen from the nanoparticle surface, the devices show the
epresentative single tube on a silicon wafer assembled by TiO2 nanoparticles. The
) Illustration of how TiO2 nanoparticles effect the device characteristics under UV
n from the copyright holder.

significant photoswitching effects with good reversibility and
reproducibility (Fig. 17). Because ZnO nanoparticles show the
wavelength-dependent photosensitivity, the devices exhibit the
wavelength-dependent conductance. These exciting findings could
greatly speed the application of ZnO nanomaterials for UV detection
[163–167].

Rutile-structured tin oxide (SnO2) is an n-type semiconducting
material widely used in gas-sensing applications. The combina-
tion of SWNTs with continuous SnO2 films have realized the
room-temperature gas sensors for detecting NO2, NH3, H2, or
CO [157,158,168–170], but the fully encapsulated SWNT can-
not directly participate in gas sensing, and thus, the sensitivity
of the sensor is not maximized. To improve the sensitivity,
most recently, Lu and Ocola [171] have demonstrated a minia-
Fig. 16. Time courses of the drain current of an ambipolar device after assembly
while UV light is toggled on and off. (A) The source-drain bias is −5 mV. The gate
bias is −9 V. (B) The source-drain bias is 5 mV. The gate bias is 2 V. The graphic is
reproduced from ref. [161] with permission from the copyright holder.
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ig. 17. Illustration of how ZnO nanoparticles affect the device characteristics un
odecanoic acids at the surface of ZnO nanoparticles, which are used to hold ZnO
ermission from the copyright holder.

2 and CO for SWNTs alone, the hybrid SnO2–MWNT sensor
xhibited room-temperature sensing capability when exposed to
ow-concentration gases (NO2, H2, and CO). The sensing perfor-

ance of the hybrid nanostructure sensor could be attributed to the
ffective electron transfer between SnO2 nanocrystals and MWNTs
nd to the increase in the specific surface area of hybrid nanostruc-
ures (Fig. 18). This new sensing scheme will be instrumental for
he development of new sensors based on hybrid nanostructures
or a wide range of innovative applications.

Another interesting application of NTFETs is magnetic detect-
ng with single-molecule sensitivity, which can offer a viable
ong-sought readout of magnetic information stored in indi-
idual single-molecule magnets (SMMs). To date, however, the
hemistry needed to bridge the domains of carbon nanotubes
nd SMMs has remains unexplored. To achieve single-molecule-
agnet carbon nanotube hybrids, Bogani et al. [172] fabricated the

rst SWNT–SMMs hybrids containing intact pyrene-functionalized
MMs in conditions compatible to the creation of electronic
evices. By controlling the grafting of SMMs down to a single
olecule level, they demonstrated the single-SMM sensitivity of
TFETs. These results pave the way to the construction of “double-
ot” molecular spintronic devices, where a controlled number

f nanomagnets are coupled to an electronic nanodevice, and to
he observation of the magneto-Coulomb effect. In addition, the
pproach may be extended to produce different functional hybrids
ncorporating charge-transfer complexes, valence tautomers, or
hotomagnetic materials.

ig. 18. (A) Discrete SnO2 nanocrystals supported on an individual MWNT used as a new g
f target gas molecules (e.g., NO2) onto the SnO2–CNT surface inducing electron transfer
olecules (e.g., H2 and CO) and oxygen adsorbates releasing electrons back into the SnO

rom ref. [171] with permission from the copyright holder.
irradiation and in the dark. To clearly demonstrate the mechanism, we remove
articles close to the tube surface. The graphic is reproduced from ref. [162] with

6. Biological materials-functionalized NTFET devices

Current techniques for biosensing typically rely on optical spec-
troscopy, mass spectroscopy, and gel electrophoresis that are
inherently complex, low-throughput, and expensive. Although the
techniques are highly sensitive and specific, it is more difficult to
miniaturize. Consequently, ideally one would want a promising
analytical platform which is simple, cost-effective, and requires
no external modification on the biomolecules. Electronic detection
techniques may offer an alternative, but their potential has not yet
been explored fully. In particular, NTFETs fabricated using semi-
conducting SWNTs are good candidates for biosensing because of
the biocompatibility and size compatibility of carbon nanotubes
[17–19,38,173,174]. For example, the Dai group first developed the
controlled and nanotube-specific method for immobilizing pro-
tein and small biomolecules onto non-covalently functionalized
SWNTs and then investigating specific protein–protein interactions
[49,51]. The Grüner group used polymer-functionalized NTFETs as
testbeds for detecting the charge transfer from adsorbed proteins
to SWNTs and the specific protein binding [175,176]. Following
these reports, several groups modified NTFETs by more specific
small biomolecules as recognition elements, such as aptamer and

antibody, to develop label-free biosensors for detecting thrombin
[177], prostate-specific antigen [178], and target immunoglobulin
[179,180]. Single-stranded species of both deoxyribonucleic (ss-
DNA) and ribonucleic acids (ss-RNA) represent a class of materials
known to strongly interact with SWNTs through �–� stack-

as-sensing platform. Possible gas sensing mechanisms include (B) direct adsorption
and changing the sensor conductivity and C) catalytic reaction between target gas

2–CNT surface and changing sensor conductivity. These graphics are reproduced
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ng. Recent experiments have already shown that NTFETs with
mmobilized DNAs offered a remarkable set of technologically use-
ul properties such as chemical sensing and detection of DNA
ybridization [65,121,181–183].

Although NTFETs-based biosensors have been extensively stud-
ed, they are still in their infancy. Before nanotube biosensors can
e fully exploited for real-life applications, a clear understanding of
ow electrical conductance is affected by protein adsorption should
e developed in order to optimize nanotube biosensor designs. As
iscussed earlier, the sensing mechanism of NTFET-based sensors

s still a topic of debate. In general, there are two possibilities:
lectrostatic gating and Schottky barrier modification. To eluci-
ate which one will dominate the sensing phenomenon, Chen et
l. [50] designed chemical functionalization schemes to selectively
lock different components of the devices from protein adsorption,
elf-assembled monolayers (SAMs) of methoxy(poly-(ethylene gly-
ol))thiol (mPEG-SH) on the metal electrodes and PEG-containing
urfactants on the nanotubes (Fig. 19A). Extensive characterization
evealed that electronic effects occurring at the metal-nanotube
ontacts due to protein adsorption constitute a more significant
ontribution to the electronic biosensing signal than adsorption
olely along the exposed lengths of the nanotubes. This result seems
roven by another two studies reported by Tang et al. [69] and
ui et al. [72] In the former case, hybridization of complementary
sDNA oligos can only happen with thiolated ssDNA coimmobi-
ized with mercaptohexanol on the gold electrodes (Fig. 19B). In
he latter case, they performed the evolution experiments of trans-
er characteristics (before immobilization, after immobilization and
ybridization with its complementary DNA) for the capped NTFETs
ith the junction or channel exposed (Fig. 19C). In both cases, they
emonstrated that DNA hybridization on gold electrodes, instead
f on SWNT sidewalls, was mainly responsible for the acute elec-
rical conductance change due to the modulation of energy level
lignment between SWNT and gold contact. This work provides

oncrete experimental evidence on the effect of SWNT-DNA bind-
ng on DNA functionality, which will help to pave the way for
uture designing of SWNT biocomplexes for applications in biotech-
ology in general and also DNA-assisted nanotube manipulation
echniques.

ig. 19. (A) Three types of NTFET devices used in ref. [50]. A regular device comprised of m
ayer immediately after metal evaporation (device type I). Formation of mPEG-SH SAM f
Tween 20 solution leads to device type III. (B) Schematic illustration of a single device

hiolated ssDNA coimmobilized with mercaptohexanol on the gold electrodes. (C) Optic
left) and a channel exposed (right). These graphics are reproduced from ref. [50], [69], an
eviews 254 (2010) 1101–1116

Byon and Choi [71] have fabricated highly sensitive network
NTFET devices that have successfully detected both nonspecific
adsorptions of proteins and specific protein–protein interactions
at 1 pM concentrations. The increased sensitivity is mainly accred-
ited to the increased thin and wide Schottky contact area (Fig. 20A),
which has been achieved by evaporating electrode metals using a
shadow mask on a tilted angle sample stage. Abe et al. [184] used
an insulator-covered carbon nanotube field-effect transistor with
a top-gate structure to achieve high-stability sensing of proteins
of pig serum albumin (PSA) with a sensitivity limit down to 5 nM.
Dong et al. [185] have carefully demonstrated a significant sen-
sitivity enhancement in electrical detection of DNA hybridization
in NTFETs by introducting reporter DNA–AuNP conjugates in the
hybridization step (Fig. 20B). The amplified change in drain cur-
rent allows us to reliably determine the DNA concentration down
to as small as ca. 100 fM. They claimed that with detection limits in
the femtomolar range, NTFET-based biosensors and immunosen-
sors may be adapted to detection of a variety of biomarkers for
applications ranging from molecular diagnostics to in vitro diag-
nostics.

However, the detection mechanism of NTFET-based sensors is
still controversial. A very recent report from the Dekker group
[186] found that electrostatic gating and Schottky barrier effects
are the two relevant mechanisms based on extensive protein-
adsorption experiments, with electrostatic gating being most
reproducible. If the contact region is passivated, sensing is shown
to be dominated by electrostatic gating, which demonstrates that
the sensitive part of a nanotube transistor is not limited to the
contact region, as previously suggested above. Such a layout is
reasonable and provides a reliable platform for biosensing with
nanotubes.

7. In-line functionalization for NTFET devices
In the scenario of device miniaturization motivated by the lim-
its of the inherent quantum effects of conventional silicon-based
devices, creating efficient optoelectronic devices using individual
functional molecules is one of the ultimate goals in nanotechnology
[5,22,23,76]. The development of reliable techniques for producing

etal contact with multiple SWNT connections is prepared by lift-off the photoresist
ollowed by lift-off affords device type II. Further treatment of type II devices with
during electrical measurement. Complementary ssDNA oligos only hybridized to

al images of photoresist capped Au-contacted NTFETs with one junction exposed
d [72] with permission from the copyright holder.
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conjugation in the molecular backbone (Fig. 22B). Unfortunately,
Closed-1 was unable to revert back to the open state photo-
chemically, which is opposite to the phenomenon observed in the
devices made with dithiolated molecules within gold-electrode
ig. 20. (A) A view of a device with a thin and wide Schottky contact area formed b
chematic illustration of DNA detection enhancement by reporter DNA–Au nanopa
eproduced from ref. [71] and [185] with permission from the copyright holder.

ingle molecule devices is of crucial importance to both the fun-
amental scientific research for probing the intrinsic properties of
aterials at the molecular level and rising technical demands of
odern information society (such as high-speed capability, high

egree of integration, high-capacity performance, and low-power
onsumption). However, it is difficult to build single molecule
evices through chemical functionalization of the sidewalls of
WNTs. To this end, Goldsmith et al. [36] recently developed
n electrochemical modification approach to point-functionalize
WNTs. By controlling the chemistry through electronically con-
rolled electrochemical potentials, they were able to achieve single
hemical attachments. This method is valuable and might find the
otential applications in single molecule switching or sensing.

By taking advantage of the chemical, physical, and mechanical
roperties of SWNTs, we developed a reliable lithographic in-line
unctionalization of NTFETs to build single molecule devices based
n SWNTs as point contacts (Fig. 21) [5,187,188]. To form SWNT
lectrodes, we started by preparing an array of SWNT transistors.
hen by using ultrahigh-resolution electron-beam lithography and
recise oxygen plasma ion etching, we cut the nanotubes into
wo half-ends with nanogaps in the range of less than 10 nm.
his cutting process creates carboxylic acid endgroups on the
alf-tubes, which allows us to do the subsequent connection
hemistry. Finally, we covalently wired the different conjugated
olecular wires having the requisite amine functionality into

recisely-cut SWNT nanogaps, thus leading to the formation of
ingle molecule devices. The chemical contacts provided by amide-
inked molecular bridges are robust and can tolerate broad changes
n environment. This provides us with the opportunity to install
apabilities into the electrical devices that are inherent to the syn-

hetic molecular backbones. Functionality can be installed in the

olecular backbone that allows the creation of pH-, redox-, and
hoto-gated switches, as well as metal ion recognition devices
187,189]. Furthermore, this method allows for the assembly of

ig. 21. Schematic demonstration of holistic construction of a single molecule cir-
uit. The graphic is reproduced from ref. [5] with permission from the copyright
older.
porating electrode metals using a shadow mask on a tilted angle sample stage. (B)
conjugates, showing the possible molecular binding on SWNTs. These graphics are

multicomponent structures, which offers devices that are sensitive
to external inputs [76,190,191], protein/substrate binding [192],
and DNA hybridization [193].

7.1. Single-molecule switches

In this study, we reconnected the cut SWNTs with photochromic
molecules in order to assay their ability to reversibly toggle
between two distinct conductive states in response to external trig-
gers [189]. Diarylethenes switch between open (non-conjugated)
and closed (conjugated) states (Fig. 22A) and have been installed
into single molecular devices with gold contacts [194,195]. We used
two kinds of photochromic diarylethenes, 1 and 2 in Fig. 22A. In
each of these molecules the reversible interconversion between the
two states causes the rearrangement of the covalent bonds such
that �-bond conjugation (and therefore the electrical conductiv-
ity) through the molecule can be switched on and off. As expected,
we found that both semiconducting and metallic devices bridged
with 1 showed one-way switching of the associated molecule
from the lower conductance state to the higher conductance state
upon exposure to UV light (365 nm) due to large extension of �-
Fig. 22. (A) Molecular bridges between the ends of an individual SWNT electrode.
(B) Drain current as a function of time for a device rejoined by 1. (C) Drain current
as a function of the switching cycle as the device rejoined by 2 is irradiated with UV
light and then left in the dark for 12 h. These graphics are reproduced from ref. [189]
with permission from the copyright holder.
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reak junctions [195]. To achieve reversible switching, we decided
o use pyrrole-based molecule 2, which shows the thermal back-
onversion, to rejoin the devices. Similarly, with UV irradiation
he bridge cyclizes after reconnection, resulting in the signifi-
ant current increases. Remarkably, the low-conductance state was
estored when the device was aged at room temperature overnight,
nd the on/off cycle can be toggled many times (Fig. 22C). This
esign concept, which significantly extends the clear example of
hermally reversible photoswitching of single-molecule devices,
rovides a deeper understanding of the interplay between molec-
lar structure, electrode materials, and emergent functions at the
anoscale level, promising the potential of applications in future
anodevices.

.2. Single-molecule biosensors

One key advantage of this approach to molecular sensing is
he ability to form a well-defined linkage between a molecular
ire and SWNT electrodes. Furthermore, because it is constructed

rom a single molecule, each device has the capacity to moni-
or individual binding events. This methodology demonstrates an
ttractive connection between electrical conduction and biology.
ur initial work using this technique in biosensing is to develop
ioassay techniques by using bridge molecules with functional side
roups capable of subsequent biocompatible assembly. We have
een able to form complex multicomponent nanostructures from
ingle-molecule SWNT-based devices by combining programmed
hemical reactivity and directed self-assembly [192].

Following this work, we have used the method of creating mul-
icomponent electronic devices to measure the conductivity of a
ingle DNA duplex, which is an area of substantial interest [193]. We
odified DNA sequences with amines on their termini and coupled

hese to the SWNT electrodes through amide linkages. Two differ-
nt device connectivities were explored. In one case, we modified
ach of the 5′ ends of a DNA duplex and use this to bridge the SWNT
ap. In a second case, we functionalized both the 3′ and 5′ ends of a
ingle strand of DNA to allow us to measure the electrical proper-
ies of complementary and mismatched strands. In both cases the
econnected carbon nanotube devices recovered their original elec-
rical characteristics (p-type semiconducting or metallic). Based on
he statistical measurements, well-matched duplex DNA in the gap

xhibits an average resistance on the order of 1 M�. Interestingly,
single GT or CA mismatch in a DNA 15-mer increased the resis-

ance of the duplex ∼300 fold relative to a well matched one due
o the perturbations in stacking of aromatic base pairs in the core.
mportantly, one DNA sequence oriented within this gap was also

ig. 23. Source-drain current versus gate voltage at a constant source-drain voltage
50 mV) for a metallic SWNT device after cutting and reconnection with the DNA
equence shown before (green curve: 1) and after reaction with Alu 1 (red curve:
) The graphics is reproduced from ref. [193] with permission from the copyright
older.
eviews 254 (2010) 1101–1116

a substrate for Alu I, a blunt end restriction enzyme, which cuts
the DNA, eliminating the conductive path (Fig. 23). Thus the well
matched DNA assembled between SWNT electrodes maintains its
native conformation when bridging the ends of the SWNTs. These
results suggest that DNA molecules bridging nanodevices can serve
as uniquely powerful reporters to transduce biochemical events
into electrical signals at the single molecule level.

8. Conclusions

Recent advances in chemical functionalization of NTFETs as
switches and sensors are presented. SWNTs are regarded as
ideal nanomaterials for integration into a variety of optoelec-
tronic devices. At the most fundamental level, extensive work
has been done through covalent or non-covalent functionaliza-
tions of SWNTs for the purpose of installing functionalities in
devices capable of converting external stimuli (such as chemical,
electrochemical, and photonic inputs) to easily detectable electri-
cal signals. Moreover, NTFET devices have shown the promising
future in label-free detection of the biological activities of biolog-
ical molecules, even at the single molecular level, which might
aid the fast development of biosensing and molecular diagnosis.
Consequently, the unique feature of chemical flexibility and ultra-
sensitivity of SWNTs suggests that NTFET devices could serve as
a platform technology for the development of new generations of
compact, low-power, low-cost, and portable sensing devices with
desired functionalities.

However, the exact sensing mechanism of NTFET sensors is still
controversial. Although considerable attention has been devoted
to the mechanistic origins of NTFET responses, it is logically very
difficult to distinguish between two major mechanisms (electro-
static gating and Schottky barrier modification) since the devices
must be a combination of both. To inhibit signals from less consis-
tent metal work function modulation, contact-passivated devices
formed from a single or few SWNTs might provide a reliable
platform for detecting and sensing applications. A deeper funda-
mental understanding of the device responses to external stimuli is
extremely important because it is helpful for researchers to design
and develop optimized sensors.

Although much has been done about the fundamental research
of NTFET sensors, and the research in this area is expanding
swiftly, NTFET sensor technology is still in its early stage and many
of the remaining challenges are large. For practical applications,
increasing the sensitivity, response speed, and selectivity is a pre-
requisite. Scientists and engineers from diverse backgrounds need
to come together to explore and develop new optimized sensors by
combining the precise selection of molecular materials and molecu-
lar self-assembly with sophisticated device micro/nanofabrication.
Another formidable issue in NTFET sensor technology is a great
shortage of efficient integration strategies. Predictably, the next
generation of devices would be an integrated sensor array enabling
multiplexed real-time detections of analytes. In any case, the future
of NTFET sensor technology looks promising, and more exciting
developments in this field are expected in the future.
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