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ABSTRACT: Carbon nanostructures, including carbon nanotubes (CNTs) and gra-
phene, have been studied extensively due to their special structures, excellent electrical
properties and high chemical stability. With the development of nanotechnology and
nanoscience, various methods have been developed to synthesize CNTs/graphene and to
assemble them into microelectronic/sensor devices. In this review, we mainly demon-
strate the latest progress in synthesis of CNTs and graphene and their applications in
field-effect transistors (FETs) for biological sensors.
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1 Introduction

Carbon (from Latin: carbo “coal”) is the unique chemical
element with strong capability to form long chain with its
own atoms. The strong and stable carbon–carbon bonds
render production of an enormous number of molecular
forms. Up to date, over ten million carbon containing
compounds are known and many of them are important
structural elements of life. Classical allotropes of carbon
existing in nature are known to be graphite, diamond, and
amorphous carbon for a few thousand years. In past thirty
years, several new allotropes of carbon have been
discovered: Fullerene, which is a molecule containing 60
carbon atoms in the soccer-ball-shape, was discovered in
1985 [1]; Six years later, carbon nanotube (CNT), a tubular-
macromolecule, was reported by Iijima [2], a Japanese
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scientist; Graphene, a single atomic layer of graphite, was
discovered in 2004 by two scientists [3], who were therefore
both awarded the Nobel Prize in Physics for the year 2010.
Among those allotropes of carbon, CNTs and graphene

are of importance to modern science and technology since
they provide exciting challenges and opportunities for
chemists, physicists, biologists and materials scientists.
Their growing interests are evidenced by increasing
number of relevant publications from 1995 to 2011
(shown in Fig. 1). In this period, the number of publications
of CNTs is tremendously larger compared to that of
graphene. However, publication of CNTs shows a little
decrease in 2010 than that in 2011, which reflect the
research situation of CNTs field since they have been
studied for twenty years; Publication number of graphene
rise tremendously from 2004 to 2011, indicating that
graphene is an infant and star field. It is expected that more
and more scientists will follow with interest in graphene in
near future. Anyway, this statistics of publications reveal
that CNTs and graphene play a special role in nanotech-
nology. Preparation and application in electrical and
biosensors are both central to the research field of CNTs
and graphene. Herein, we review the latest progress in the
preparation, assembly and biosensor of CNTs and graphene
and provide prospect for the future development.

2 CNTs

CNTs are one of the advanced functional materials and
have been researched extensively since it was first reported
in Nature in 1991 by Iijima [2]. CNTs belong to a family of
quasi one-dimensional tubular structures, which can form
by rolling up graphene sheet(s) made up of single layer of

sp2 carbon atoms that are densely packed in a honeycomb
lattice structure. Depending on the layer number of
graphene sheets, single-walled carbon nanotubes
(SWNTs) can be obtained. SWNTs have attracted the
widespread attention because of their excellent electrical
(carrier mobility as high as 100,000 cm2$V–1$s–1),
mechanical (Young’s modulus of 1 TPa and tensile
strength of 30 GPa), thermal (6600W$m–1$K–1 at room
temperature), optical and sensing properties [4]. All these
excellent properties make SWNTs wide potential applica-
tions in the field of nano-electronic devices, optoelectronic
devices, nanosensors, transparent and conducting mem-
branes and composites [5–13]. These applications require
controlled growth or assembly of CNTs which pose
characteristics of defined locations, desired directions or
controlled density.

2.1 Controlled growth of CNTs

CNTs can be prepared by main approaches including
chemical vapor deposition (CVD) [14–15], arc discharge
[16–17] and laser ablation [18]. In recent years, most of
studies regarding CNT production are mainly on the
controlled growth of CNTs with functional structure
including intramolecular junction nanotubes and aligned
nanotubes.

2.1.1 Intramolecular junctions of CNTs

The basic building elements in microelectronics are various
junctions such as P-N junction, Shottky junctions, etc.
Therefore, intramolecular junctions of CNTs are expected
to have fascinating applications in future nanodevices.
SWNT/SWNT junctions can be frequently observed in
normal SWNT samples produced by a CVD process [19],
laser ablation method [20], and arc discharge method [21].
However, they only grew inadvertently in most cases.
Cubukcu et al. found that the introduction of sulfur
containing precursors such as thiophene into the CVD
process could largely promote the formation of SWNT/
SWNT junctions, as sulfur could change the active site on
the catalyst, which caused a change of the CNT growth
direction to form SWNT/SWNT junctions formed [22].
Recently, Yao et al. reported a well-controlled synthesis of
the SWNT/SWNT junctions by a temperature-mediated
CVD method [23]. This method is based on the
temperature effect on the diameter of the growing
nanotube, such that a higher temperature leads to thinner
SWNTs with the same catalyst particle, and vice versa. If

Fig. 1 Statistics of papers published year by year relevant to
CNT and graphene. Data analysis is based on Web of Knowledge
as of December 2011.
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the temperature changes in the growth, an intramolecular
junction would form along the SWNTs. If the temperature
changes several times during the growth, sequential
intramolecular junctions would form along the SWNTs.
Doping substitution of carbon atoms with other

elemental atoms including nitrogen, boron in the CNT is
an efficient way to grow intomolecular junction nanotube.
The general route for synthesis is by a two-step CVD
process, in which pristine CNTs grow in the first step, and
then the junctions form when doped CNTs continuously
grow from the pristine CNTs by introducing dopant
precursor in the second step. For instance, Hu et al. has
reported controllable synthesis of CNx/C nanotubes with
intramolecular junctions by adjustable inlet of ammonia
gas [24]. The nanotubes consist of two sections, one
section made of carbon nitride featuring bamboo-like
structure and the other one made of carbon featuring empty
hollow cylinder structure, and thus the intramolecular
junctions were formed in the middle as a result of being
doped or undoped with nitrogen (Fig. 2). The CNx/C
intramolecular junctions show typical rectifying diode
behavior by measuring I–V characteristics with a rectifica-
tion ratio of 1.3�103 at � 2 V. The nanodiode demon-
strated as a half-wave rectifier worked at an input sine wave
of 1 kHz. On the other hand, the intramolecular junctions
could be interconnected as diode logic OR and AND gates
by two CNx/C junctions configured together. More
important, after substituting the wave-detection silicon

diode in common transistor radio set with our nanodiode,
the radio set still worked normally, representing an
important step toward the potential application for nano-
scale devices. Recently Wei et al. demonstrated a flow
fluctuation CVD method to efficiently produce branched
CNTs with multiple junctions [25–26] and a high yield
(above 90%) was achieved. The branched junctions had a
similar configuration in that two or more branches with
similar diameters, which were oriented in nearly the same
direction, converged into a larger diameter stem.

2.1.2 Growth of aligned SWNTs

Growth of aligned SWNTs parallel to substrate is essential
for the integration of nanotube based nanoelectronics. In
addition, one-dimensional structure of SWNTs has aniso-
tropic mechanical, electric and optical properties. Gene-
rally, most of their properties along the tube axis are better
than that perpendicular to the tube axis orientation.
Therefore, the alignment of CNTs with controlled position
and orientation is highly in need.
Conventional CVD process on flat substrates usually

produces randomly oriented SWNTs, probably because the
strong van der Waals interaction between catalyst nano-
particles and substrate may hinder the alignment of SWNTs
during growth and even poison the catalyst [27]. Several
studies have demonstrate that growth of SWNTs by CVD
on crystalline substrates such as sapphire and quartz can

Fig. 2 (a) Current–voltage characteristics of a CNx/C nanotube measured at room temperature showing rectifying behavior. Inset:
contacting-mode atomic force microscope image of an example of a nanotube junction device with Pt contacts. (b) Individual C/CNx

nanotube. (Reproduced with permission from Ref. [24], Copyright 2004 American Institute of Physics)
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produce nearly ideal arrangements of pristine, low-defect
tubes, which are probably caused by surface interactions
between SWNTs and single crystal substrates with
anisotropic lattices or miscut atomic steps. The best results
have been reported on quartz, where levels of alignment
can be controlled to better than 0.01, with linear shapes to
within a few nanometers over lengths of many micro-
meters, in tubes with average lengths of hundreds of
micrometers (up to ~ millimeters). For instance, Ding et al.
[28] demonstrated preparation of high-density and per-
fectly aligned arrays of semiconducting SWNTs on stable
temperature (ST)-cut quartz substrates using copper as
catalyst and ethanol as carbon source (shown in Fig. 3). A
patterned catalyst is used for the growth of long and
straight nanotubes with high density. The length of the
nanotubes can be controlled by the spacing between
catalyst patterns, and the diameter has an intrinsically
narrow distribution around 1.2 nm. The density can reach
> 50 nanotubes per micron and the length can be a few
millimeters. Ishigami et al. have reported that not only the
orientation, but also the diameter and chirality of SWNTs
are affected by the crystal plane of the sapphire substrate
[29]; The aligned SWNTs grown on the A- and R-planes of
sapphire had narrower diameter distributions than ran-
domly oriented tubes produced on the C-plane sapphire
and amorphous SiO2. Photoluminescence measurements
revealed a striking difference between the aligned SWNTs:
near-zigzag tubes were observed on the A-plane and near-
armchair tubes on the R-plane. This study showed the route
for the diameter and chirality control of SWNTs by surface
atomic arrangements of a single-crystal substrate.
Gas flow CVD is another efficient way to synthesize

highly oriented SWNTs. As shown in Fig. 4, Jin et al.
reported growth of horizontally aligned ultralong SWNT
arrays without the use of any other external driving force or
special substrates by using ultralow gas flow [30]. High-
quality SWNT arrays along the gas flow direction can be
grown with several sccm (standard cubic centimeter per
minute) of feeding gas. By mounting small tubes contai-
ning silicon wafers side-by-side into the quartz tube of the
CVD system, batch scale preparation was achieved under
low gas feeding flow rate. From the experiments of SWNT
arrays growing across microtrenches and micro-obstacles
as well as on silicon substrates with different obliquities, it
was deduced that, in the ultralow flow rate process, the
growing SWNTs can still be lifted up from the substrates
and navigated by the gas flow. They also found that the
temperature/density gradient induced buoyancy effect

plays an important role, and the steady and highly laminar
gas flow is very suitable for piloting the growth of
paralleled long tubes. Liu and co-workers also developed a
“fast heating” CVD technique to achieve the growth of
long and aligned SWNTs on silica/silicon surfaces. This
method can also be used to directly grow two-dimensional
crossed network of SWNTs by a two-step growth process.
In subsequent work, they proposed a “kite mechanism” to
explain the growth of aligned SWNTs by “fast heating”
CVD process [31]. The laminar flow-assisted technique is
another successful strategy for the growth of aligned CNTs.
It is accepted that a stable laminar gas flow, which facilitate
to stabilize the catalysts at the end of growing CNTs and
make the catalysts travel long distances, plays a key role in
the growth of long and aligned CNTs [32]. The stability of
the gas can be estimated by the Reynolds number Re =
qmd/c, where q is the density of gas mixture, m is the flow
speed, d is the furnace tube diameter, and c is gas
coefficient viscosity. To grow aligned CNTs, the flow
should be controlled as laminar flow (Re < 2000). When
Re > 2000, the flow is unstable turbulent flow and can not
support the growth of aligned CNTs.

2.2 SWNT-FET biosensors

Label-free biosensors with high miniaturization and
integration have drawn intense research interest since
they could potentially make advanced molecular diagnos-
tics available for low cost routine practice. Current sensing
mainly focuses on optical detection, using fluorescent-
labeled biomolecules with dyes [33–35] or quantum dots
[36–38]. The artificial labeling of materials is time-
consuming and cost-intensive, and introduction of labels
can weaken the interaction between receptor and target.
Hence, the development of fully electronic and label-free
sensing techniques is required. The electrical conductance
of a semiconducting SWNT is sensitive to its environment
and varies significantly with surface adsorption of various
chemicals and biomolecules [39–41]. This makes SWNT
based field-effect transistors (FETs) very promising
candidates for label-free biosensing. As shown in Fig. 5,
SWNT-FET biosensors are composed of SWNT networks
or individual semiconducting SWNTs which lie on SiO2/Si
wafer and two metallic source/drain electrodes. To allow
for identification of such biological interactions through
electrical monitoring, the transfer characteristics of SWNT-
FET can be measured using an electrolyte as a top gate or
the Si substrate as a back gate. For the back gate transfer
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characteristics, the current through the drain contact (at
fixed drain-source bias) is measured while a variable gate
voltage is applied through a back gate buried underneath
the SiO2 substrate. The electrolyte top gate transfer
characteristics are concerned, the device is immersed in a

buffer solution and a variable gate voltage is applied
through an external electrode immersed in the electrolyte,
while the drain current is monitored. SWNT-FET based
biosensors have been reported to detect various biological
species such as DNA, protein and cells.

Fig. 3 Arrays of almost exclusively semiconducting SWNTs. (a)(b) SEM images. The bright and parallel horizontal lines visible in the
images are catalyst lines. (c) AFM image. (d) Diameter distribution of 200 SWNTs of an array measured by AFM. (e)(f) Raman spectra of
SWNTs transferred onto the SiOx/Si substrates. The spectra were obtained using 488 and 633 nm excitation laser lines at 10 different spots
over the substrate for each laser line. Each curve in a panel shows a spectrum at a spot on the substrate. Peaks within the rectangles marked
with S correspond to the semiconducting SWNTs. The rectangles marked with M denote the frequency range where RBM peaks of
metallic SWNTs are expected. (Reproduced with permission from Ref. [28], Copyright 2009 American Chemical Society)
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Fig. 4 (a) SEM image of SWNT arrays grown across microtrenches. (b) A suspended SWNT crossing over a microtrench, the two ends
of this SWNT “rope bridge” are shown in (c) and (d), respectively. (e) Raman spectrum measured from the center part of the suspended
SWNT. (f)(g) SEM images of SWNTs grown over micro-obstacles. (h) Schematic drawing of the growth mechanism. The front section of
a growing SWNT floats in low rate gas flow relying on the buoyant effect induced by gas density/temperature gradient (shown as the
gradual change of background color) and shear flow near the substrate surface. (Reproduced with permission from Ref. [30], Copyright
2007 American Chemical Society)
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2.2.1 SWNT-FET based DNA sensors

SWNT-FET sensors which measure DNA hybridization
hold great potential for wide scale of genetic testing,
clinical diagnostic and fast detection of biological warfare
agents. Much attention has been given to the problem of
interaction of CNTs and DNA with the purpose for the
application in drug delivery and sensing. Nucleic acids
including single-stranded DNA (ssDNA) and RNA can
disperse SWNTs in water. Interaction of DNA and SWNT
in water is due to nucleic acid base π-stacking on the
nanotube surface, resulting on the hydrophilic molecular
part pointing to the outside. ssDNA has been demonstrated
to interact non-covalently with SWNTs [42–43] and form a
stable hybrid with individual SWNTs by wrapping around
them by means of the aromatic interactions between
nucleotide bases and SWNT sidewalls. Molecular model-
ing suggests that ssDNA can bind to CNTs through π-
stacking, resulting in helical wrapping to the surface
(Fig. 6(a)). This interaction is dependent on the DNA
sequence, which is used for structural separation of
SWNTs. In addition, theoretical research shows that
double-stranded DNA (dsDNA) molecules can interact
with SWNTs as major groove binders.
The promising application of functionalized SWNTs in

monitoring DNA hybridization was demonstrated by
Dekker et al. in 2002 [44]. A coupling peptide nucleic
acid (PNA) – an uncharged DNA analogue – was
covalently linked to the carboxyl-functionalized tip of
SWNTs. Then PNA-DNA hybridization was measured by
using atomic force microscopy (AFM). This work laid the
foundation for the subsequent development of SWNTs
based biosensors. Star et al. reported SWNT network FETs

that function as selective detectors of DNA immobilization
and hybridization [45]. As shown in Figs. 6(b) and 6(c),
SWNT network FETs with immobilized synthetic oligo-
nucleotides have been shown to specifically recognize
target DNA sequences via electrical response; DNA
hybridization with complementary target DNA sequences
resulted in reduction of the SWNT-FET conductance. The
sensing mechanism relies on the fact that ssDNA adsorbed
on sidewalls of SWNTs can result in electron doping to the
SWNT semiconductor channels. This SWNT-FET DNA
sensor can detect samples with picomolar to micromolar
DNA concentrations. Gui et al. reported that SWNT-FET
immobilized with ssDNA oligomers encoded with a
terminal NH2 (NH2-DNA) show reliable detection and
differentiation of its complementary and single-base
mismatched DNA strand [46]. The sensitivity was further
enhanced by using threading intercalators. Sensing
mechanism of electrical detection of DNA for this network
SWNT-FETwas further investigated, showing that sensing
of DNA is dominated by the variety in metal-SWNT
junctions rather than the channel conductance [47]. Dong
et al. demonstrated the sensitivity of a network SWNT
DNA sensor to be enhanced by employing gold nanopar-
ticle (AuNP) linked DNA target hybrid – DNA detection
was observed for concentrations at the femtomolar level
[48]. Very recently, Tseng and coworkers have developed a
new approach to ensure specific adsorption of DNA to the
nanotubes [49]. A polymer was bonded covalently to
nanotube in an FET consisting of individual SWNTs. After
hybridization, statistically significant changes were
observed in key transistor parameters. Hybridized DNA
traps both electrons and holes, possibly caused by the
charge-trapping nature of the base pairs. Tao et al. reported
the unambiguous detection of a sequence of Hepatitis C
Virus (HCV) at concentrations down to the fractional
picomolar range using SWNT-FET devices functionalized
with peptide nucleic acid sequences [50].

2.2.2 SWNT-FET based protein sensors

A great deal of research towards biosensing involves
proteins and CNTs. Proteins can strongly bind to the
nanotube surface via nonspecific binding (NSB). This NSB
interaction is proposed to be in part associated with the
amino affinity of CNTs according to recent research [51–
52]. Two generalized approaches for this modification of
SWNTs are covalent or non-covalent functionalization. As
for covalent methods, the SWNTs are usually oxidized to

Fig. 5 Schematic drawing of SWNT-FET biosensors.
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produce free carboxyl groups for coupling with amino
groups in proteins. These occur predominantly at tips or
defects in SWNTs. The protein is then covalently linked to
the carboxyl functionalized SWNTs using standard N-
hydroxysuccimide/carbodiimide chemistry [53]. In addition,
sidewall modification of SWNTs can be performed by using
nitrene, clycloaddition, arylation in the presence of a
diazonium salt or 1, 3-dipolar cycloaddition [54]. Although
covalent modification is effective at introducing functiona-

lity, it often destroys the desirable mechanical and electrical
properties of the SWNTs. On the other hand, the non-
covalent approach exploits nondestructive processes and can
preserve the primary structures and the unique properties of
SWNTs. In term of the non-covalent procedure, certain
molecules which act as linkers for biomolecules are first
non-covalently coated onto SWNTs, and biomolecules are
then covalently bound to the linkers. Dai’s group first
demonstrated a two-step hybrid modification of SWNTwith

Fig. 6 (a) Aromatic nucleotide bases in the ssDNA are exposed to form π-stacking with the sidewall of the SWNT. (Reproduced with
permission from Ref. [43], Copyright 2003 Nature Publishing Group) Electronic measurements such as source-drain conductance (G) as
function of gate voltage (Vg), and schematic drawings of the NTNFET devices used for DNA assays: (b) Before (bare NT) and after
incubation with 12-mer oligonucleotide capture probes (5′-CCT AATAAC AAT-3′), as well as after incubation with the complementary
FITC-labeled DNA targets; (c) Before and after incubation with dA12 captures as well as after incubation with the DNA targets.
(Reproduced with permission from Ref. [45], Copyright 2006 The National Academy of Sciences of the United States of America)
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proteins [55]: 1-pyrenebutanoic acid, succinimidyl ester was
first irreversibly adsorbed onto an SWNT via π-stacking
interaction; proteins were then immobilized through a
nucleophilic substitution of N-hydroxysuccinimide by an
amino group on the proteins that forms an amide bond.
Furthermore, they suggested a strategy to the solve NSB
problems. This NSB suppression strategy involves non-
covalently coating SWNTs with polyethylene glycol (PEG)
containing polymers such as Tween 20. The PEG coating
renders the SWNT highly hydrophilic and charge-neutral,
thereby eliminating hydrophobic interaction and electro-
static binding with proteins [56].
The conductance of SWNTs shows sensitive response to

a variety of chemical or biological environments. There-
fore, biological recognition – such as antibody-antigen
interactions – occurring at an SWNT surface can be
monitored by electrical measurement of an FET device.
The first demonstration of a CNT-FET protein biosensor
was reported by Dekker et al. [57]. The device was made
of individual SWNTs and a variable electrolyte gate
voltage was applied through a platinum electrode. The
enzyme glucose oxidase (GOx) that catalyzes the oxidation
of glucose to glucono-1, 5-lactone, was non-covalently
coupled to the sidewall of the SWNTs via a linker molecule
of 1-pyrenebutanoic acid succinimidyl ester. The observed
decrease in conductance is attributed to the change in
the capacitance of the nanotube caused by GOx immobi-
lization. An estimated 50 molecules of GOx were
immobilized over the nanotube length of 600 nm. The
enzyme layer on the SWNT can inhibit ions in the liquid to
come close to the nanotube, thereby decreasing the double
layer capacitance and hence the capacitance of the
nanotube. However, the possibility of charge scattering at
the SWNT in the presence of the GOx molecules cannot be
ruled out completely. Dekker et al. further demonstrated a
strong pH-dependent conductance of the GOx immobilized
SWNT, which is presumably due to the pH sensitivity of
the charged groups on the GOx molecules, which become
more negative with increasing pH. The GOx-SWNT
system exhibited real time sensing of glucose, thus
rendering such a nanoscale FET device as a feasible sensor
for monitoring enzymatic activity at single-molecule level.
Dai et al. reported a general non-covalent approach for
the configuration of CNT protein biosensors [41]. Poly-
mers such as Tween 20 or triblock copolymer chains,
which are irreversibly adsorbed on nanotubes, act as linkers
for binding the biomolecules of interest and as the inhibitor
for NSB of proteins. The as-fabricated CNT sensors

exhibited selective recognition and binding of target
proteins by conjugation of their specific receptors to
polyethylene oxide-functionalized nanotubes. In particular,
they have studied the affinity binding of 10E3 mAbs
antibody (a prototype target of the autoimmune response in
patients with systematic lupus erythematosus and mixed
connective tissue disease) to human auto antigen U1A. Hu
et al. observed a reverse change in the electrical monitoring
of biotin-streptavidin interaction using SWNT-FETs [58].
A large area SWNT-FET was fabricated by a self-
assembled method whereby the electrode surface and the
area between electrodes were modified with nonpolar
groups (CH3) or polar groups (NH3

+). The SWNTs were
selectively placed in the area between the electrodes
(Fig. 7). The drain-source current at a fixed gate voltage
showed an obvious increase upon the binding of
streptavidin onto the biotin functionalized SWNT-FET.
This increase in conductance upon addition of streptavidin
is consistent with binding of negatively charged species to
the surface of a p-type SWNT since streptavidin (with an
isoelectronic point pI between 5 and 6) is negatively
charged at the pH of the measurements (pH 7.2). The
sensing mechanism is consistent with electrolyte gating
rather than charge transfer as in the work of Star et al. [45].
Furthermore, Hu et al. studied the specificity and real-time
detection of the as fabricated CNT-FET biosensor by
using bovine immunoglobulin G (IgG) as a control protein
[58].

2.2.3 Sensing mechanism of SWNT-FET biosensors

CNT biosensors have a variety of advantages over
conventional chemical and biological sensors due to large
surface to volume ratios resulting in higher sensitivity,
potential for miniaturization and lower power consump-
tion. In order for CNT sensors to replace conventional
sensors, some issues such as the sensing mechanism should
be resolved. The physical mechanism underlying sensing is
still under debate due to very different conductance effects
observed upon sensing, and due to the different interpreta-
tions given to similar conductance variations. Star et al.
reported a decrease in conductance upon the biotin-
streptavidin interaction on SWNT-FETs and attributed
this change to charge transfer [59], while Hu et al. observed
the reverse conductance effect from the biotin-streptavidin
interaction on SWNT-FET and explained this phenomenon
by electrolyte gating [58]. In addition, the observed
decrease in transconductance during protein sensing by
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SWNT-FETs cannot be attributed totally to the scattering of
mobile charges. There is the possibility of change in the
Schottky barrier (SB) height at the contact of metal-
nanotube, which can modulate the conductance of the
device. So far, four proposed possible mechanisms that
account for the variety in conductance effects of SWNT-

FET biosensors are electrostatic gating, capacitance
modulation, SB effects and carrier mobility change [60–
66]. Recently, through modeling and protein adsorption
experiments, Dekker et al. further studied the mechanisms
of biosensing with SWNT-FETs [67]. They discovered that
electrostatic gating and SB effects are two relevant

Fig. 7 (a) Scheme of the self-assembly procedure for SWNT-FET fabrication. (b) SEM images of FET chip; magnified images show
SWNTs selectively deposited between electrodes, contacting source and drain. Note that the electrode surface is shown to be clean. (c)
Real time analysis: time dependence of IDS at VDS = 0.2 Vand at VGS = –5 V upon the introduction of target streptavidin (50 nmol/L) onto
the biotinylated device. Adding the target streptavidin causes a sharp increase in the source-drain current and then a gradual saturation at
slightly lower values. (d) No effect is observed upon the addition of IgG. (Reproduced with permission from Ref. [58], Copyright 2008
American Institute of Physics)
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mechanisms, while electrogating is most reproducible. In
particular, the sensing is dominated to be electrostatic
gating if the metal electrodes are passivated.

3 Preparation and biosensor of graphene

Graphene, a flat monolayer of carbon atoms packed into a
two-dimensional honeycomb lattice, has become one of
most interesting topic of research since its discovery in
2004 [3]. It can be seen as the basis of all carbon materials
including fullerenes and CNTs [68]. Graphene can be
wrapped to form fullerene, scrolled to form a CNT and
stacked to form graphite (Fig. 8). Graphene has a large
theoretical specific surface area (2630 m2$g–1), high
intrinsic mobility (200,000 cm2$V–1$s–1) [2–3], high
Young’s modulus (1.0 TPa), thermal conductivity
(5000 W$m–1$K–1) and its optical transmittance (97.7%),
and good electrical conductivity merit attention for
applications such as for transparent conductive electrodes
and many other potential applications.

3.1 Preparation of graphene

Preparation is one of central research aspects in graphene
field. The best quality graphene, in terms of structural
integrity, is produced by mechanical cleavage of highly
oriented pyrolytic graphite (HOPG). Mechanically cleaved

graphenes have very low concentration of structural
defects, which makes them interesting for fundamental
studies. However, this approach produced the graphene
flakes with uncontrolled thickness, size and location.
Therefore, several strategies are presently pursued to
achieve reproducible and scalable graphenes, which
includes epitaxial techniques [69–71], chemical exfolia-
tion, CVD and other novel approaches. The explicit
introductions of these approaches are given below.

3.1.1 Epitaxial growth

The typical example of epitaxial growth is conversion of
SiC(0001) to graphene via sublimation of silicon atoms at
high temperatures [70]. High quality wafer scale graphene
with switching speeds of up to 100 GHz has been
demonstrated using this technique. Although the price of
the initial SiC wafer is relatively high compared to that of
silicon, the technique maybe suitable for radio and THz
frequency electronics where the excellent performance of
the devices could offset the cost of the wafers.

3.1.2 Chemical exfoliation

Reduced graphene oxide (rGO) produced from chemical or
thermal reduction of graphene oxide (GO) is competitively
alternative material of graphene. GO prepared from
graphites via chemical exfoliation method emerges as
single-layer graphene (SG) or few-layer graphene (FG)
with high yield production dispersions (~4 mg/mL). The
solution processability of GO offers unique advantages
since it is readily amenable for spin-coating, casting,
transferring, imprinting onto substrates for large-scale
production of graphene electronic circuits. Especially,
residual chemically active defect sites render rGO a
promising material for functional electronic sensors.
Some chemical/biological sensors made from single-layer
rGO or few-layer rGO have been demonstrated [71–74].
Preparation of graphite oxide can be achieved by treatment
of graphite in one or more concentrated acids with an
oxidizing agent. Graphite oxide was first prepared by
Brodie, who treated graphite repeatedly with potassium
chlorate and nitric acid [75]. Later, this approach was
modified with a mixture of sulfuric acid and nitric acid with
potassium chlorate [76–77]. Hummers et al. developed an
efficient method for graphite oxidation [78], which
involves a mixture of sodium nitrate, potassium perman-

Fig. 8 Graphene and its relation to fullerene, CNT and graphite.
(Reproduced with permission from Ref. [68], Copyright 2007
Nature Publishing Group)
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ganate, and concentrated sulfuric acid. These approached
are presently used methods for the oxidation of graphite
[79–82].
Graphite oxide sheets contain oxygen functional groups

on both sides of the plane and around the edges [83]. These
oxygen function groups include hydroxyl groups, epoxide
groups and carboxyl groups, which make graphite oxide
highly hydrophilic. Single-layer or few-layer graphite
oxide can be easily obtained by ultrasonication of graphite
oxide in water or other organic solvents such as ethanol.
Both graphite oxide and GO are electrically insulating
materials due to their disrupted sp2 bonding networks. The
electrical conductivity can be recovered if the Π network is
restored. To restore graphene structure, one of the most
important reactions of GO is its reduction. The products are
generally called chemically rGO.
Reduction of graphite oxides can be achieved by using

various chemical reductants such as hydrazine [84],
dimethylhydrazine [85], hydroquinone [86] and NaBH4

[87] and H2 at high temperature [88]. For instance, graphite
oxide films are directly reduced in hydrazine by Kaner et al.
[84]. Graphite oxide films are dispersed directly into
hydrazine. Bubbles rapidly form along the film surface due
to the chemical reduction, which likely produces NO2 and
N2 as byproducts. After several hours, no graphite oxide
paper can be visually observed in the dispersion and
bubbling subsides, indicating good dispersion and com-
plete reduction, respectively (as shown in Fig. 9(b)).
Compared to graphene which produced by mechanical

cleavage and CVD, the advantages of rGO prepared from
chemical or thermal reduction of GO lie in mass production
and solution processability. Recently, we demonstrate
patterning of rGO using soft nanolithography method.
GO is synthesized from natural graphite flakes using
modified Hummers’ method. High quality and large area
rGO pattern can be made on solid or flexible substrates by a
polydimethylsiloxane (PDMS) based imprinting proce-
dure. Stripe and square shaped micropatterns of GO film

Fig. 9 (a) Model for as-prepared graphite oxide. (Reproduced with permission from Ref. [83], Copyright 1998 Elsevier) (b)
Photographs of 15 mg of graphite oxide paper in a glass vial (I) and the resultant hydrazinium graphene (HG) dispersion after addition of
hydrazine (II). Below each vial is a three-dimensional computer-generated molecular model of graphite oxide (carbon in grey, oxygen in
red and hydrogen in white) and chemically converted graphene, respectively, suggesting that removal of –OH and –COOH functionalities
upon reduction restores a planar structure. (Reproduced with permission from Ref. [84], Copyright 2009 Nature Publishing Group)
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are generated from PDMS replication. Then the patterned
GO films are reduced to rGO. As shown in Fig. 10, high
quality stripe and square shaped rGO patterns are obtained;
Further, array of rGO electronics are fabricated from the
patterned film by a simple shadow mask method and gas
sensors, which are based on these rGO electronics, show
high sensitivity and recyclable usage in sensing NH3 (as
illustrated in Fig. 10(d)).

3.1.3 CVD

The most promising, low cost and readily accessible
technique for growth of high quality and large area
graphene is CVD, which has been receiving significant
attention in recent years. In CVD, graphene grows from
hydrocarbon gaseous species at high temperature in present
of metallic thin film which both enhances the decomposi-

tion of hydrocarbon and nucleation of graphene lattice. The
growth of layered graphene on transition metal surface has
been known for 50 years. Layers of graphite were first
observed on Ni surfaces that were exposed to carbon
sources in the form of hydrocarbons or evaporated carbon
[89]. Graphene growth has been demonstrated on a variety
of transition metals including Ru [90], Ir [91], Co [92], Re
[93], Ni [94] etc. via simple thermal decomposition of
hydrocarbons on the surface or surface segregation of
carbon upon cooling from a metastable carbon–metal solid
solution. But breakthrough in preparation of large area
graphene has been made by Kong et al. [94]. They
exploited ambient pressure CVD on polycrystalline Ni
films, to fabricate large area (~cm2) films of single- to few-
layer graphene and to transfer the films to nonspecific
substrates. These films consist of regions of 1 to ~12
graphene layers. Single or bilayer regions can be up to

Fig. 10 Optical images of patterned rGO films: (a) striped shape; (b) square shape. (c) SEM image of the array of rGO TFT. Insert in (c)
shows SEM image of a magnified device. (d) Adsorption and desorption of NH3 on the rGO sensor. (Reproduced with permission from
Ref. [88], Copyright 2011 Royal Society of Chemistry)
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20 μm in lateral size. Further, Kim et al. demonstrated large
scale patterned growth of graphene on patterned Ni film
and transferring as grown graphene to arbitrary substrate
[95]. This research presents great progress in the applica-
tion of graphene for highly conducting and transparent
electrodes in flexible, stretchable, foldable electronics.
However, due to high solubility of carbon (0.258 wt.% at
1000°C), graphene prepared on nickel film exhibits small
grain sizes and uncontrolled layered number, which limits
its application. In contrast to nickel, high quality single-
layer graphene over large areas has been achieved on
copper foil recently by Ruoff et al. [96]. As shown in
Fig. 11, the graphene grown on copper foil is predomi-
nantly single-layer graphene, with a small percentage (less
than 5%) of the area having few layers, and are continuous
across copper surface steps and grain boundaries. The
formation of single-layer graphene on the copper is due to
ultralow solubility of carbon in copper. Generally, the
existence of numerous grains in film degrades the quality.
To concern this problem, Ruoff et al. developed a two-step
CVD process to synthesize graphene films with large single
crystalline graphene [97]. The effect of growth parameters
such as temperature, methane flow rate, partial pressure on
the growth rate, domain size and surface coverage of
graphene were studied systematically. Graphene domains
having an area of hundreds of square micrometers can be
achieved under optimized conditions. Yu et al. revealed
that graphene grains show no definite epitaxial relationship
with the copper substrate, and can cross copper grain
boundaries [98]. And they further demonstrated an
approach using pre-patterned growth seeds to control
graphene nucleation and form graphene pattern on the
substrate, which opened a route towards scalable fabrica-
tion of single-crystal graphene devices without grain
boundaries.
Graphene growth is generally performed on metallic

substrates, which are unsuitable for electrical devices and
other applications. The grown graphenes have to be
transferred to insulating substrate prior to device fabrica-
tion, which is technically demanding, time consuming and
costly. To solve this problem, very recently, Liu et al.
reported oxygen aided CVD was utilized to grow high-
quality polycrystalline graphene directly on dielectric
substrates [silicon dioxide (SiO2) or quartz] without any
metal film [99]. This method avoids the need for either a
metal catalyst or a complicated and skilled post growth
transfer process and is compatible with current silicon
processing techniques. As shown in Fig. 12, the growth

was carried out using a CVD system at atmospheric
pressure. The growth substrates were activated in air to
form nucleated sites at high temperature. Then high-quality
polycrystalline graphene was subsequently grown on SiO2

by utilizing the oxygen-based nucleation sites. Graphene
modified SiO2 substrates can be directly used in transparent
conducting films and field-effect devices. The carrier
mobilities are about 531 cm2$V–1$s–1 in air and
472 cm2$V–1$s–1 in N2, which are close to that of metal-
catalyzed polycrystalline graphene. Carbon sources for
graphene growth in CVD are limited to gaseous carbon
containing materials including methane, ethylene etc.,
which makes it difficult to apply the technology to a wider
variety of potential feedstocks. Tour et al. demonstrated
growth of graphene from solid carbon sources [100]. Large
area and high quality graphene with controllable thickness
can be grown from solid carbon sources such as polymer
films or small molecules — deposited on a metal catalyst
substrate at temperatures as low as 800°C. Both pristine
graphene and doped graphene were grown with this one-
step process.

3.2 Graphene electrical biosensor

Graphene is highly promising for the development of new
types of chemical/biological sensors with ultrahigh sensi-
tivity due to following reasons: 1) Graphene is a two-
dimensional material and thus every atom can be exposed
to the surface adsorbates, which maximizes the sensing
effect [101]; 2) Graphene’s highly conductive properties
and few crystal can ensure a low level of excess (1/f) noise
caused by thermal switching [102]; 3) The electronic
properties of graphene are sensitive to both electron-donor
and acceptor molecules, which renders graphene-based
devices with high potential for sensing applications.
Recently, several reports demonstrated that graphene-

based FETs with electrolyte top gating can be efficiently
used as chemical/biological sensors. Das et al. have
discussed monitoring dopants by Raman scattering in an
electrochemically top-gated graphene-based FET [103].
They found that top gating graphene-based FETs was able
to reach doping levels up to 5�1013 cm–2. Such high
doping level is possible because the Debye layer in the
electrolyte gate provides much higher gate capacitance.
Modulation of the conductance channel in solution-gated
FETs can be achieved by applying a gate potential across
the electrolyte, which acts as a dielectric. Because of the
ambipolar characteristics of graphene, both hydroxyl
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Fig. 11 (a) SEM image of graphene on a copper foil with a growth time of 30 min. (b) High-resolution SEM image showing a Cu grain
boundary and steps, two- and three-layer graphene flakes, and graphene wrinkles. Inset in (b) shows TEM images of folded graphene
edges. 1L, one layer; 2L, two layers. (c)(d)Graphene films transferred onto a SiO2/Si substrate and a glass plate, respectively. (Reproduced
with permission from Ref. [96], Copyright 2009 the American Association for the Advancement of Science) Graphene grown on the
patterned seeds with the growth time of (e) 5 min and (f) 15 min. (Reproduced with permission from Ref. [98], Copyright 2011 Nature
Publishing Group)
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(OH–) and hydroxonium (H3O
+) ions are proposed to be

able to modulate the channel conductance of graphene-
based FETs. Loh et al. demonstrated solution-gated
epitaxial graphene as a pH sensor [104]. The sensor was
fabricated from few-layer graphene epitaxially grown on
an SiC substrate. The electrochemical double layer at the
graphene/electrolyte interface is observed to be very
sensitive to pH and the conductance of the device
responded to pH changes.

Rao et al. studied the interaction of DNA nucleobases
and nucleosides with graphene by isothermal titration
calorimetry [105]. The results showed that the interaction
energies of the nucleobases varies in the order guanine (G)
> adenine (A)> cytosine (C) > thymine (T) in an aqueous
solution. The same trend was found with the nucleosides.
Interaction energies of A–T and G–C pairs are somewhere
between those of the constituent bases. Theoretical
calculations taking into account van der Waals interactions

Fig. 12 (a) Schematic diagram of the oxygen-aided CVD growth of graphene on a SiO2/Si substrate. (b) Initial surface of the SiO2/Si
substrate, characterized by a uniform flat surface. (c)AFM height image of graphene sheets with a thickness of ~0.659 nm. (d)AFM phase
image of graphene sheets. (e) AFM image of two-dimensional interconnected graphene networks. (f) AFM image of continuous graphene
films. (g) Photograph of a graphene film on SiO2/Si substrate. The edge was removed using adhesive tape. (Reproduced with permission
from Ref. [99], Copyright 2011 American Chemical Society)
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and solvation energies suggest that the trend should be G>

A > T > C. Recently, Ohno et al. demonstrated an
electrolyte-gated graphene-based FET for detecting protein
adsorption [106]. The graphene-based FET, which has a
non-functionalized single-layer graphene as the channel,
exhibited a linear increase in conductance upon the
electrolyte pH – thus indicating its potential use in a pH
sensor. Further investigation revealed that the conductance
of the graphene-based FET increased with the adsorbed
protein (bovine serum albumin) at a level of several
hundred picomolar, which implied that the graphene-based
FET can be used for highly sensitive electrical biosensors.
Mohanty and Berry developed a graphene-based single
bacterium resolution biodevice and DNA FET [107]. They
first investigated the interaction between chemical modi-
fied graphene and bioentities. Chemical modified graphene
and their biohybrids were synthesized from GO or plasma-
modified graphene amine (GA). The DNA with a terminal
amine group was bonded covalently with carboxylic group
of GO by immersing GO coated silica in the amine DNA
and amide coupling reagent O-(7-azabenzotriazole-1-yl)-
N,N,N,N′-tetramethyluronium hexafluorophosphate
(HATU) solution. This tethering was verified by hybridiz-
ing the DNA with a fluorescent cDNA probe. The Gram-
positive Bacill cell with highly negatively charged surface
was immobilized on GAvia electrostatic interaction, which
is measured by means of fluorescent microscopy. The
electronic conductance of the bacterium device and the
DNA transistor were investigated: the results showed that
the bacteria biodevice was highly sensitive with a single-
bacterium attachment generating ~1400 charge carriers in a
p-type FET and DNA tethered on graphene hybridizes with
its complementary DNA strand to reversibly increase the
hole density by 5.61�1012 cm–2. Dong et al. demonstrated
that CVD-grown large-sized graphene films consisting
monolayered and few-layered graphene domains were used
to fabricate liquid gated transistors for DNA sensing
applications [108]. The shift in Vg,min of the probe DNA
immobilized graphene transistors is found to be sensitive to
addition of complementary DNA with a concentration as
low as 0.01 nmol/L, due to electronic n-doping to the
devices. Adding AuNPs on the surface of graphene devices
can extend the upper limit of DNA detection (from 10 to
500 nmol/L) due to the increase in loading of the probe
DNA molecules. Stine et al. demonstrated real-time, label-
free detection of DNA hybridization using rGO FET
devices [109]. The ease with which large area rGO films
can be deposited and etched to form multiple devices

enables us to incorporate reference sensors into our
platform to mitigate the effects of non-specific biological
interactions and improve specificity. The limit of detection
for the rGO FETs compares favorably with other label-free
detection platforms, and may offer a simple and low cost
alternative to surface plasmon resonance (SPR) or
nanowire devices.

4 Conclusions

Controlled growth of CNTs and graphene are essential for
excellent electro-optical properties and application in
electrical sensor. To realize the practical applications of
CNTs in photoelectronic and chemical/biological device,
great efforts have been made to control growth of CNTs
and graphene with specific structures. Doping and aligned
growth of CNTs by CVD present the two important
strategies for application of CNTs in electronics. We have
reviewed the latest research regarding this. Further, we
present the latest progress in growth of graphene.
CNT-based FETs present promising strategies for future

biological assay due to their ultrahigh sensitivity and
potential for miniaturization. CNT-based FET sensors have
been investigated for nearly ten years, and great progress
has been achieved in the field. So far, most of the work has
been focused on individual devices. To realize the practical
applications of these promising analytic devices, future
investigations should give emphasis to the development of
arrays of CNT sensors. Issues concerning production
methods, controlled modification of different individual
devices with variable sensing materials, and other basic
problems need to be resolved. Research on graphene-based
FETs is still in its infancy but these devices have great
promise in the fields of biological sensors. This new
research field offers numerous challenges such as the
development of simple reproducible fabrication methods
and the understanding of the sensing mechanisms.
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