Carbon Nanotube Field-Effect Transistor | Encyclopedia.pub

Carbon Nanotube Field-Effect Transistor

Subjects: Engineering, Biomedical

Contributor: Youfan Hu

Carbon nanotubes (CNTs) are seamless nanotubes made of single or multiple layers of graphene sheets rolled
around a central axis with the advantages of being lightweight and having a perfect hexagonal connection

structure.

carbon nanotube field-effect transistors sensors chemical biological

| 1. Introduction

Chemical and biological sensors have attracted great attention recently, and have a wide range of applications in
healthcare, environmental monitoring, food quality, and defense. These sensors can respond to specific chemical
or biological compounds and convert this information into electrical signals. Many materials have been studied as
the sensitive materials in the chemical/biological sensors, such as SnO, L2, zno, Bl Ag ¥, and graphene &,
Generally speaking, the ideal material in chemical and biological sensors should have a high chemical reactivity, a

large surface to volume ratio or an easy fabrication at low cost.

Carbon nanotubes (CNTs) are seamless nanotubes made of single or multiple layers of graphene sheets rolled
around a central axis with the advantages of being lightweight and having a perfect hexagonal connection
structure. The unique electronic transport properties of CNTs make them potentially useful in nanodevices €2, For
example, CNTs are atomically thin in order to provide ideal electrostatic control over the channel, which is quite
important when the device is scaled down. This unique atomically thin structure of CNTs also gives them many
advantages when serving as the sensitive materials in sensors, and the electrical performance superiority of CNT-
based field effect transistors (CNTFETSs) has been extended in various chemical and biological sensors. Compared
with other detecting technologies, CNTFET-based sensors have the advantages of high sensitivity, high selectivity,
simple operation, low operating temperature, fast response speed, short recovery time, label-free detection, and
good stability. Referring to the detection capability of various substances and the exceptional performance,

CNTFETs are expected to play an increasing role in the field of sensing.

| 2. Surface Functionalization of CNTs for Sensing
2.1. Covaelent Modification

Covalent modification mainly involves chemical destruction of C-C bonds of the CNTs ports or sidewalls to

generate more polar carboxyl groups or hydroxyl groups on the surfaces. Then, various functional groups can be
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introduced on the CNT surfaces to further attach the derivative reaction of the target product to the CNTs—for
example, chemical groups, fluorescently labeled molecules, DNA, anticancer drugs, etc. The oxidants used for
covalently modification include nitric acid, mixed acid (concentrated sulfuric acid/nitric acid), neutral hydrogen
peroxide, and sodium hydroxide, as shown in Figure 1. The disadvantage of covalent modification is that it may

destroy the integrity of CNTs, which will affect its mechanical and electrical properties to some extent.
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Figure 1. Surface functionalization of carbon nanotubes (CNTSs). (a) The introduction of the -COOH group to the
surface of the CNT &l (b) The introduction of-COOH on the surface of CNTs by the oxidation reaction & (c) A
metal iridium complex catalyst was coated on the surface of CNTs through non-covalent bond accumulation 29, (d)
TEM image which shows the nominal chemical structure of the polymer backbone 1. (e) The atomic force
microscopy image of the waxy corn amylopectin-single-walled CNT (SWCNT) film 2, (f) Schematic representation

of surfactants adsorb onto the CNT surfaces 131,

As shown in Eigure l1a, Ni et al. [ introduced the -COOH derivative group on the surface of the CNT by the
oxidation reaction, and two different ligands are introduced on the CNT surface, including aminopyridine and
aminoethyl mercaptan curing catalyst iron phthalocyanine (VE-H). As shown in Figure 1b, Rezaie et al. @& also
introduced -COOH to the surface of CNTs by oxidation reaction, then formed a dendrimer with poly(citric acid), and
then attached a divalent platinum metal catalyst to the surface of CNTs. Finally, a magnetic catalyst was obtained.
The catalyst can selectively reduce nitro and nitrile.

2.2. Non-Covalent Modification

Non-covalent modification means that covalent chemical bonds are not introduced for modification on the surface
of CNTs, but are achieved through non-covalent bonding, including physical adsorption and surface coating. The
non-covalent modification is mainly formed by the hybridization of carbon atoms sp? in the graphene structure of
the sidewall to form highly delocalized electrons and electrons of other compounds to generate non-covalent

bonds. The non-covalent interactions include dispersion forces, hydrogen bonds, dipole-dipole forces, -1t stacking
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effects, and hydrophobic effects. Carbon atoms in CNTs are all SP2 hybrids, forming highly delocalized electrons,
which can be modified with other 1t electron-rich compounds through 1t-11 stacking. The non-covalently modified
CNTs are structurally complete and can retain their original properties. The molecules for the non-covalent
modification mainly include the surfactants, the molecules containing aromatic groups, and the polymers. For
biological sensors, the non-covalent modification of the CNTs can not only improve their water solubility in

biological systems, but also can avoid the non-specific adsorption of the biomolecules.

As shown in Figure 1c, Liu et al. 19 coated the metal iridium complex catalyst on the surface of CNTs through non-
covalent bond accumulation, and the coating efficiency reached over 94%. The metal iridium complex catalyst is
coated on CNT to make the catalytic dehydrogenation reaction of indole from organics such as methanol, ethanol,
tetrahydrofuran, trifluoroethanol, etc. The transfer of solvents to water makes this organic reaction more
environmentally friendly. The surfactant contains two parts, which are the lipophilic end and the hydrophilic end.
When they are adsorbed on the surface by the CNTs, the charge repulsion disperses them. Under
thermodynamics, water-soluble polymers such as sodium polystyrene sulfonate entangle CNTs, thereby exerting
the role of surfactants and making them amphiphilic 24, As shown in Figure 1d, Dalton et al. 11 used conjugated
poly-phenylene vinylene to surface-coat the CNTs, and found that the CNTs were evenly dispersed in the polymer
matrix. As shown in Figure 1e, Stobinski et al. 121 modified CNTs with sodium lauryl sulfate and dispersed them by
ultrasound. It was found that increasing the ultrasonic time or decreasing the concentration of the suspension can
obtain CNT solutions with better dispersion properties. As shown in Figure 1f, coating CNTs with sodium benzoate

and sodium dodecyl benzenesulfonate can also increase their water solubility 3],

| 3. Configuration and Sensing Mechanism
3.1. General CNTFETs

CNTFETs have a variety of structures (221, but share similar characteristics: the conductive channel, source and
drain electrodes, a gate electrode on the top or bottom of the channel, and a dielectric layer between the channel
and the gate to separate the gate electrode from the CNTs. The operating principles of these CNTFETs are similar:
the gate electrode uses a vertical electric field to control the amount of charge in the channel; the horizontal electric
field between the source and drain electrodes provides driving force, and a current is made to flow from one
electrode through the CNT to the other electrode 18],

Figure 2a shows a typical configuration of a CNTFET for sensing purpose. In general, the transport of carriers in a

CNTFET can be attributed to four states, which are independent of the device structure 2. The classification of
these states depends on the comparison of the CNT length and the mean free path length of the CNT, and the type
of contact between the CNT and the source and drain 18, For example, an ohmic contact ballistic CNTFET means
that carriers are injected into the CNTs from the source and the drain through an ohmic contact, and the carrier
transport process in the CNT is not subjected to any scattering. In contrast, Schottky-type diffused CNTFETs mean
that the carrier injection is affected by a Schottky barrier derived from the heterojunction of the electrode and the

CNT, and the carriers are constantly scattered during transmission in the conductive channel. There are two kinds
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of carriers: holes and electrons. If the type of carriers is mainly electrons, then the FET is an n-type transistor; on
the other hand, if the carriers are mainly holes, then the FET is a p-type transistor. In theory, the type of metal-CNT
contact depends on the difference in work function between the metal electrode and the CNTs. However, due to the

physical and chemical properties of the electrodes in contact with CNTs [22, p-type CNTFETs are more common.

a
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Vsol
S: source electrode Vg drain-to-source voltage
D: drain electrode Va: gate-to-source voltage

Figure 2. lllustration of CNT-based field-effect transistors (FETs) for sensing. (a) Schematic representation of a
general CNTFET 22, (b) Schematic diagram of an electrolyte-gated CNTFET (22,

CNTs have the characteristics of nanometer size, huge specific surface area, and surface effects. When a specific
molecule is adsorbed on the surface of a CNTSs, it causes the energy band of the CNTs to bend and affect its
electronic structure, which would further cause the change of transport characteristics of CNTs. The change

provides the possibility of CNTs to work as sensitive materials.

The FET-based chemical sensor and biosensor use the basic characteristics of the transistor to convert difficult-to-
detect high-resistance changes into easily-detectable changes in current. The sensitivity of the sensor can be
adjusted by appropriately selecting the gate operating voltage of the device. The single-walled CNTs (SWCNTSs)
can be divided into metal type and semiconductor type, and the FET-based chemical sensor and biosensor are

prepared by using the resistance response characteristic of semiconductor SWCNTSs to the adsorbed chemical.

When the chemical molecules or biological material are adsorbed on the surface of semiconductor-type CNTSs,
electron transfer occurs, which changes their electrical conductivity, which provides a theoretical basis for CNTs as
good sensor materials. The multi-walled CNTs (MWCNTSs) have a multi-layered tubular structure, so the MWCNTs
have a more complex chemical adsorption mechanism than the SWCNTs. In addition, the MWCNTSs lack carbon
band gaps or have narrow band gaps; the tube is mainly metallic so that the adsorption of the chemical molecules
has little effect on the electrical conductivity. Therefore, the conductivity of the MWCNTSs is not as sensitive as that
of SWCNTs, but it has been shown that the MWCNTs still have excellent sensing characteristics to substances
such as water vapor 21, NH4 (221231 NO, (18] and O, [241[25],

The SWCNTs have shown great advantages in FET-based nanosensors. Paolo et al. (28 reported the application of

CNTFETs in gas sensors. Whether for a single CNT FET or a CNT-thin film FET, the main sensing mechanism is
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derived from gas adsorption on the carbon tubes/metals—the modulation of the Schottky barrier at the electrodes.

3.2. Electrolyte-Gated CNTFETs

The biosensors based on electrolyte-gated FETs, also known as liquid gate FETs, have attracted increasing
attention due to their advantages of easy processing 24, low cost 28], good flexibility 22, good biocompatibility, and
low operating voltage. Figure 2b shows a typical configuration of a electrolyte-gated CNTFET 29, in which the
electrolyte is used instead of the dielectric layer material to directly contact the gate electrode and the channel. The
biggest difference between the working principle of the electrolyte-gated FET and the conventional FET is that the
gate electrode regulates the channel current through the electrolyte solution. The biggest advantage of electrolyte-
gated FETs is the huge two-electron layer effect of the electrolyte BB which enables the sensor to obtain the
same current with a smaller gate voltage and usually can work at a rather low voltage (1V). This can avoid
undesired electrochemical reactions, such as decomposition of water, damage to biological activity, etc.; thus, it

can be used to detect important biological samples in a solution environment 321331,

According to whether the ions in the electrolyte can penetrate the semiconductor channel layer, the electrolyte-
gated FET can be divided into an electrostatically coupled FET and an electrochemically doped FET. Taken the p-
type electrolyte-gated FET as an example, we explain these two different working mechanisms as follows. (1)
Electrostatically coupled FETs. Under negative gate bias, cations in the electrolyte migrate to the gate/electrolyte
interface, while the anions move to the electrolyte/channel interface, and an electric double layer is formed at the
respective interface. The capacitance of the entire sensor can be equivalent to two electric double-layer capacitors
connected in series. Usually, the capacitance at the electrolyte/channel interface is small, so this capacitance
determines the total capacitance. Under negative bias, anions accumulated at the electrolyte/channel interface in
the electrolyte induce holes of equal charge amount in the p-type channel. Under the action of the source-drain
voltage, holes move in the channel to form a source-drain current. In this process, the anions in the electrolyte are
always at the electrolyte/channel interface and do not penetrate the semiconductor channel layer. The holes in the
channel are completely generated by the electrostatic coupling of the electric double-layer capacitance. (2)
Electrochemically doped FETs. Under negative bias, cations in the electrolyte migrate to the gate/electrolyte
interface, while anions migrate to the electrolyte/channel and penetrate the interface into the semiconductor
channel layer. The entering anions would cancel or compensate some of the holes. This process is called
electrochemical doping and occurs mostly at the electrolyte—polymer semiconductor interface. Both these two
methods are often used in CNTFETSs.

According to different analytes, the application of electrolyte-gated CNTFETs in chemical and biological sensors
mainly includes ion sensors, small molecule sensors, protein sensors, DNA sensors, bacterial sensors, cell
sensors, etc. Because the electrolyte-gated FET sensor works in a solution environment, it is particularly important
to investigate the interaction between ions and CNTs. According to the interaction between ions and CNTs, ion
redox, chloride ion detection, nucleic acid aptamers, and ion-selective membranes can be used for electrolyte-
gated CNTFET for ion detection. For example, electrolyte-gated FET with single-walled CNTs could be used to

detect redox ions 4. It was found that ions with redox ability affect the conductivity of CNT channels mainly by
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adjusting the electrochemical potential of the solution. Boussaad et al. (23 prepared electrolyte-gated CNTFET

sensors and studied their response to KzFe(CN)g/K4Fe(CN)g, KolrClg/KslrClg. 1t was found that redox ions can not

only regulate the electrochemical potential of the solution, but also directly conduct a redox reaction with the CNT,

thereby regulating the conductivity of the CNT channel.
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