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1.1
Overview

This chapter covers recent advances in biodetection using single-walled carbon
nanotube field-effect transistors (NTFETS). In particular, we describe fabrication of
NTFET devices and their application for electronic detection of biomolecules. A
typical NTFET fabrication process consists of combination of chemical vapor depo-
sition (CVD) and complementary metal oxide semiconductor (CMOS) processes.
The NTFET devices have electronic properties comparable to traditional metal
oxide semiconductor field-effect transistors (MOSFETS) and readily respond to
changes in the chemical environment, enabling a direct and reliable pathway for
detection of biomolecules with extreme sensitivity and selectivity. We address the
challenges in effective integration of carbon nanotubes into conventional electron-
ics for biosensor applications. We also discuss in detail recent applications of
NTFETs for label-free electronic detection of antibody—antigen interactions, DNA
hybridization, and enzymatic reactions.

1.2
Introduction

The interplay between nanomaterials and biological systems forms an emerging
research field of broad importance. In particular, novel biosensors based on
nanomaterials have received considerable attention [1-4]. Integration of one-
dimensional (1D) nanomaterials, such as nanowires, into electric devices offers
substantial advantages for the detection of biological species and has significant
advantages over the conventional optical biodetection methods [5]. The first advan-
tage is related to size compatibility: Electronic circuits in which the component
parts are comparable in size to biological entities ensure appropriate size compati-
bility between the detector and the detected biological species. The second advan-
tage to developing nanomaterial based electronic detection is that most biological
processes involve electrostatic interactions and charge transfer, which are directly
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detected by electronic nanocircuits. Nanowire-based electronic devices, therefore,
eventually integrate the biology and electronics into a common platform suitable
for electronic control and biological sensing as well as bioelectronically driven
nanoassembly [6].

One promising approach for the direct electrical detection of biomolecules uses
nanowires configured as field-effect transistors (FETS). FETs readily change their
conductance upon binding of charged target biomolecules to their receptor linked
to the device surfaces. For example, recent studies by Lieber’s group have demon-
strated the use of silicon nanowire FETs for detecting proteins [7], DNA hybrids
[8], and viruses [9]. This biodetection approach may allow in principle selective de-
tection at a single particle levels [10, 11]. Nanowires hold the possibility of very
high sensitivity detection owing to the depletion or accumulation of charge car-
riers, which are caused by binding of a charged biomolecules at the surface. This
surface binding can affect the entire cross-sectional conduction pathway of these
nanostructures. For some nanowires, such as hollow carbon nanotubes, every
atom is on the surface and exposed to the environment; even small changes in
the charge environment can drastically change their electrical properties. Thus,
among different nanomaterials, carbon nanotubes have a great potential for
biosensing.

Among numerous applications of carbon nanotubes [12-14], carbon nanotube
based sensing technology is rapidly emerging into an independent research field.
As for any new research field, there is no yet consensus in the literature about the
exact sensing mechanism. In this chapter, in addition to selected examples of
carbon nanotube based sensors, we address the controversial carbon nanotube
sensing mechanism.

To date, sensor applications of carbon nanotubes have been summarized and
discussed in several excellent review articles [15-17], which primarily focus on
carbon nanotube based electrochemical sensors. This chapter covers only recent
advances in biodetection using carbon nanotube field-effect transistors (NTFETS).
It is divided into two large sections: NTFET fabrication and their sensor applica-
tions. Section 1.3 gives a detailed description of NTFET device structure, its fabri-
cation method and introduces device characteristics. This section also addresses
technical challenges in effective integration of carbon nanotubes into CMOS elec-
tronics. Section 1.4, which focuses on sensor applications of NTFETSs, is divided
into several subsections. Before discussing NTFET application for biological detec-
tion we describe the effect of environmental conditions on NTFET device character-
istics. We give selected examples of NTFET sensitivity for small molecules, mobile
ions, and water (relative humidity). The effect of these factors should be well
understood before NTFET biodetection is reviewed. We also briefly describe the
operation of NTFETs in conducting media, which is particularly important for bio-
sensor applications. Then we briefly summarize interactions of carbon nanotubes
with biomolecules (e.g., polysaccharides, DNA and proteins) to set a stage for the
subsequent subsections that describe in great details recent applications of NTFETs
for label-free electronic detection of proteins, antibody—antigen interactions, DNA
hybridization, and enzymatic reactions.
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1.3.1
Carbon Nanotubes

Since their discovery by Iijima over a decade ago [18], interest in carbon nanotubes
has grown considerably [19]. Recent advances in the synthesis and purification of
carbon nanotubes have turned them into commercially available materials. Subse-
quently, several experiments have been undertaken to study the physical and elec-
trical properties of carbon nanotubes on the individual and macroscopic scale [20-
23]. On the macroscopic scale, spectroscopic and optical absorption measurements
have been carried out to test the purity of the carbon nanotubes [24, 25]. For elec-
tronic transport measurements it is particularly interesting to perform experiments
on isolated, individual carbon nanotubes. The properties of carbon nanotubes de-
pend strongly on physical aspects such as their diameter, length, and presence of
residual catalyst [12]. The properties measured from a large quantity of nanotubes
could be an average of all nanotubes in the sample, so that the unique character-
istics of individual carbon nanotubes could be shadowed. Experiments on individ-
ual nanotubes are very challenging due to their small size, which prohibits the
application of well-established testing techniques. Moreover, their small size also
makes their manipulation rather difficult. Specialized techniques are needed to
mount or grow an individual carbon nanotube on the electrode with sub-micron
precision.

Carbon nanotubes are hollow cylinders made of sheets of carbon atoms and
can be divided into single-walled carbon nanotubes (SWNTs) and multi-walled car-
bon nanotubes (MWNTSs). SWNTs possess a cylindrical nanostructure with a high
aspect ratio, formed by rolling up a single graphite sheet into a tube (Fig. 1.1).
SWNTs are, typically, a few nanometers in diameter and up to several microns
long. MWNTs consist of several layers of graphene cylinders that are concentrically
nested like rings of a tree trunk, with an interlayer spacing of 3.4 A [26]. Because of
their unique properties, carbon nanotubes have become a material that has gener-
ated substantial interest on nanoelectronic devices and nanosensors [27, 28]. These
properties are largely dependent upon physical aspects such as diameter, length,
presence of catalyst and chirality. For example, SWNT can be metallic or semicon-
ducting, depending upon the intrinsic band gap and helicity [29]. Semiconducting
SWNTs can be used to fabricate FET devices, as demonstrated by Dekker and co-
workers [30]. In addition, semiconducting SWNTs exhibit significant conductance
changes in response to the physisorption of different gases [24, 31, 32]. Therefore,
SWNT-based nanosensors can be fabricated based on FET layout, where the solid-
state gate is replaced by adsorbed molecules that modulate the nanotube conduc-
tance [33]. Since semiconducting SWNTs have a very high mobility and, because
all their atoms are located at the surface, they are the perfect nanomaterial for sen-
sors. These sensors offer several advantages for the detection of biological species.
First, carbon nanotubes form the conducting channel in a transistor configura-
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Fig. 1.1. A seamlessly rolled-up single
graphite sheet forms a single-walled carbon
nanotube (SWNT). SWNTs are, typically, a few
nanometers in diameter and up to several
micrometers long. They can be either metallic

or semiconducting, depending on their helicity
and diameter. Semiconducting SWNTs are
used for the fabrication of nanotube field-effect
transistors (NTFETs). (Adapted with
permission from Ref. [4], © Wiley-VCH Verlag).

tion. Second, the nanotubes are typically located on the surface of the supporting
substrate and are in direct contact with the environment. This device geometry
contrasts with traditional metal oxide semiconductor field-effect transistors
(MOSFETs) where the conducting channel is buried in the bulk material in which
the depletion layer is formed. Lastly, all of the electrical current flows at the surface
of nanotubes. All these remarkable characteristics lead to a FET device configura-
tion that is extremely sensitive to minute variations in the surrounding environ-
ment.

1.3.2
Nanotube Synthesis

Several synthesis methods are used to produce carbon nanotubes [34]. The three
most commonly used methods are the arc discharge, laser ablation, and chemical
vapor deposition (CVD) techniques. While the arc and laser methods can produce
large quantities of carbon nanotubes they lead to resilient contaminants, including
pyrolytic and amorphous carbon [35, 36|, which are difficult to remove from the
sample. Such impurities result in low recovery yield for the carbon nanotube prod-
uct. However, recent advances in scaling up these methods, as well as development
new fabrication methods such as high pressure carbon monoxide (HiPCO), have
created commercial supplies of carbon nanotubes with more than 90% purity
with competitive prices. In contrast, the less scalable CVD process offers the best
chance of obtaining controllable routes for the selective production of carbon nano-
tubes with defined properties [37]. CVD is catalytically driven, wherein a metal cat-
alyst is used in conjunction with the thermal decomposition of hydrocarbon feed-
stock gases to produce carbon nanotubes. In most cases, the resultant growth of
nanotubes occurs on a fixed substrate within the process. Figure 1.2 illustrates a
typical CVD process for the generation of SWNTs. SWNTs are synthesized by the
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Fig. 1.2. Schematic of a chemical vapor deposition (CVD)
reactor that uses a two-zone furnace. Carbon nanotubes grow
on the substrate placed inside the quartz tube. (Reprinted with
permission from Ref. [34], © 2001, CRC Press).

reaction of a hydrocarbon (e.g., CH,) vapor over a dispersed Fe catalyst. The syn-
thesis apparatus consists of a quartz tube reactor inside a combined preheater and
furnace set-up. The preheat section is operated at ~200 °C. The catalysts are depos-
ited and then hydrocarbon vapors are carried into the reaction zone of the furnace.
An Ar/(10%)-H, carrier gas is used that controls the partial pressure inside the
quartz tube reactor. Reaction temperatures are typically in the range 900-1000 °C.
The SWNTs grow on the substrates (Fig. 1.3) and form thick mats that are readily
harvested. This process produces highly pure SWNTs at a yield approaching 50%
conversion of all hydrocarbon feedstock into carbon nanotube product. Similarly,
a CVD processes sometimes utilize a feed of hydrocarbon-catalyst liquid for the
production of nanotubes, and for this purpose a syringe pump is used to allow
the continuous injection of this solution into a preheat section. Various gaseous
feed-stocks are used to produce nanotubes, ranging from CH,4 to C;H,. A wide
range of transition metals and rare earth promoters have been investigated for the
synthesis of SWNTs by CVD. In general, a transition metal is the major compo-
nent in the catalyst particles used regardless of the catalyst support. The most com-
mon metals found to be successful in the growth of SWNTs are Fe, Co, and Ni [38,
39]. However, bimetallic catalysts consisting of Fe/Ni, Co/Ni, or Co/Pt [40] are re-

Fig. 1.3. Transmission electron microscopy (TEM) image of an
SWNT synthesized by chemical vapor deposition (CVD).
(Reprinted with permission from Ref. [37], © 2001, The
American Chemical Society).
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ported to give the best yield of nanotubes, in addition to some rare earth metals
that have also been studied [41].

Despite challenges, the understanding the growth mechanism of SWNTs is cru-
cial for, ultimately, tailoring the production of SWNTs with known lengths, diame-
ters, helical structures and placement of SWNTs at the desired location. Presently,
efforts are underway to understand the mechanism of catalytic growth of SWNTs
on surfaces and the role of impurities and to increase nanotube yield by varying
the substrate, catalyst, and growth conditions [42]. Directional growth of SWNTs
has been achieved by electric fields [43, 44|, gas flow [45], lattice directions [46],
and atomic steps [47].

1.3.3
Fabrication of NTFETs

To date carbon nanotubes have been used to fabricate various devices, including
nanotube-based mechanical devices [48] and field emission devices [13]. This sec-
tion focuses specifically on fabrication of carbon nanotube field-effect transistors
(NTFETS). Figure 1.4(a) shows a schematic drawing of NTFET. A semiconducting
carbon nanotube is contacted by source and drain electrodes while the gate elec-

Si Back Gate
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Fig. 1.4. (a) Schematic representation of a SWNT. (c) Scanning electron microscopy
nanotube field-effect transistor (NTFET) device (SEM) image of a typical NTFET device

with a semiconducting SWNT contacted by two consisting of a random array of carbon

Ti/Au electrodes, representing the source (S) nanotubes. (d) Typical NTFET transfer

and the drain (D) with a Si back gate characteristic — dependence of the source-drain
separated by a SiO, insulating layer in a conductance (Gsp) on the gate voltage (Vi) —
transistor-configured circuit. (b) Atomic force (i) maximum conductance, (ii) modulation,
microscopy (AFM) image of a typical NTFET (iii) transconductance, (iv) hysteresis, and (v)
device consisting of a single semiconducting  threshold voltage.
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trode, which is electrically insulated from the nanotube channel, is used to manip-
ulate the nanotube’s conductivity. Depending on the particular method of nano-
tube fabrication, a NTFET can be structured in different ways [49]. However, most
publications on nanotube transistors report the use of a degenerately doped Si-
substrate with a comparatively thick (100-500 nm) thermally grown oxide layer
[30, 50-53]. Silicon substrates are readily available and can be used with both
bulk-produced nanotubes and nanotubes grown directly on the Si-substrate by
CVD. If doped highly, the Si substrate stays conductive even at low temperatures,
making it usable as a so-called back-gate with the SiO, as a stable, if low-k, gate
dielectric. Bulk produced nanotubes (laser ablation [54] or HiPCO [55]) are usually
purified and deposited onto Si substrates by suspending them in organic solvents
(e.g., chloroform, dichloroethane, etc.) and then spin-coating or drop casting on the
substrates. In this approach the nanotubes create a random network over the sub-
strate surface. Alignment of the nanotubes is possible, if an AC dielectric field is
applied during deposition [56]. Generally, two different configurations of NTFETs,
regarding source and drain contacts, are possible. By patterning the contacts before
nanotube deposition [30] one can contact nanotubes in bulk, whereas by deposit-
ing the contacts onto the nanotubes one contacts only the ends of nanotubes [57],
because depositing contact material on top of the nanotube normally destroys the
nanotubes underneath the contacts. The second configuration usually guarantees
a lower contact resistance than what is achievable in bulk-contacted devices
[58]. Room temperature NTFET manufacturing methods, while compatible with
CMOS, are limited by ability to disperse effectively carbon nanotubes in the solu-
tion and deposit them without further aggregation on device surfaces [59]. Nano-
tube bundle formation may decrease the semiconducting character of NTFET due
to the occasional presence of nanotube bundles containing metallic nanotubes.

For CVD grown carbon nanotubes metal contacts are deposited onto the nano-
tubes [60, 61], because typical contact materials cannot withstand CVD tempera-
tures, thus making it impossible to grow carbon nanotubes on CMOS structures.
Often, the metal contacts are annealed to lower contact resistance [62]. Several
studies have tried to optimize the material used for the contacts, including Cr/Au
[49] and Pt [30], but only the Cr/Au contacts have been used widely. In this type of
contact the chromium layer is a thin (1-3 nm) adhesion layer that facilitates adhe-
sion of the gold to SiO,. An adhesion layer of Ti [63], especially when annealed,
allows deposition of smooth films of many metals onto carbon nanotubes because
Ti forms titanium carbide at the interface with the nanotube. For this reason,
Ti/Au-contacts are another frequently used combination of contact materials. Many
publications investigating Schottky barriers between a nanotube and its contacts
[61, 64] have employed such contacts. Palladium (Pd) is another material investi-
gated that wets nanotubes well and has been used recently to produce NTFETs
with ohmic contacts, i.e., contacts without Schottky barriers [52, 63].

Depending on the number of carbon nanotubes connecting the source and drain
electrodes, there are two different device architectures. In the first device architec-
ture, a single nanotube connects the source and drain (Fig. 1.4b). These devices
have been used for biosensing with excellent sensitivity. However, there is substan-
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tial variation between the different devices that are fabricated and this variation is
reflected in the electronic characteristics of individual nanotubes. In addition, the
interface between the nanotube and the metallic contact may vary from device to
device. Specialized techniques are needed either to mount or grow an individual
carbon nanotube at a predetermined location. Placement is difficult and impracti-
cal for mass fabrication of NTFETs. For example, although the process of attaching
a carbon nanotube strand via arc-discharge or contact method to sharp metal probe
is fast, simple and economical it suffers from low yield. Therefore, it is difficult to
determine the quality of carbon nanotube strand attached to metal tip unless exam-
ined under SEM. When checked under SEM a large percentage of the metal probes
have multiple nanotubes attached or clusters of amorphous carbon accompanying
the carbon nanotubes [65]. Hence random networks of SWNTs have been explored
as an alternative [66].

Nanotube networks take up more space than individual SWNTs, but they are
much easier to fabricate and show great promise towards simple mass fabrication
of NTFETs. In this second configuration, the devices contain a random array of
nanotubes between source and drain electrodes (Fig. 1.4c). In this configuration,
current flows along several conducting channels that determine the overall device
resistance. The device characteristics depend on the number of nanotubes and
density of the nanotube network. It is reported that the conductance drops are as-
sociated with junctions formed by crossed semiconducting and metallic nanotubes.
Local conductance is more dependent on the number of connections to the specific
area; clusters of nanotubes with many paths to the electrode have significantly
higher conductance than those parts of the network connected through fewer
paths. Areas with low conductance typically only have two to three connections to
the network, thus it is likely that these connections are dominated by the presence
of highly resistive metallic/semiconducting junctions. When a sufficient back gate
voltage is applied to the sample, current flow through the semiconducting tubes is
suppressed. Using this technique, differences between metallic and semiconduct-
ing SWNT can be distinguished. This type of device configuration, containing a
network of conducting nanotube channels, is less sensitive than devices made of
single nanotubes. In both types of device configurations, the parameter used for
detection is the transfer characteristic — the dependence of either the source-drain
current (Isp) or conductance (Gsp) (for a fixed source-drain voltage Vsp) on the
gate voltage (V¢) (Fig. 1.4d).

NTFETS can operate as p-type or n-type transistors. The mode of operation can
be changed from the pristine p-type to n-type by either adding electron donor mol-
ecules (n-doping) or removing adsorbed oxygen by annealing the contacts under
vacuum [67]. Polymer-gated NTFETs can also tune their modes of operation: a
change in the chemical group of the polymer changes the NTFET from p-type to
n-type [68, 69]. Oxygen doping was attributed to the fact that the oxygen interacts
with the nanotube—metal junction and causes the p-type characteristic for NTFETs
in air by pinning the metal's Fermi level near the nanotube’s valance band maxi-
mum [33]. However, there is no apparent consensus in the literature about the
exact mechanism of chemical sensitivity of NTFETs.
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Before discussing NTFET applications for biological detection we first describe
the effect of small molecules, relative humidity, and conductive liquid media on
NTFET devices characteristics. Effect of these factors should be well understood be-
fore NTFET biodetection is reviewed.

1.4.1
Sensitivity of NTFETs to Chemical Environment

Generally, the molecular species in the ambient environment have a significant
impact on the electrical properties of NTFETSs. The conductance of semiconducting
SWNTs can be substantially increased or decreased by exposure to NO, or NHj3
[24]. Exposure to NHj effectively shifts the valance band of the nanotube away
from the Fermi level, resulting in hole depletion and reduced conductance. In con-
trast, on exposure to NO, molecules the conductance of nanotubes increases by
three orders of magnitude [70]. Here, exposure of the initially depleted sample to
NO; resulted in the nanotube Fermi level shifting closer to the valence band. This
caused enriched hole carriers in the nanotube and enhanced sample conductance.
These results show that molecular gating effects can shift the Fermi level of semi-
conducting SWNTs and modulate the resistance of the sample by several orders of
magnitude.

The electronic properties of SWNTs are also extremely sensitive to air or oxygen
exposure [33]. Isolated semiconducting nanotubes can be converted into apparent
metals through room temperature exposure to oxygen. As the surrounding me-
dium was cycled between vacuum and air, a rapid and reversible change in the
SWNT resistance occurred in step with the changing environment. Initially, in a
pure atmospheric pressure oxygen environment, the thermoelectric power (TEP)
S was positive with a magnitude of nearly +20 mV K. This relatively large posi-
tive TEP is consistent with that reported for pristine SWNTs near room tempera-
ture [71]. As oxygen was gradually removed from the chamber, the TEP changed
continuously from positive to negative, with a final equilibrium value of approxi-
mately —10 uV K~1. When oxygen was reintroduced into the chamber, the TEP
reversed sign and once again became positive. These dramatic 10-15% variations
in R and change in sign of the TEP demonstrate that SWNTs are exceptionally sen-
sitive to oxygen.

In the carbon nanotubes sensors mentioned above, chemical sensing experi-
ments have been conducted with devices in which both nanotubes and nanotube—
metal contacts were directly exposed to the environment. The sensing could be
dominated by the interaction of molecules with the metal contacts or the contact
interfaces. Adsorbed molecules would modify the metal work functions and, there-
by, the Schottky barrier [72, 73]. Heinze et al. [64] have assigned the effect of oxy-
gen to the Schottky barrier. Recently, a new device architecture has been studied in
which the interface between the metallic contacts and nanotubes is covered by a

9
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Fig. 1.5. (a) AFM image of a contact passivated NTFET device
covered with poly(ethylene imine). (b) Isp—Vg dependence for
the device in vacuum (center curve), as well as in NH3 and
NO; gases. (Adapted with permission from Ref. [74], © 2003
American Institute of Physics).

passivation layer, referred to as contact-passivated [74]. In this configuration, with
the junction isolated and only the central length of the nanotube channels exposed,
the contacts should be isolated from the effect of chemicals. At the same time, the
section of the device that is open to the environment can be doped via charge trans-
fer. NTFETs with such configuration have been investigated by measuring sensitiv-
ity to NH3, NO,, and poly(ethylene imine) (Fig. 1.5).

The NTFET devices were fabricated using SWNTs grown by CVD on 200 nm of
silicon dioxide on doped silicon from iron nanoparticles as described in Section
1.3.1. These particles were exposed to flowing hydrocarbon to grow carbon nano-
tubes, and after growth optical lithography was used to pattern electrical leads
(35 nm titanium capped with 5 nm gold) on top of the nanotubes. Contact passiva-
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tion was achieved by 70 nm silicon monoxide layer. Source and drain electrodes
were separated by nearly a micrometer. The dependence of the source-drain cur-
rent (Isp) as function of the gate voltage (V) was measured from +10 to —10 V
using a semiconductor parameter analyzer in air/water/gas mixtures. The low con-
centrations of gas mixtures could be introduced to the devices by mixing different
proportions of air and gases. The contact-passivated devices demonstrated NH;
and NO; sensitivity similar to regular NTFETS. Poly(ethylene imine) also produced
negative threshold shifts of tens of volts, despite being in contact with only the
center region of devices. Thus, the NTFET sensor character was preserved despite
isolating Schottky barriers.

Several groups have reported that NTFET fabricated on SiO,/Si substrates exhib-
its hysteresis in current versus gate-voltage characteristics and attributed the hyste-
resis to charge traps in bulk SiO,, oxygen-related defect trap sites near nanotubes,
or the traps at the SiO,/Si interface. It is mentioned that thermally grown SiO; sur-
face consists of Si-OH silanol groups and is hydrated by a network of water mole-
cules that are hydrogen bonded to the silanols. The CVD nanotube growth condi-
tion (900 °C) may dehydrate the surface and condense to form Si—-O-Si siloxanes.
When such a surface is exposed to and stored in ambient air, the surface siloxanes
on the substrate react with water and gradually revert to Si—-OH, after which the
substrate becomes rehydrated. Heating under dry conditions significantly removes
water and reduces hysteresis in the transistors.

Kim et al. have reported that the hysteresis in electrical characteristics of NTFETs
is due to charge trapping by water molecules around the nanotubes, including
SiO; surface-bound water proximal to the nanotubes [75]. They have demon-
strated that coating nanotube devices with PMMA can afford nearly hysteresis-
free NTFETs [75]. This passivation is attributed to two factors. First, the ester
groups of poly(methyl methacrylate) (PMMA) can hydrogen bond with silanol
group on SiO,. Baking at 150 °C combined with the polymer—SiO, interaction
can significantly remove the silanol-bound water. Second, PMMA is hydrophobic
and can keep water in the environment from permeating the PMMA and adsorb-
ing on the nanotube in a significant manner.

Bradley et al. have attributed hysteresis in NTFET devices to cation diffusion
[76], based on the following experiments. First, NTFET devices that exhibit very
small hysteresis were fabricated. Subsequently, these devices were modified by
the addition of an electrolyte coating that created mobile ions on the surface of
the device and resulted in the large hysteresis. Experiments were also conducted
to explore possible mechanisms for cation-induced hysteresis by varying the
humidity that changes the hydration layer around the nanotubes, thus leading to
the increase of the ionic mobility. The hysteresis has been found to be sensitive to
humidity on sub-second time scales, showing promise as a humidity sensor [77].

Sensitivity of NTFETs to charges as well as NTFET operation in conducting
liquid media is important for biosensor design where the sensor should operate
in physiological buffers with complex mixtures of biomolecules. Figure 1.6 shows
a typical transfer characteristic of NTFET measured in air and water using the sili-
con and water as the gate electrode, respectively. The change in device characteris-

1
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Fig. 1.6. (a) Detection in liquid with NTFET  the liquid gate. Note the different x-scales for
devices by using either the back gate or liquid  the back and liquid gates. (Adapted with
gate configuration. (b) NTFET transfer permission from Ref. [93], © 2003, The
characteristics in air (solid line), using the American Physical Society.)

back gate, and in water (dashed line), using

tics upon exposure to a water/gas mixture is reflected in the transfer characteris-
tics. Saline or electrolytes can also gate NTFETs and give high transconductance
(62, 78].

1.4.2
Bioconjugates of Carbon Nanotubes

Numerous reports demonstrate the ability to chemically functionalize nanotubes
for biological applications [79, 80]. Such chemistry is readily transferable to many
applications, ranging from sensors [81, 82] to electronic devices [83]. SWNTs are
chemically stable and highly hydrophobic. Therefore, they require surface modifi-
cation to establish effective SWNT-biomolecule interaction.

So far, two methods of exohedral functionalization of SWNTs have been devel-
oped — namely covalent and noncovalent. While covalent modifications [84] are
often effective at introducing functionality, they impair the desirable mechanical
and electronic properties of SWNTs. Noncovalent modifications [85], however, not
only improve the solubility of SWNTs in water, but they also constitute non-
destructive processes, which preserve the primary structures of the SWNTs, along
with their unique mechanical and electronic properties.

Previously, it has been shown that polysaccharides such as starch [86, 82, 83],
gum Arabic [84], and the -1,3-glucans, curdlan and schizophyllan [85], will solu-
bilize SWNTs in water. It has been proposed that at least some of these polymers
achieve their goal by wrapping themselves in helical fashion around SWNTs (Fig.
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Fig. 1.7.  Molecular model of SWNT wrapped in an amylose
coil. (Reprinted from Ref. [79], © 2002, The American Chemical
Society.)

1.7). Solubilization of the SWNTs with cyclodextrins (CD), which are macrocyclic
polysaccharides, has been also investigated [86]. The observed aqueous solubility
of SWNTs with y-CD is unlikely due to encapsulation because the inner cavity di-
mensions of this CD are far too small to allow it to thread onto even the smallest
diameter SWNTs. More recently, however, it has been shown [87] that #-CD, which
has 12 o1,4-linked p-glucopyranose residues and therefore is large enough, does
thread onto SWNTs in water, not only solubilizing the NTs but also permitting
some partial separations according to their diameters.

Nucleic acids, such as single-stranded DNA, short double-stranded DNA, and
some total RNA can also disperse SWNTs in water [88, 89]. Molecular modeling
has shown [20] that the non-specific DNA-SWNT interactions in water are from
the nucleic acid-base stacking on the nanotube surface, resulting in the hydro-
philic sugar—phosphate backbone pointing to the exterior to achieve the solubility
in water. The mode of interaction could be helical wrapping or simple surface
adsorption. The charge differences among the DNA-SWNT conjugates, which are
associated with the negatively charged phosphate groups of DNA and the different
electronic properties of SWNTSs, have allowed post-production preparation of sam-
ples enriched in metallic and semiconducting SWNTs.

Various proteins can also strongly bind to the nanotube exterior surface via
non-specific adsorption. Proteins such as streptavidin and HupR crystallize in heli-
cal fashion, resulting in ordered arrays of proteins on the nanotube surface [90].
Mechanistically, the non-specific adsorption of proteins onto the nanotube surface
may be more complicated than the widely attributed hydrophobic interactions.
Quite possibly, the observed substantial protein adsorption is, at least in part, asso-
ciated with the amino affinity of carbon nanotubes, as was demonstrated recently
by monitoring the conductance change in the carbon nanotube [91]. Also, inter-
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molecular interactions involving aromatic amino acids, i.e., histidine and trypto-
phan, in the polypeptide chains of the proteins can contribute to the observed affin-
ity of the peptides to carbon nanotubes [92].

1.4.3
Protein Detection

Carbon nanotube interactions with proteins have been explored by NTFET devices
[91]. In NTFET devices, the ability to measure the electronic properties of the nano-
tube allowed to query the electronic state of the immobilization substrate. In that
work two types of measurements of the device transfer characteristics were per-
formed. In the first measurement, referred to as a substrate-gate transfer character-
istic, the current through the drain contact (at fixed source-drain bias) was moni-
tored while a variable gate voltage was applied through a metallic gate buried
underneath the SiO, substrate. In the second measurement, referred to as liquid-
gate transfer characteristics, the device was immersed in a buffer solution and a
variable gate voltage was applied through a platinum electrode. The current was
passed through the drain contact and a silver reference electrode in the solution.
During these measurements, the assembly was shaken gently, using a lab rotator
at 3 Hz. The effect of protein adsorption was studied with both measurements. De-
vices were incubated with streptavidin (40 nm) in 15 mwm phosphate buffer at 25 °C.
Liquid-gate transfer characteristics were measured continually during the incuba-
tions. After 10 h, the devices were rinsed with distilled water and blown dry, and
the substrate-gated transfer characteristics of the dried devices were measured.
These results were discussed in terms of a simple model in which adsorbed
streptavidin coats the single-walled nanotube (Fig. 1.8). The gradual shift in the
threshold voltage is assumed to result from the slow accumulation of a full mono-
layer of adsorbed protein. This coverage-dependent threshold shift is analogous
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Fig. 1.8.

(a) Size comparison between a
carbon nanotube and a streptavidin molecule.
(b) Current versus gate voltage for a nanotube
device; Vsp = 10 mV. (ii) In phosphate buffer
before streptavidin addition. (i) same
conditions, to measure the uncertainty in the

threshold voltage. (iii) After 10 h of incubation
with streptavidin. Arrows indicate the threshold
voltages for the three curves [the arrow for (i)
is behind that for (ii)]. (Adapted with
permission from Ref. [91], © 2003, The
American Chemical Society.)
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to the concentration-dependent shift observed when such devices are exposed to
aqueous ammonia [93]. The protein adsorbate equilibrates over several hours so
that only the full monolayer can be conclusively determined. Such protein mono-
layers form under various conditions at interfaces that permit protein crystalliza-
tion, including sidewalls of MWNTs [90, 94]. The results support the proposal
that conductance changes are due to charge injection or field effects caused by pro-
teins adsorbed solely along the lengths of the nanotubes.

Protein adsorption on NTFET leads to appreciable changes in the electrical con-
ductance of the devices that can be exploited for label-free detection of biomole-
cules with a high potential for miniaturization. For example, Dai and coworkers
[95] have used a sensor design consisting of an array of four NTFET sensors on
SiO,/Si chips. Each NTFET consists of multiple SWNTs connected roughly in par-
allel across two closely spaced bridging metal electrodes. Three types of devices
with different surface functional groups were prepared for the investigation of the
biosensing: (1) unmodified as-made devices, (2) devices fabricated with mPEG-SH
SAMs formed on, and only on, the metal contact electrodes and, lastly, (3) devices
with mPEG-SH SAMs on the metal contacts and a Tween 20 coating on the carbon
nanotubes. Electrical conductance of these devices upon the addition of various
protein molecules was monitored. While device type 1 showed a significant con-
ductance change with protein adsorption, device type 2 with an mPEG-SH SAM
on the metal electrodes did not give any conductance change, except in the case of
the protein avidin. It was reported that the metal-nanotube interface or contact
region is highly susceptible to modulation by adsorbed species [64]. Modulation
of metal work function can alter the Schottky barrier of the metal-nanotube inter-
face, thus leading to a significant change in the nature of contacts and, conse-
quently, a change in the conductance of the devices.

In situ detection of a small number of proteins by directly measuring the elec-
tron transport properties of a single SWNT has been reported by Nagahara and
coworkers [96]. Cytochrome ¢ (cytc) adsorption onto individual NTFET has been
detected via the changes in the electron transport properties of the transistors.
The adsorption of cytc induces a decrease in the conductance of the NTFET
devices, corresponding to a few tens of molecules. This experiment was carried
out by measuring the conductance versus electrochemical potential of the SWNT
with respect to a reference electrode inserted in the solution, and observed a nega-
tive shift in the conductance versus potential plot upon protein adsorption. The
number of adsorbed proteins has been estimated from this shift.

1.4.4
Detection of Antibody—Antigen Interactions

Specific sensitivity can be achieved by employing recognition layers that induce
chemical reactions and modify the transfer characteristics. In this two-layer archi-
tecture carbon nanotubes function as extremely sensitive transducers while the rec-
ognition layer provides chemical selectivity and prevents non-specific binding that
is common for complex biological samples.
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Following this design, nanotubes have been functionalized to be biocompatible
and to be capable of recognizing proteins. This functionalization has involved
noncovalent binding between a bifunctional molecule and a nanotube to anchor a
bioreceptor molecule with a high degree of control and specificity. Star and co-
workers have fabricated [97] NTFET devices sensitive to streptavidin using a bio-
tin-functionalized carbon nanotube bridging two microelectrodes (source and
drain, Fig. 1.9a). The SWNT in the NTFET device was coated with a mixture of
two polymers, poly(ethyleneimine) and poly(ethylene glycol). The former provided
amino groups for the coupling of biotin—N-hydroxysuccinimidyl ester (Fig. 1.9b)
and the latter prevented the nonspecific adsorption of proteins on the functional-
ized carbon nanotube. Figure 1.9(c) shows an AFM image of the device after its
exposure to streptavidin labeled with gold nanoparticles (10 nm). Lighter dots rep-
resent gold nanoparticles and indicate the presence of streptavidin bound to the
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Fig. 1.9. (a) Schematic of NTFET coated nanoparticles (10 nm in diameter). (d) Source-
with a biotinylated polymer layer for specific drain current dependence on gate voltage of

streptavidin binding. (b) Biotinylation reaction the NTFET device based on SWNTs functioned
of the polymer layer (PEI/PEG) on the side-wall with biotin in both the absence and presence
of the SWNT. (c) AFM image of the polymer-  of streptavidin. (Adapted with permission from
coated and biotinylated NTFET device after Ref. [97], © 2003, The American Chemical
exposure to streptavidin labeled with gold Society.)
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biotinylated carbon nanotube. The source-drain current dependence on the gate
voltage of the NTFET shows a significant change upon the streptavidin binding
to the biotin-functionalized carbon nanotube (Fig. 1.9d). The experiments reveal
the specific binding of the streptavidin, which occurs only at the biotinylated
interface.

The mechanism of the biodetection was explained in terms of the effect of
the electron doping of the carbon nanotube channel upon the binding of the
charged streptavidin molecules. Dai and coworkers [98] have also analyzed specific
antigen—antibody interactions using NTFET devices. In particular, they have
studied the affinity binding of 10E3 mAbs antibody (a prototype target of the auto-
immune response in patients with systematic lupus erythematosus and mixed con-
nective tissue disease) to human auto antigen U1A.

1.4.5
DNA Detection

DNA biosensors based on nucleic acid recognition processes are quickly being
developed towards the goal of rapid, simple and inexpensive testing of genetic
and infectious diseases. To date, there are several reports on the electrochemical
detection of DNA hybridization using multi-walled carbon nanotube (MWNT) elec-
trodes [99]. Whereas electrochemical methods rely on the electrochemical behavior
of the labels, measurements of the direct electron transfer between SWNTs and
DNA molecules paves the way for label-free DNA detection (Fig. 1.10). To illustrate
the practical utility of this new nanoelectronic detection method, an allele-specific
assay to detect the presence of SNPs using NTFETs has been recently developed
[100]. This DNA assay targeted the H63D polymorphism in the human HFE
gene, which is associated with hereditary hemochromatosis, a common and easily
treated disease of iron metabolism [101, 102].

DNA sensing mechanism using NTFETs has been recently explored by selective
attachment of DNA molecules at different device segments. Tang et al. [103] have
found that DNA hybridization on gold electrodes rather than on SWNT sidewalls is
mainly responsible for NTFET detection due to Schottky barrier modulation. In
another approach, DNA hybridization occurs on the surface at the gate of NTFET
[104]. As a result, the conductance in SWNTs was changed through the gate insu-
lators. In the work, the 5" end-amino modified peptide nucleic acid (PNA) oligonu-
cleotides were covalently immobilized onto the Au surfaces of the back gate of
NTFETs. PNA is a synthetic analog of DNA, in which both the phosphate and the
deoxyribose of the DNA backbone are replaced by a polypeptide. PNA mimics the
behavior of DNA and hybridizes with complementary DNA or RNA sequences,
thus enabling PNA chips to be used in biosensors. The micro-flow chip was fabri-
cated by using poly(dimethylsiloxane) (PDMS) prepolymer. The NTFET nano-
sensor array was placed onto the PDMS chip in such a way that the PNA probe-
modified Au side was positioned to face the open chamber for the introduction of
solutions and the electrical measurements. A PNA probe with the base sequence
5’-NH,-ACC ACC ACT TC-3', which was fully complementary to the tumor necro-
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Fig. 1.10. Label-free detection of DNA responses in SNP detection assays. (d)

hybridization using NTFET devices. (a) G-V, Fluorescence microscopy image of the NTFET

curves after incubation with allele-specific wild-
type capture probe and after challenging the
device with wild-type synthetic HFE target

(50 nm). (b) G-Vg curves in the experiment

network device, with the electrodes 10 mm
apart, after incubation with Cy5-labeled DNA
molecules. (Adapted with permission from
Ref. [100], © 2006, The National Academy of

with mutant capture probe. (c) Graph with Sciences of the USA.)

electronic (1 — G/Gp) and fluorescent

sis factor-o (TNF-2) gene sequence, was used as a model system. The base se-
quence for full complementary target DNA was 5-GGT TTC GAA GTG GTG
GTC TTG-3' while the non-complementary DNA oligonucleotide sequence was
5’-CCC TAA GCC CCC AA-3".

The electrical properties of the NTFET devices were measured at room tempera-
ture in air. First, the blank PBS solution was introduced into the PDMS-based
micro flow chip, revealing that no substantial change in the source-drain current
of NTFET was obtained. The current increased dramatically while monitoring in
real time for about 3 h. The increase in conductance for the p-type NTFET device
was consistent with an increase in negative surface charge density associated with
binding of negatively charged oligonucleotides at the surface. DNA hybridization
can be detected by measuring the electrical characteristics of NTFETs, and SWNT
based FET can be employed for label-free, direct real time electrical detection of
biomolecule binding.
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1.4.6
Enzymatic Reactions

SWNTs can be made water soluble by wrapping in amylose (linear component of
starch) [86]. These SWNT solutions are stable for weeks, provided nobody spits on
them. Indeed, the addition of saliva, which contains a-amylase, precipitates the
nanotubes as the enzyme breaks amylose down into smaller carbohydrate frag-
ments, finally resulting in the formation of glucose. The enzymatic degradation of
starch has been recently monitored electronically using NTFETs [105]. Figure
1.11(a) shows the experimental setup used for this study. NTFET devices display
transconductance and source-drain current—voltage characteristics typical of the
p-type device behavior. The device characteristics, i.e., the source-drain current Isp
as a function of the gate voltage Vi, were measured to evaluate the effect of starch
deposition and the subsequent enzymatic degradation of the starch layer on the
carbon nanotubes.

Starch was deposited onto the FET by soaking the silicon wafer in a 5% aqueous
starch solution and the device characteristics were found to be shifted by approxi-

Fig. 1.11.  (a) NTFET device for electronic vapor. (c) NTFET device characteristics in the
monitoring of the enzymatic degradation of form of Isp—V¢ curves measured from +10 to
starch with amyloglucosidase (AMG) to —10 V gate voltage with a +0.6 V bias voltage
glucose. (b) High-resolution transmission before (bare) and after starch deposition, as
electron microscopy (HRTEM) image of a well as after hydrolysis with AMG. (Adapted
SWNT (2.0 nm diameter) after treatment with ~ with permission from Ref. [104], © 2004, The
a drop of a 1% of an aqueous solution of American Chemical Society.)

starch. The starch had been stained with RuO,
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mately 2 V toward more negative gate voltages. The direction of the shift equates
with electron doping of the nanotube channel by the polysaccharide. Quantitatively
similar doping effects have been observed when carbon nanotube FET devices were
exposed to NH; gas, amines [106], poly(ethylene imine) (PEI) [107], and proteins
[91]. After the enzyme-catalyzed reaction had been performed on the starch-
functionalized devices and washed with buffer, the Isp vs. Vg characteristics recov-
ered almost completely to the trace recorded before starch deposition (Fig. 1.11).
This indicates that, during the enzyme-catalyzed reaction, nearly all the starch
deposited on the surface of the nanotube device is hydrolyzed to glucose which is
washed off by the buffer prior to the electronic measurements.

1.4.7
Glucose Detection

The diagnosis and management of diabetes mellitus requires a tight monitoring
of blood glucose levels. Dekker and coworkers have demonstrated the use of indi-
vidual semiconducting SWNT as a versatile biosensor [108]. The redox enzyme
glucose oxidase (GOy) that catalyses the oxidation of f-p-glucose (CsH1;04) to D-
glucono-1,5-lactone (CsH19Og) has been studied. The redox enzymes go through
a catalytic reaction cycle where groups in the enzyme temporarily change their
charge state and conformational changes occur in the enzyme that can be detected
using NTFET devices.

In addition to pH sensitivity, GOx-coated semiconducting SWNTs appeared to be
sensitive to glucose, the substrate of GOy. Figure 1.12 exhibits real-time measure-
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Fig. 1.12. Real time electronic response of the a second device where the conductance was a
NTFET sensor to glucose, the substrate of factor of 10 lower; (b) the same measurement
glucose oxidase (GOy). The conductance of a  on a semiconducting SWNT without GOy; no
semiconducting SWNT with immobilized GO,  conductance increase is observed in this case.
is measured as a function of time in 5 pL milli-  (Reprinted with permission from Ref. [107],

Q water. The conductance of the GOy-coated ~ © 2003, The American Chemical Society.) (B)
SWNT increases upon addition of glucose to  Schematic of GO, immobilized on SWNT for
the liquid. Inset: (a) the same measurement on electronic glucose detection.
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ments where the conductance of a GOx-coated semiconducting SWNT in milli-Q
water has been recorded in the liquid (left-hand arrow in each graph in Fig. 1.12).
No significant change in conductance was observed as a result of water addition.
When 0.1 M glucose in milli-Q water was added to the liquid (right-hand arrow in
each graph), however, the conductance of the tube increased by about 10%. A sim-
ilar 10% conductance change was observed for another device (Fig. 1.12a inset),
which had a factor 10 lower conductance. Glucose did not change the conductance
of the bare SWNT but did increase the device conductance after GOx was immobi-
lized. Inset (b) of Fig. 1.12 shows such measurement on a bare semiconducting
SWNT. These measurements clearly indicate that the GOx activity is responsible
for the observed increase in conductance upon glucose addition, thus rendering
such nanodevices as feasible enzymatic-activity sensors.

1.5
Conclusion and Outlook

Recent advances in the rapidly developing area of biomolecule detection using car-
bon nanotube systems have been summarized here. SWNTs appear as structurally
defined components for various electronic devices. The semiconductive properties
of SWNTs are of special interest as these SWNTs have been applied to fabricate
FETs for sensing applications. This area requires further development, particularly
related to the fabrication of FETs based on individual SWNTs. The use of carbon
nanotubes as nanocircuitry elements is particularly interesting. Biomaterials linked
to nanotubes may be used as binding elements for the specific linkage of the nano-
tube to surface in the form of addressable structures.

Important chemical means to functionalize SWNTs with other electronic materi-
als such as conductive polymers or nanoparticles is anticipated to generate materi-
als of new properties and functions. The localized nanoscale contacts of SWNTs
with bio-surfaces will be a major advance in understanding and exploring the new
applications. The use of nanodevices to monitor various biologically significant
reactions is envisioned. In future, it should be possible to connect the living cells
directly to these nanoelectronic devices to measure the electronic responses of liv-
ing systems. The combination of the unique electronic properties of SWNTs and
catalytic features of biological system could provide new opportunities for carbon
nanotubes based bioelectronics.
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