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The year 2008 marks the 10th anniversary of the carbon nanotube field-effect transistor

(NTFET). In the past decade a vast amount of effort has been placed on the development of

NTFET based sensors for the detection of both chemical and biological species. Towards this

end, NTFETs show great promise because of their extreme environmental sensitivity, small size,

and ultra-low power requirements. Despite the great progress NTFETs have shown in the field of

biological sensing, debate still exists over the mechanistic origins underlying the electronic

response of NTFET devices, specifically whether analyte species interact with the carbon

nanotube conduction channel or if interaction with the NTFET electrodes actually triggers device

response. In this tutorial review, we describe the fabrication of NTFET devices, and detail several

reports that illustrate recent advances in biological detection using NTFET devices, while

highlighting the suggested mechanisms explaining the device response to analyte species. In doing

this we hope to show that NTFET technology has the potential for low-cost and portable

bioanalytical platforms.

Introduction

Nanotube field-effect transistors (NTFETs) were indepen-

dently reported in 1998 by both the Dekker group1 at Delft

University and the Avouris group2 at IBM. NTFET devices

are unique in the world of semiconductor-based transistors

because their conduction channel consists of carbon nano-

tubes (CNTs). The incorporation of CNTs into electronic

circuitry has allowed NTFET devices to be developed into

sensor platforms with unrivaled sensitivity towards local

chemical environments. CNTs composed of a single cylindri-

cal layer of carbon atoms, called single-walled carbon nano-

tubes (SWNTs), have found promising use in sensor

applications because their electrical conductivity can be mod-

ified through interaction with chemical3 or biological4 species.

Furthermore, the small diameter and relatively long length

(mm) of SWNTs allows them to probe molecular systems on a

local scale by directly ‘‘wiring into’’ individual or small

assemblies of molecules. These characteristics of SWNT based

NTFETs create unique platforms for studying molecular

systems with unsurpassed sensitivity.

Integrating SWNTs into electronic devices

Depending on the arrangement of carbon atoms along the

tube length, a SWNT will either be metallic or semiconduct-

ing.5 Under ambient conditions, semiconducting SWNTs
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demonstrate p-type electrical behavior, which enables them to

conduct holes instead of electrons; this is widely believed to

result from oxygen adsorption on the SWNT6 or at the device

electrode.7 To function in an electronic device, the SWNT

must be contacted to a metal electrode. If the semiconducting

SWNT and metal have different work functions, then Fermi

level equilibration will occur;8 this phenomenon leads to a

donation of electronic density from the metal into the partially

depleted SWNT valence band. At the SWNT–metal interface a

region of increased electronic density forms in the SWNT

valence band called a depletion region, and a potential barrier,

called a Schottky barrier (SB), inhibits the transmission of

holes from the metal electrode into the SWNT.

In a NTFET, the SWNT (or network of SWNTs9) acts as a

conduction channel between two electrodes. Current flow

through the SWNT conduction channel is modulated by an

external electric field applied through a so called ‘‘gate elec-

trode’’. Fig. 1A represents a NTFET composed of an isolated

SWNT as the conduction channel. Here the SWNT lies on top

of a conductive Si substrate covered with a thin insulating SiO2

layer. Two metal electrodes act as the source (S) and drain (D)

electrodes that are held at a constant bias voltage (VSD), and

the bottom Si substrate acts as the insulated back gate

electrode. Fig. 1B is an atomic force microscope (AFM) image

of such a NTFET device where an isolated SWNT bridges the

S–D electrodes on top of a SiO2 substrate with a Si back

gate (not visible). Current modulation is achieved by sweeping

the gate voltage between positive and negative values.

Towards very positive gate voltages, the SB at the SWNT–

metal electrode inhibits the transport of holes from the

metal electrode into the SWNT valence band,10 the measured

current is small and the device is said to be in the ‘‘OFF-state’’.

More negative gate voltages will decrease the SB width and

increase hole transport into the SWNT, the device is

said to turn on and the current will increase; towards

very negative gate voltages, the current will saturate and

the device is said to be in the ‘‘ON-state’’. Sweeping the

gate voltage at a constant VSD creates a current (or conduc-

tance) versus gate voltage curve, I–VG (or G–VG) called

a transistor transfer characteristic. NTFET devices consisting

of a network of SWNTs between the source and drain

electrodes, as shown in Fig. 1C, will invariably contain

metallic nanotubes and demonstrate non-zero current

(conductance) at very positive gate voltages. Fig. 1D is a

G–VG transfer characteristic obtained with a NTFET

device composed of a random network of SWNTs between

interdigitated Ti/Au S–D electrodes and a Si back gate elec-

trode; here VSD = 0.05 V.

The non-zero conductance at positive extremes of the VG

sweep is a result of the metallic SWNTs present in the

Fig. 1 (A) A NTFET device composed of an isolated SWNT between source (S) and drain (D) electrodes on top of a SiO2 substrate with an

underlying Si gate electrode. (B) Atomic force microscope (AFM) image of the NTFET device illustrated in part A. (C) NTFET device composed of a

random network of SWNTs as the conduction channel, with a scanning electron microscope (SEM) image of the SWNT network; the SEM image

width is 10 mm. (D) NTFET transistor characteristic showing the source–drain conductance versus gate voltage (G–VG) curve obtained by sweeping the

gate voltage from +10 to �10 V at a constant S–D bias voltage (VSD) of 0.05 V using a NTFET with a random network of SWNTs between

interdigitated Ti/Au electrodes on a SiO2 insulated Si back gate. (E) A liquid gated NTFET where the electrochemical potential of the solution is

controlled with a gate electrode. (Parts A and B are reproduced with permission from ref. 4, copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA.)
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conduction channel. An alternative device design allows

NTFET operation in liquid environments where the electro-

chemical potential of the liquid is controlled with a gate

electrode;11 similar to a back gated NTFET, the current

(conductance) is modulated by sweeping the gate voltage

(liquid potential) between positive and negative voltages. The

liquid gated NTFET device design is illustrated in Fig. 1E and

is useful for monitoring real-time interactions between SWNTs

and biological molecules in a liquid environment.

Mechanisms of NTFET sensor response

An advantage of using NTFET devices over more simple

chemiresistors (where the SWNT is simply used to bridge

two metal electrodes) is that NTFETs can differentiate

between mechanisms prompting device response. The exact

mechanistic origins of NTFET device response remains a

heatedly debated topic in the literature. For example, Dekker

and co-workers12 recently published a report that identified

four distinct phenomena responsible for NTFET-based sensor

response. Mathematically, the NTFET conductance, s, is

defined as the number and mobility of charge carriers in the

SWNT, denoted as n and m, respectively, such that s = nem
where e is the elemental charge.2 For example, a change in n

(charge transfer) will result in a shift in the G–VG (or I–VG)

transfer characteristic and change in the device conductance

(or current) at any arbitrary gate voltage (Fig. 2A). More

specifically, donation of electronic density into the p-type

SWNT will result in a shift of the transfer characteristic

towards more negative gate voltages and result in decreased

current at any arbitrary gate voltage. Alternatively, Fig. 2B

illustrates the effect of Schottky barrier modification on

NTFET behavior where molecular adsorption on the electrode

changes the local work function of the metal and alters the

band alignment of the SWNT. Because different barriers exist

for hole and electron transport they suggest Schottky barrier

modification will create an asymmetric change for n- and

p-type conduction.

A change in the device capacitance is shown in Fig. 2C. This

example is modeled on the behavior of a liquid gated NTFET

where molecular adsorption lowers the local permittivity

relative to the electrolyte solution, and thereby reduces the

efficiency of the liquid gate. Interestingly, they claim that a

near complete coverage on the SWNT surface is needed to

fully observe this effect. Lastly, a change in charge mobility, m,
will result in a reduction in the slope of the transfer character-

istic, called the transconductance; this leads to a decrease in

the device conductance without shifting the G–VG to lower

gate voltages, as shown in Fig. 2D.

Currently, most reports of NTFET-based sensors cite

charge transfer or Schottky barrier modification as the domi-

nant mechanism responsible for device response. To further

illustrate the influence of Schottky barrier modification on the

behavior of NTFET devices, recall that NTFET devices

behave as Schottky barrier transistors;13 this means that the

electronic behavior of the device is intimately related to the

work function of the electrode. Avouris and co-workers

reported that NTFET transfer characteristics can experience

shifts based on a change in the work function of the device

electrodes.14 They found that NTFET devices constructed

with lower metal work function electrodes exhibited lower

ON-state current and/or a shift in the transfer characteristic

towards more negative gate voltages, as shown in Fig. 3A. The

authors used the band structure diagram of the SWNT–metal

contact shown in Fig. 3B to provide an explanation for their

experimental results. A larger SB will require more negative

gate voltages to transport a hole (h+) into the SWNT valence

band, resulting in a device with lower maximum ON-state

current. This has very serious implications towards monitoring

molecular systems with NTFET devices because a supposedly

Fig. 2 The calculated changes in a NTFET transfer characteristic

before (black curve) and after (red curve) protein adsorption; the insets

show the resulting effect on the SWNT band structure. (A) Electro-

static gating of the SWNT results in a shift in the transfer character-

istic without a change in the transconductance. (B) Schottky barrier

modification results in opposing effects for hole and electron trans-

port, subsequently an increase in n-type conductance (positive gate

voltages) and a decrease in p-type conductance (negative gate voltages)

occurs. Changes in (C) capacitance and (D) mobility have similar

effects on the NTFET transfer characteristic; however at high coverage

(here 90%) changes in the capacitance have a more pronounced effect.

(Reproduced with permission from ref. 12, copyright 2008 American

Chemical Society.)

Fig. 3 (A) NTFET devices with metal electrodes of lower work

function experienced either a decrease in the maximum current and/

or a shift in the NTFET transfer characteristic towards more negative

voltages. (B) A band diagram explaining the experimental findings

shown in part A where a smaller work function results in a larger SB

for hole (h+) transport into the SWNT valence band. (Reproduced

with permission from ref. 14, copyright 2005 American Chemical

Society.)
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electron donating molecule may create a negative shift in the

transfer characteristic by simply lowering the work function of

the device electrode. In NTFET response, the distinction

between electronic interaction with the SWNT and SB mod-

ification is subtle; however Dekker and co-workers recent

report12 can serve as a guide for researchers determining the

mechanistic origins of sensor response. Using relevant exam-

ples from the CNT literature, we show a thread of common-

ality in NTFET sensor reports in that most cases the device

response can be explained in terms of the four basic mechan-

istic descriptions.

Advantage of NTFETs over other semiconductor

technologies

NTFETs differ from the traditional metal oxide semiconduc-

tor FETs (MOSFET) in that device conductance is modulated

through the SB at the SWNT–metal interface.10 In a MOS-

FET, the conductance of the device is controlled by applying a

VG to the surface of the SiO2 insulation layer separating the

gate and Si conduction channel. Once a sufficiently positive VG

is applied a region of mobile charges in the underlying Si layer

forms between the S–D electrodes; this is called an inversion

layer, and by turning the initially p-type Si into an n-type

conductor the device will turn on and current will flow.15

A schematic of a typical top-gated MOSFET device is illu-

strated in Fig. 4A.

Two examples of Si-based MOSFET sensors are the gas

sensitive MOSFET and the ion sensitive FET (ISFET).15 The

traditional example of a gas-sensitive MOSFET is the H2

sensitive FET constructed with a Pd gate first reported by

Lundström and co-workers in 1974.16 Device response relied

on gas interaction with the device gate electrode, which was

located on top of the semiconducting SiO2 conduction chan-

nel. For example, H2 dissociatively adsorbs, and dissolves into

the Pd surface at room temperature. The dissolved H atoms

would then diffuse to the Pd–SiO2 interface, resulting in a

change in the Pd work function and a shift in the transistor

transfer characteristic. The change in work function was

dependent on the concentration of the H2 gas, creating a

usable sensor response. The ISFET was developed in the early

1970s for use in liquid environments and is illustrated in

Fig. 4B. Operation of an ISFET is similar to a typical

MOSFET except the device conductance is controlled through

the electrochemical potential of a liquid environment using a

reference electrode instead of an insulated gate electrode. In

this configuration the ISFET performance is then controlled

by the chemical environment, and shows sensitivity to pH and

metal ions in solution.

The past 30 years has seen vibrant development of chemi-

cally sensitive FETs (CHEMFETs),17,18 which incorporate a

chemically selective layer or membrane into the MOSFET or

ISFET device architecture. While these devices have been

described as the ‘‘potentiometric sensor of the future’’ they

have found little commercial success.18 NTFET devices, on the

other hand, show several intrinsic properties that make them

an attractive alternative to more traditional semiconductor

FET architectures. For example, NTFETs constructed in a

top-gate configuration, similar to the MOSFET shown in

Fig. 4A, show appreciably larger ON-state current (ION) and

transconductance, as well as a smaller OFF-state current

(IOFF) as compared to a state of the art high-performance

p-channel Si MOSFET.19 Table 1 provides a quantitative

comparison between several of the NTFET and Si-MOSFET

properties, where ION, IOFF and the transconductance are

given per unit length (mm). Even though the authors admit

the device performance has not yet been optimized, the

NTFET demonstrates a nearly four-fold increase in the ION,

more than a two-fold increase in the transconductance, and an

IOFF approximately half that of the Si-MOSFET device;

clearly the NTFET has great potential for success in applica-

tions previously dominated by Si-technologies. Towards sen-

sor applications, increased ON and OFF state currents

combined with a larger transconductance will result in a larger

response for any given shift in the transfer characteristic. This

larger signal transduction means the NTFET will behave as a

much more sensitive sensor device.

In addition to enhanced electrical transport properties, there

are several structural characteristics of CNTs, and particularly

SWNTs, that set them apart as an excellent choice for sensor

applications. For example, the large percentage of surface

atoms makes the SWNT extremely sensitive to its local

chemical environment. Additionally, the SWNT diameter is

comparable to large biological molecules, enabling it to

directly ‘‘wire into’’ the system of interest, as shown in Fig.

5A and B.20,21 Lastly, the aromatic all-carbon structure of the

SWNT allows for a vast array of possible chemical functio-

nalization schemes.22 This presents the opportunity for mole-

cule specific detection through controlled chemical reactions

occurring at the SWNT surface, as well as label-free biological

detection through specific binding events. These unique char-

acteristics allow NTFET devices to perform as an extremely

sensitive platform technology to study diverse chemical and

biological systems through the use of selective chemistry at the

surface of the SWNT conduction channel.

Current protein and DNA analysis technology

Current methods for protein and DNA analysis include

optical spectroscopy, mass spectrometry, and gel electrophor-

esis.23–26 While these methods have exquisite sensitivity, their

throughput is somewhat slow and the instrumentation can be

quite costly. Furthermore, these methods need well-trained

operators, they typically require additional sample prepara-

tion, and because of their slow throughput realtime,

Fig. 4 Schematic diagram of: (A) a metal oxide semiconductor FET

(MOSFET) and (B) an ion selective FET (ISFET). (Reproduced with

permission from ref. 17, copyright 2003 Elsevier Ltd.)
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continuous sample analysis becomes a problem. Gel electro-

phoresis may seem a more attractive technique because of its

lower cost, however it is more labor intensive which introduces

the possibility for inadvertent sample contamination.

In recent years, there has been an emphasis on the design of

so-called ‘‘lab on a chip’’ devices capable of rapid analysis of

samples containing biological materials.27,28 The benefits of

such an analytical platform is the possibility of in-field analysis

of biological samples without the need for further sample

preparation—greatly reducing the risk of inadvertent contam-

ination. One approach towards this end is the use of miniatur-

ized biosensors that utilize specific recognition events to

transduce an electronic response.23,27,28 While this method is

highly sensitive, it still requires sample amplification for

detection of target species.

Ideally, one would want an analytical platform that was

easy to operate, relatively inexpensive, and did not require

further sample preparation. In this tutorial review, we describe

how CNTs have the potential to fill this role through the use of

NTFET-based biosensors for DNA and protein analysis.4,29,30

Detection of biological species using NTFETs

The detection of biological molecules using CNTs is a rapidly

growing field. While electrochemical-based CNT biosensors

have been reported, we will restrict this discussion specifically

to NTFET-based protein and DNA detection and analy-

sis.4,31–34 However, the interested reader is directed towards

several excellent reviews concerning the use of CNT electro-

chemistry for sensor applications.30,35,36 The goal of NTFET

biological sensors is ultimately the design of rugged, low cost

and user-friendly analytical platforms for in-field analysis of

biological samples.

Protein detection with NTFETs

The past several years have seen many impressive reports of

protein detection using SWNT NTFET sensors, including the

development of specific biosensors,37 the electronic detection

of viral proteins,38 and kinetic studies of protein antibody

binding using top-gated NTFET devices with low nM detec-

tion limits.39

Dai and co-workers reported that SWNTs non-covalently

functionalized with linker molecules could effectively immo-

bilize protein molecules.40 Later, they used this approach to

demonstrate a protein specific sensor platform.41 We have also

shown that NTFET devices can be used to monitor biomole-

cular recognition events such as specific biotin–streptavidin

binding, as represented in Fig. 6A.42 NTFETs were non-

covalently functionalized with a layer of poly(ethylene imine)

(PEI) and poly(ethylene glycol) (PEG) to prevent non-specific

binding between the SWNT and streptavidin protein mole-

cules. The addition of the PEI–PEG layer turned the NTFET

into an n-type transistor, presumably from the donation of

electronic density into the SWNT valence band. Subsequent

biotinylation of the polymer layer returned the NTFET back

to a p-type device through chemical modification of the amine

groups in the polymer; the biotin served as binding sites for

streptavidin protein molecules. To monitor the binding events,

polymer–biotin functionalized NTFET devices were sub-

merged in a 2.5 mM solution of 10 nm Au nanoparticle labeled

streptavidin in a 0.01 M phosphate buffered saline solution of

pH 7.2 at room temperature for 15 minutes. The AFM image

in Fig. 6B shows the Au nanoparticle labeled streptavidin

immobilized on the SWNT surface and underlying SiO2

substrate.

Electronically, the interaction between an unfunctionalized

NTFET and streptavidin results in a decrease in the device

ON-state current and a shift in the I–VG curve towards more

negative gate voltages, as shown in Fig. 6C. The response of

the polymer–biotin functionalized NTFET to streptavidin was

different, and the streptavidin binding resulted in a significant

decrease in the slope of the I–VG curve, as illustrated in

Fig. 6D. The difference between the bare and polymer–biotin

functionalized NTFET response to streptavidin binding is

significant and suggests two unique mechanisms govern the

device response. For example, the negative shift in the I–VG

transfer characteristic and decreased ON-state current of the

Table 1 Electronic characteristics of a p-type NTFET and a
Si-MOSFETa

p-Type p-Channel Si
NTFET MOSFET

Gate length/nm 260 15
Gate oxide thickness/nm 15 1.4
Vt/V �0.5 B�0.1
ION/mA mm�1 2100 265
IOFF/nA mm�1 �150 o�150
Transconductance/mA mm�1 2321 975

a Data from ref. 19.

Fig. 5 (A) Cartoon comparing the sizes of a SWNT and a strepta-

vidin molecule, where nitrogen atoms are colored red. (Reproduced

with permission from ref. 20, copyright 2004 American Chemical

Society.) (B) A SWNT wrapped with DNA. (Reproduced with permis-

sion from ref. 21, copyright 2003 Macmillan Publishers Ltd.)
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bare NTFET device suggests streptavidin adsorption resulted

in a donation of electronic density into the SWNT. On the

other hand, the decreased slope in the I–VG transfer charac-

teristic of the biotin–polymer functionalized NTFET suggests

streptavidin binding resulted in a reduction in charge mobility.

We suggested that the biotin–streptavidin binding event

created geometric deformations in the polymer structure, this

would introduce charge scattering sites along the SWNT and

reduce the ON-state current without shifting the I–VG transfer

characteristic. The observed NTFET behavior very closely

resembles that depicted in Fig. 2A and D.12

The potential for this type of sensor architecture is the

possible detection of a single binding event, i.e. single molecule

detection. Using the current experimental setup the signal to

noise ratio of these devices was approximately 10, and based

on the AFM image presented in Fig. 6B we concluded that

approximately 100 streptavidin molecules were bound to an

individual SWNT. Based on these numbers a theoretical

detection limit of only 10 streptavidin molecules was achieved,

and further development of this technology could obtain the

goal of single molecule detection.

Using NTFET devices, Bradley et al. conducted quantita-

tive experiments to calculate the charge transfer from strepta-

vidin adsorbed on the SWNT surface.20 By studying protein

adsorption with back gated NTFET devices in dry environ-

ments and liquid gated NTFET devices, they concluded that

changes in the NTFET transfer characteristic stemmed from

charge transfer with the SWNT conduction channel. Protein

adsorption resulted in negative shifts in the device transfer

characteristic which we previously attributed to electronic

donation into the SWNT.42 Using NH3 as a model, it was

assumed that each of the approximately 4000 amine groups

per streptavidin molecule in contact with the SWNT donated

0.04 electrons into the SWNT valence band. From this

estimated value, a calculated shift of �50 mV was expected

in liquid gated NTFET devices after incubation with strepta-

vidin. Experimentally a value of �60 � 3 mV was observed in

liquid gated NTFET devices, suggesting NH3 is an appropri-

ate model for understanding the interaction between SWNTs

and larger molecules with many amine groups.

Growing interest has surrounded the potential of SWNT

devices to electronically monitor protein binding events;

however Dai and co-workers investigated whether the SWNT

is transducing changes in its local charge environment, or if

protein activity actually serves to modify device Schottky

barriers.43 For example, by covalently attaching thiol termi-

nated PEG to the device electrodes they were able to prevent

protein interaction with the metal (Fig. 7A–D). The authors

contend this type of electrode passivation is advantageous

because it produces an even monolayer that extends to the

edges of the electrode while leaving the SWNTs pristine.

Furthermore, passivation schemes are more reliable when

investigating biological systems because the molecules of

interest are much larger than gas molecules, and are much

less likely to diffuse through small pinholes in the passivation

layer.

Dai and co-workers found that unpassivated NTFET

devices showed significant response to several proteins includ-

ing human chorionic gonadotropin (hCG), polyclonal human

IgG (hIgG) and bovine serum albumin (BSA); however de-

vices with passivated electrodes did not show response to

protein exposure, as shown in Fig. 7A–C. While protein

exposure did not result in electronic response in electrode

passivated devices, subsequent AFM imaging revealed

obvious protein adsorption along the SWNT length

(Fig. 7D). The authors contend the lack of electronic response

is a result of the polymer passivation layer preventing protein

adsorption on the electrode surface, subsequently inhibiting

Fig. 7 NTFET devices consisting of electrodes passivated with

thiolated poly(ethylene glycol) did not show response to 100 nM (A)

hCG, (B) hIgG or (C) BSA even though subsequent AFM imaging

(part D) revealed the SWNT conduction channels were coated with

adsorbed protein. (Reproduced with permission from ref. 43, copy-

right 2004 American Chemical Society.)

Fig. 6 (A) A cartoon of a polymer–biotin functionalized NTFET

device undergoing a biorecognition event between the biotinylated

polymer and a streptavidin protein molecule (dimensions are not to

scale). (B) AFM image of the polymer–biotin coated NTFET device

after exposure to Au nanoparticle labeled streptavidin molecules.

I–VG transfer characteristics of (C) an unfunctionalized and (D)

polymer–biotin functionalized NTFET before and after the addition

of streptavidin. (Reproduced with permission from ref. 42, copyright

2003 American Chemical Society.)
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the modification of the device Schottky barrier. This is an

excellent example of how identification and exploitation of one

of the four basic NTFET response mechanisms can lead to

selective sensor performance.

An interesting experiment was reported by Byon and Choi44

who measured the response of NTFET devices with extended

Schottky contact areas to proteins such as SpA (derived from

Staphylococcus aureus), streptavidin, mouse antibody b-hCG,

human chorionic gonadotropin (hCG), and rabbit immuno-

globulin G (IgG). Extended area Schottky contacts were

fabricated by evaporating Cr/Au layers at a 231 angle through

a shadow mask onto a Si/SiO2 substrate. The resulting

NTFET devices showed very little conductance modulation

with the applied gate voltage; however they did show strong

response (Z 1%) to pM concentrations of proteins. The

authors suggest the high sensitivity is due to the increased

electrode area for protein adsorption, and subsequent work

function modification. This report is a clever example of how

identification and exploitation of the dominant response

mechanism can be used to maximize the device sensitivity.

Recently Minot et al. reported what they claim to be

unambiguous determination of charge transfer from BSA

proteins into the valence band of SWNTs.45 In this report

they investigated the influence of the physical structure of the

gate electrode on the behavior of liquid gated NTFET devices

during protein adsorption. They contend the use of a Pt

reference electrode as the liquid gate electrode can lead to

distortion of the true device transfer characteristic because the

potential barrier between the Pt wire and the solution is

sensitive to molecular interaction. To alleviate this problem

a conventional Ag/AgCl reference electrode was used to

control the electrochemical potential placed on the SWNT.

An Ag/AgCl reference electrode is constructed with a small

piece of fritted glass, which they suggest creates a barrier

towards BSA entering the electrode and reaching the metal

surface. With this experimental setup, they found BSA ad-

sorption induced a shift in the liquid gated NTFET transfer

characteristic of �15 mV, which they directly attribute to

charge transfer between the SWNT and protein. This report

may add a new level of complexity to liquid phase NTFET

operation because it suggests device response can be influenced

by molecular interactions with the device S–D and/or gate

electrodes, but it also provides another tool for researchers to

more finely tune their device performance and more accurately

assess the mechanistic origins of sensor response.

DNA detection with NTFETs

In recent years, the interaction between SWNTs and DNA

molecules has obtained much attention. Computational,46 as

well as spectroscopic and kinetic studies,47 agree that DNA

adsorption on SWNT occurs and that changes in conforma-

tion should be transduced through the SWNT electronic

structure.

Fig. 8 (A) SEM images of an interdigitated NTFET device composed of a random network of SWNTs as a conduction channel between S–D

electrodes; the separation between S–D electrodes is 10 mm. (B) Fluorescent microscope image of an interdigitated NTFET device with the

unlabeled DNA capture probes after incubation with FITC-labeled complementary DNA target (50-FITC-ATT GTT ATT AGG-30); the

separation between S–D electrodes in this device is 10 mm. NTFET transfer characteristics and schematic drawings of DNA-functionalized

NTFET devices (C) before (bare SWNT) and after incubation with 12-mer oligonucleotide capture probes (50-CCT AAT AAC AAT-30), as well as

after incubation with the complementary FITC-labeled DNA target, and (D) before and after incubation with dA12 captures as well as after

incubation with a non-complementary DNA target. G–VG measurements were taken at a constant S–D bias of 50 mV. (Reproduced with

permission from ref. 48, copyright 2006 National Academy of Sciences of the United States of America.)
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We recently reported that DNA hybridization can be mon-

itored in a label-free manner using the electronic response of

NTFET devices.48 Interdigitated NTFETs (Fig. 8A) were

incubated in an unlabeled 12-mer oligonucleotide capture

probe solution. To visually confirm hybridization, the capture

probe was incubated with an FITC-labeled complementary

DNA target. After incubation with the fluorescently labeled

complementary strand, a signal could be seen in the SWNT

network between the interdigitated device electrodes, as shown

in Fig. 8B. This clearly shows that DNA hybridization

occurred between the SWNT immobilized capture probes

and the fluorescently labeled target strands.

Electronically, the hybridization event could be monitored

based on changes in the NTFET transfer characteristic, shown

in Fig. 8C. The G–VG transfer characteristic of bare NTFETs

experienced a shift towards more negative gate voltages and a

decrease in conductance after functionalization with the oli-

gonucleotide capture probe. We attributed the changes in the

NTFET transfer characteristic to electronic donation via non-

covalent p–p attachment of the DNA strand, which is very

similar to the behavior observed during the interaction of

SWNTs and streptavidin.20 Once a complementary strand was

introduced, a further shift in the G–VG curve and decrease in

conductance was observed, which we rationalized was a result

of DNA hybridization. Somewhat intuitively, this behavior

was not observed with NTFET devices exposed to non-

complementary DNA strands, as shown in Fig. 8D, and

indicates DNA hybridization on the SWNT network was

responsible for the observed changes in the NTFET transfer

characteristics. Moreover, we found that the addition of metal

salt cations, specifically Na+ and Mg2+, facilitates the DNA

hybridization events. Complementary spectroscopic evidence

for the detection of DNA conformational changes on SWNTs

was reported by Strano and co-workers,49 who found changes

in SWNT immobilized DNA in the presence of Ca2+, Co2+,

Hg2+ and Mg2+ cations produced shifts in the SWNT fluor-

escence spectra. The results of this experiment are very sig-

nificant because they give support to our claim that the SWNT

conduction channel of the NTFET device is sensitive to

changes in the local charge environment upon changes in the

conformation (hybridization) of the immobilized DNA strand.

Tang et al. reported that NTFET response to DNA hybridi-

zation is a direct result of modification of the work function of

the Au device electrodes.50 NTFET devices with Au electrodes

covered with a self-assembled monolayer (SAM) of mercapto-

hexanol (MCH) were used to study the hybridization of com-

plementary strands of thiolated DNA; their experimental design

is shown in Fig. 9, where a Pt wire acted as a liquid gate

electrode. Using quartz crystal microbalance (QCM) and X-ray

photoelectron spectroscopy (XPS) measurements they found

that DNA hybridization did not occur on the SWNTs, but

rather it occurred only on the MCH covered electrodes. To

induce DNA hybridization on the SWNT, they functionalized

the SWNT surface with a phospholipid–PEG maleimide linker

molecule, which was used to immobilize the thiolated DNA

capture probe. QCM and XPS measurements confirmed hybri-

dization of the DNA strands attached to the linker layer, but the

hybridization produced no electronic response. Based on these

results, Tang et al. concluded that DNA hybridization induced a

change in the metal work function of the device electrodes, and

device response did not originate from a change in the electronic

density of the SWNT valence band.

Gui et al. have recently reported that NTFET response to

DNA hybridization can be attributed to a combination of

charge transfer with the SWNT and SB modification;51 however

they claim SB modification is the dominant mechanism driving

the device response. Their experiments were conducted with

NTFET devices composed of interdigitated Au or Cr electrodes

with a network of SWNTs acting as the conduction channel.

Using fluorescently labeled target strands they found that DNA

hybridization occurred on the SWNT network between the

NTFET interdigitated electrodes. Furthermore, they attributed

a weak fluorescent signal from the device electrodes to non-

radiative energy transfer from the fluorescent label to the metal

electrode. Similar to our report they found that immobilization

of a capture probe DNA strand shifted the NTFET transfer

characteristic towards more negative gate voltages and a de-

crease in the maximum device current. At a fixed gate voltage of

�10 V, the Au contacted devices experienced a B55% decrease

in current while the Cr contacted devices experienced a nearly

100% decrease in current. After DNA hybridization, Au con-

tacted devices experienced a further decrease in device current

while Cr contacted devices actually experienced an increase in

device current. This result suggests that charge transfer with the

SWNT may not be the only mechanism governing NTFET

response, and that the device electrode may play a significant

role in the observed electrical response.

Additionally, Gui et al. conducted area-selective passivation

experiments to understand how DNA interaction with the

device electrode affected the observed electrical response. For

example, Fig. 10A shows the transfer characteristics of a

NTFET device with a single Au electrode and a portion of

the SWNT network exposed; the remainder of the device was

passivated with photoresist, as shown in the inset. They found

that DNA immobilization shifted the I–VG curve towards

more negative gate voltages and created a decrease in the

device current. The addition of a complementary DNA strand,

and subsequent hybridization resulted in a further shift in the

I–VG curve towards more negative gate voltages and decreased

device conductance.

Fig. 9 Experimental setup used by Tang et al. to investigate the

hybridization of thiolated DNA strands using a liquid gated NTFET

device. (Reproduced with permission from ref. 50, copyright 2006

American Chemical Society.)
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Furthermore, it appears that DNA hybridization also

decreased the slope of the I–VG curve, indicating a reduction in

the charge mobility through the addition of charge scattering

sites on the SWNT surface. An identical experiment was con-

ducted using a passivated NTFET device that had only a small

segment of the SWNT network exposed in the center of the

device; the device electrodes and a majority of the SWNT

network were covered with photoresist (inset of Fig. 10B). This

device did not demonstrate significant response to either DNA

immobilization or hybridization, as shown with the transfer

characteristic in Fig. 10B. From this set of experiments the

authors concluded that charge transfer with the SWNT network

does not play a significant role in the detection of DNA

immobilization or hybridization. They contend that the domi-

nant mechanism behind the device response is modification of

the metal electrode work function; however they do concede that

charge transfer with the portion of the SWNT network immedi-

ately adjacent to the electrode (within the depletion region) may

play a role in the electronic response.

Conclusions

The outlook for NTFET devices is bright because the inherent

environmental sensitivity of the CNT conduction channel

makes them excellent candidates for the development of

compact and inexpensive field-usable analytical platforms for

label-free detection and analysis of biological species such as

proteins and DNA. Moreover, NTFET devices have shown

promise in label-free detection of biological molecules which

could aid the development of proteomic and genomic diag-

nostic tools.

As outlined, many researchers have devoted a considerable

amount of attention to the fundamental mechanisms under-

lying NTFET response to biological species. The intense

interest thus far demonstrated in NTFET sensor platforms

will only further develop this field and ultimately heighten

chemical sensitivities. The distinction between the mechanistic

origins of NTFET response are subtle, and quantitatively

distinguishing between them can be a daunting task. However,

a fundamental understanding of device response is very im-

portant because it will allow researchers to develop better

sensors.

The NTFET has shown great promise in becoming a plat-

form technology for studying a vast array of biological

systems. The nano-scale dimensions of the CNT conduction

channel allow the design and fabrication of novel electronic

architectures that are inherently sensitive to their local mole-

cular environment. Chemical functionalization further ex-

ploits the NTFET sensitivity by adding a new dimension of

analyte selectivity. The past ten years have seen an amazing

progress in NTFET capability, and one can only speculate on

what exciting new developments will emerge in the future.

References

1 S. J. Tans, A. R. M. Verschueren and C. Dekker, Nature, 1998,
393, 49.

2 R. Martel, T. Schmidt, H. R. Shea, T. Hertel and P. Avouris, Appl.
Phys. Lett., 1998, 73, 2447.

3 N. Sinha, J. Ma and J. T. W. Yeow, J. Nanosci. Nanotechnol.,
2006, 6, 573.

4 B. L. Allen, P. D. Kichambare and A. Star, Adv. Mater., 2007, 19,
1439.

5 T. W. Odom, J.-L. Huang, P. Kim and C. M. Lieber, J. Phys.
Chem. B, 2000, 104, 2794.

6 P. G. Collins, K. Bradley, M. Ishigami and A. Zettl, Science, 2000,
287, 1801.

7 V. Derycke, R. Martel, J. Appenzeler and P. Avouris, Appl. Phys.
Lett., 2002, 80, 2773.

8 A. Zangwill, Physics at Surfaces, Cambridge University Press,
Cambridge, UK, 1988.

9 E. S. Snow, J. P. Novak, P. M. Campbell and D. Park, Appl. Phys.
Lett., 2003, 82, 2145.

10 J. Appenzeller, J. Knoch, V. Derycke, R. Martel, S. Wind and P.
Avouris, Phys. Rev. Lett., 2002, 89, 126801.

11 S. Rosenblatt, Y. Yaish, J. Park, J. Gore, V. Sazonova and P. L.
McEuen, Nano Lett., 2002, 2, 869.

12 I. Heller, A. M. Janssens, J. Männik, E. D. Minot, S. G. Lemay
and C. Dekker, Nano Lett., 2008, 8, 591.

13 S. Heinze, J. Tersoff, R. Martel, V. Derycke, J. Appenzeller and P.
Avouris, Phys. Rev. Lett., 2002, 89, 106801.

14 Z. Chen, J. Appenzeller, J. Knoch, Y.-M. Lin and P. Avouris,
Nano Lett., 2005, 5, 1497.

15 M. J. Madou and S. R. Morrison, Chemical Sensing with Solid
State Devices, Academic Press, Inc., New York, USA, 1989.

16 I. Lundström, S. Shivaraman, C. Svenson and L. Lundkvist, Appl.
Phys. Lett., 1974, 26, 55.

17 P. Bergveld, Sens. Actuators, B, 2003, 88, 1.
18 J. Janata, Electroanalysis, 2004, 16, 1831.
19 P. Avouris, J. Appenzeller, R. Martel and S. J. Wind, Proc. IEEE,

2003, 91, 1772.

Fig. 10 Transfer characteristics of photoresist passivated NTFET

devices before (black curve), and after DNA immobilization (red

curve) and hybridization (blue curve). (A) A device with only one

electrode and a small section of SWNT network exposed; as shown in

the inset. This device responded to both DNA immobilization and

hybridization. (B) A device with both electrodes passivated and only a

small section of SWNT network exposed in the center of the device; as

shown in the inset. This device did not respond to DNA immobiliza-

tion or hybridization. (Reproduced with permission from ref. 51,

copyright 2007 American Chemical Society.)

This journal is �c The Royal Society of Chemistry 2008 Chem. Soc. Rev., 2008, 37, 1197–1206 | 1205



20 K. Bradley, M. Briman, A. Star and G. Grüner, Nano Lett., 2004,
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