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Carbon Nanotube Sensors

Carbon nanotubes have aroused great interest since their discovery in
1991. Because of the vast potential of these materials, researchers from
diverse disciplines have come together to further develop our under-
standing of the fundamental properties governing their electronic
structure and susceptibility towards chemical reaction. Carbon nano-
tubes show extreme sensitivity towards changes in their local chemical
environment that stems from the susceptibility of their electronic
structure to interacting molecules. This chemical sensitivity has made
them ideal candidates for incorporation into the design of chemical
sensors. Towards this end, carbon nanotubes have made impressive
strides in sensitivity and chemical selectivity to a diverse array of
chemical species. Despite the lengthy list of accomplishments, several
key challenges must be addressed before carbon nanotubes are
capable of competing with state-of-the-art solid-state sensor materials.
The development of carbon nanotube based sensors is still in its
infancy, but continued progress may lead to their integration into
commercially viable sensors of unrivalled sensitivity and vanishingly
small dimensions.
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published on this topic. This explosion
of CNTreports is illustrated in Figure 1
with a histogram detailing the number
of CNT publications per year. This

1. Introduction

At the most fundamental level, a chemical sensor can be
defined as something that responds to changes in the local
chemical environment. For a chemical sensor to be useful, its
response must be predictable such that it scales with the
magnitude of change in the local chemical environment.
Furthermore, a chemical sensor should be sensitive and
selective. The development of chemical sensors is a well-
established field that has been thoroughly covered in the
literature.!!! However, the past several years have witnessed a
shift in sensor technology towards more sensitive recognition
layers, increasingly complex architectures, and reduced size
because of the emergence of nanotechnology. Rapid progress
in the synthesis and fundamental understanding of surface
phenomena has generated great excitement about incorpo-
ration of nanomaterials into sensor architectures.”’ Nano-
materials are strong candidates for analyte detection, because
their reduced dimensions create an increase in environmental
sensitivity. For example, reducing the dimensions of a
material to the order of several nanometers gives surface
chemistry events a much more important role than in the bulk
state.’] The reduced dimensionality also creates structures
with exceptionally high surface area, and some materials, such
as certain types of carbon nanotubes (CNTs), are composed
almost entirely of surface atoms. These two consequences of
reduced size result in a class of materials that has the potential
for unsurpassed sensitivity towards changes in its chemical
environment. It has already been speculated that the scaling
of silicon-based semiconducting metal oxide technologies will
reach its limit in the near future;* therefore it is necessary to
explore novel materials for sensor design.

From the discovery of carbon nanotubes in 1991"! until
the end of 2007, roughly 30000 scientific reports have been
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large volume of OCNT literature
includes over 1200 reports that deal specifically with the
application of CNTs in a sensing capacity. The development
of CNT-based chemical and biological sensors is a rich field,
and these areas have already been the topic of several
excellent reviews.[’ We also recently published a review on
NTFET-based biosensors (NTFET =nanotube field-effect
transistor);m therefore this discussion will be limited to
CNT-based sensors for gas- and vapor-phase analytes. This
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Figure 1. Histogram detailing the number of CNT publications per year
between 1991 and 2007 (data obtained from ISI Web of Knowledge).
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Review is intended to present an overview of the current state
of CNT sensor technology, provide a comparison to existing
state-of-the-art sensor technology, and present an outlook for
the future of CNT-based sensor technologies.

1.1. Properties of Carbon Nanotubes and Carbon Nanotube
Devices

Since the discovery of CNTs in 1991 by Iijima," a great
deal of effort has been devoted to the application of this new
class of materials. A large number of articles has been
published on the chemistry and fundamental electronic and
physical properties of CNTs,* so only a brief overview of
their electronic structure and integration into electronic
devices will be given here.

CNTs are chiral structures that consist of either one single
outer wall (single-walled carbon nanotube, SWNT),[l or
multiple concentrically nestled walls (multiwalled carbon
nanotube, MWNT; Figure 2 A). The construction of a CNT
can be conceptualized by rolling a perfect graphene sheet into
a cylinder where vectors, termed roll-up vectors (n,m),
describe the electronic structure of the CNT.'"] Metallic and

zigzag
(14,0)8%
ifz'{i:m

Figure 2. A) Conceptualized depiction of a multiwalled carbon nano-
tube (MWNT) with concentrically nestled walls. A single-walled carbon
nanotube (SWNT) consists of one wall, or the innermost (red) CNT.
B) Schematic depiction of the roll-up vectors (n,m) of a CNT, showing
armchair (n=m), chiral (n#m), and zigzag (n,0) SWNTs; adapted
from reference [11b].
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semimetallic CNTs have roll-up vectors such that n—m =3¢
(where ¢ is any integer or zero) and semiconducting CNTs
have n—m # 3¢, 0. Figure 2B depicts the orientation of roll-
up vectors and the varying types of SWNTs created from
different (n,m) values.

The distinction between semiconducting and metallic
CNTs is important in the operation of nanotube-based field-
effect transistor (NTFET) devices. The Dekker!'” and Avou-
risl'® groups first reported the fabrication of NTFETs in 1998.
NTFET devices are composed of individual or random
networks!l of CNTs between source (S) and drain (D)
electrodes with a Si back gate separated by a SiO, insulating
layer (Figure 3A). Figure 3B shows an AFM image of an
NTFET device composed of an individual semiconducting
SWNT."! When a semiconductor and a metal are brought into
contact, a potential barrier develops at the interface because
of the mismatch in work functions;™ the interfacial potential
barrier is typically referred to as a Schottky barrier (SB). In
NTFET devices, the height of the SB at the CNT-contact
interface depends on the work function of the metal
(Figure 3C)," where a larger work-function mismatch will
result in a larger SB. Under a constant S-D bias voltage (Vp)
the conductance of semiconducting CNTs can be modulated
by applying a potential to the gate electrode, denoted here as
V. The applied V serves to modify the SB and therefore the
probability of a hole (h") traveling from the metal contact
into the CNT valence band. Sweeping V; between positive
and negative voltages under a constant bias will produce a
transfer characteristic -V (Figure 3D), where the CNT
conductance is shown to depend on the metal work function
of the device contact.

NTFETs are adept at monitoring molecular environ-
ments, because the CNT conduction channel is composed
almost entirely of surface atoms, and even small changes in
the local chemical environment will result in measurable
changes in the device conductance. For example, semicon-
ducting CNTs are p-type under ambient conditions.'*"!
Therefore electron donation into the valence band will
result in charge-carrier (h*) recombination, causing a
decrease in conductance and a shift in the transfer character-
istic curve I-V; towards more negative voltages. Conversely,
electron withdrawal will serve to increase the hole concen-
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Figure 3. A) Schematic diagram of a nanotube field-effect transistor
(NTFET) device with a semiconducting SWNT (black) contacted by
two Ti/Au electrodes (light brown) representing the source (S) and the
drain (D) with a Si back gate (green) separated by a SiO, insulating
layer (dark brown) in a transistor-configured circuit. B) AFM image of
a typical NTFET device with individual SWNTs connecting S and D
electrodes; adapted from reference 1. C) Diagram showing the
Schottky barrier (SB) at the SWNT-metal-contact interface. The work-
function mismatch between a semiconducting SWNT and metal
creates a work-function-dependent SB. D) Transfer characteristic of
NTFET devices composed of semiconducting SWNTs contacted by
metals of different work functions operated at a bias Vgp=—0.5V;
adapted from reference [4].

tration in the CNT, leading to an increase in conductance and
a shift in the transfer characteristic (I-V;) towards more
positive voltages. Adsorbing species can also reduce the CNT
charge mobility by introducing scattering sites. This phenom-
enon results in a change in the slope of the transfer character-
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istic (dI/dVg),' called the transconductance.” Lastly,
because NTFETs behave as SB transistors,'”! they show
extreme sensitivity to the work function of the device
contact,” and chemical interaction with the device contact
can serve to modify the SB at the CNT-metal interface. SB
modification can produce a device response that is very
similar to charge transfer with the CNT, and it can create
ambiguity over the signal transduction mechanism of NTFET
devices.

2. Carbon Nanotube Based Environmental Sensors

To date CNTs have shown sensitivity towards such gases
as NH;, NO,, H,, CH,, CO, SO,, H,S, and O,. Subsequently,
efforts have been made to exploit these sensitivities in the
development of new sensor technologies.

2.1. Ammonia (NH;) and Nitrogen Dioxide (NO,)

The ability to accurately monitor the concentrations of
NH; and NO, in the air is important, because both chemicals
adversely affect human and environmental health. Ammonia
is primarily a concern in areas of high agricultural activity,
because it is a natural waste product of livestock, but
industrial sources include the manufacturing of basic chem-
icals, metals, textiles, and paper products as well as automo-
tive emissions."® High levels of NH; can result in irritation to
the eyes and respiratory tracts of humans and can negatively
impact wildlife, livestock, and agricultural health.') NO, is
also a potentially toxic gas that can lead to respiratory
symptoms in humans and detrimentally influence the growth
of agriculture.? Furthermore, atmospheric concentrations of
either gas can lead to the creation of ground-level smog and
acid rain. The threshold limit value (TLV), defined as the
level of exposure that the typical worker can experience
without an unreasonable risk of disease or injury, for NO, has
been set as a time-weighted concentration (over a ten-hour
day) of 3 ppm and at 25 ppm for NH; exposure.?'! Currently,
metal oxide semiconductor (MOS) and solid electrolyte (SE)
sensors are used for the detection of NO, and NH; gases.”
Typical detection limits for commercial solid-state sensors
range from 1-1000 ppm at an operating temperature of a few
hundred degrees Celsius."®?! These types of sensors are
inexpensive and robust, that is, they do not require much
maintenance and have relatively long lifetimes. However,
they do suffer from selectivity problems, because other
oxidizing or reducing gases can produce sensor response.

In 2000 Dai and co-workers demonstrated the potential of
CNT-based gas sensors when they reported the response of
NTFET devices to NO, and NH; gases.™ NTFET devices,
utilizing a single semiconducting SWNT as the conduction
channel, showed unique response to NH; and NO, through
chemical gating of the SWNT. For example, Figure 4 A shows
that NH; exposure resulted in a shift in the transfer character-
istic gate voltage of approximately —4 V, while NO, exposure
created a shift of approximately +4 V. Alternatively, when
the NTFET device was held at a constant gate voltage of V5=
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Figure 4. A) Response of an NTFET device with a single semiconduct-
ing SWNT as the conduction channel to NH; and NO, gas. B, C) Res-
ponse of NTFET device at Vo=0V to 1% NH; (B) and at Vo=+4V
to 200 ppm NO, (C); adapted from reference [23].

0V, exposure to NH; resulted in a decrease in current
(Figure 4B), while NO, exposure (V5 =-+4 V) resulted in an
increase in device current (Figure 4C). The response time,
defined as the time from sample introduction until signal
stabilization, of the NTFET devices to 200 ppm NO, was a
few seconds, and the sensitivity, defined as the resistance after
exposure divided by the initial resistance, was approximately
100-1000. Recovery was slow at room temperature (ca. 12 h)
but was decreased to approximately 1 h upon heating. The
response time to approximately 1% NH; was a few minutes
with a sensitivity between 10 and 100.

The effects of NO, exposure were explained by the
removal of electronic density from the SWNT at a rate of
approximately 0.1 electrons per adsorbed NO, molecule.
However, the device response to NH; remained unclear,
because calculations indicated no binding energy between the
gas molecule and the SWNT. The authors suggested NH; may
have indirectly influenced the SWNT electronic structure
through interaction with hydroxy groups on the SiO, sub-
strate, leading to partial neutralization of negative charges, or
through interaction with other molecules adsorbed on the
SWNT. Interestingly, the response of metallic SWNTs to
these gases was much smaller, possibly because small changes
in the density of states near the Fermi level did not
substantially affect the charge-carrier density in metallic
SWNTs.

A floodgate of interest in the development of CNT-based
sensors was generated by this initial report of CNT gas
sensing. Subsequently, a substantial portion of papers report-
ing gas-phase chemical interaction with CNTs for the purpose
of sensor development has focused on NO, and NH;. While
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these two gases represent important environmental pollu-
tants, they also present an interesting fundamental challenge,
because the nature of their interaction with CNTs is still
unclear. While many regard NH; and NO, to be the
prototypical electron-donating and electron-withdrawing spe-
cies, respectively, disagreement still exists over the exact
mechanism of their interaction with CNTs and the nature of
CNT-based sensor response.

2.1.1. Mechanism of NO, and NH; Interaction with CNTs

Several groups have conducted theoretical investigations
into the interaction between CNTs and NO, or NH,.
However, a general consensus on the nature of the interaction
has yet to be realized. For example, Peng and Cho*" detailed
the electronic structure of the SWNT, the NO, molecule, and

Figure 5. Valence electron density plot showing NO, molecules adsorb-
ing onto a (10,0) semiconducting SWNT.?

the combined SWNT-NO, system (Figure 5). The experi-
mental results obtained by Dai and co-workers™ were
validated by showing that there was zero binding affinity
with NH; and that the NO, lowest unoccupied molecular
orbital (LUMO) resided energetically lower than the SWNT
valence band edge, thus allowing electron transfer from the
SWNT into the NO, molecule.

Using DFT calculations, Lee and co-workers® reported
that gas adsorption on SWNTs results in a withdrawal of
approximately 0.1 electrons per NO, molecule and a donation
of 0.04 electrons per adsorbed NH; molecule from the SWNT
valence band. The calculated charge transfer upon NH;
adsorption is in disagreement with the Dai®! and Cho"
groups, who suggested a mechanism other than charge
transfer was responsible for device response to NH; gas.
Zhao et al.” used self-consistent field (SCF) electronic
structure calculations to determine that gas molecules can
diffuse through SWNT bundles and absorb in interstitial sites;
this claim is supported by findings from the Johnson group.?”
Furthermore, they concluded that 0.061-0.089 electrons are
withdrawn from SWNTs upon NO, adsorption and 0.027-
0.033 electrons are donated into the SWNT upon NH;
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adsorption. Similarly, the Maiti group™ used DFT to
calculate the binding affinities of NH; at defect sites on
SWNTs. They reported charge transfer from the NHj;
molecule to the SWNT varying from 0.025-0.176 electrons
per adsorbed NH; molecule. These results suggest that charge
transfer is the major contributor to conductivity changes in
CNT-based devices.

Using a self-consistent charge density-functional-based
tight-binding (SCC-DFTB) method, the Lee group reported
that NO, adsorption is more favorable on metallic SWNTs.*’]
However, this result disagrees with theoretical findings by the
Lin,®” Li,®! Baushlicher,’? and Dai"¥ groups, who have all
calculated nonzero charge transfer between semiconducting
SWNTs and NO, molecules. Furthermore, these groups have
determined that chemisorption, rather than physisorption, is
the dominant interaction, thus providing a possible explan-
ation for long recovery times from NO, exposure. It should be
noted that Baushlicher and co-workers® claimed that
chemisorption of NO, is not likely to be responsible for the
observed changes in CNT conductance and suggested that
further investigation is necessary.

As with theoretical reports, there are discrepancies among
the experimental evidence of NO, and NH; interaction with
CNTs. For example, a combined theoretical and experimental
investigation using CNT devices was reported by Santucci
et al.,* who concluded that NO, adsorption onto the side-
walls of SWNTs led to the formation of a new state near the
SWNT Fermi level; the formation of this new electronic state
is the proposed mechanism for device response. Similar
modification of the CNT Fermi level was found for NO,!
and NH;® adsorption. Goldoni et al.’”! showed SWNT
sensitivity to NO, and NH; using core-level photoemission
spectroscopy under ultra-high-vacuum conditions, and later
studies by Valentini et al.’**! suggested NO, chemisorption
may occur at CNT defect sites, which others have claimed
may lead to the formation of NOM! and/or NO,.! The
Borguet*?! and Snow!**"! groups, using IR spectroscopy and a
combined electronic and theoretical approach, respectively,
both concluded that SWNT defects play a crucial role in
SWNT analyte sensitivity.

Larciprete et al. reported that NO, decomposition occurs
on rhodium-decorated®! and contacted®! SWNTs, which
suggests that device response may originate from SB modi-
fication through NO, interaction with the metal contacts.
Furthermore, device behavior indicative of SB modification
in NTFETs during NO, exposure was found by the Barbara
group!®! using devices with polymer-passivated contacts and
by the Hara group™ using devices with Al contacts.
Interestingly, Bradley et al.*” reported device response to
NH; with SiO-passivated NTFET device contacts, and using
their experimental data they calculated that NH; adsorption
resulted in a donation of 0.04 electrons per molecule,*! which
is in perfect agreement with the value that Lee and co-
workers calculated.”® Similarly, Jones et al."*! concluded that
NTFET device response to NH; exposure resulted from
charge transfer with the CNT.
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2.1.2. NH; and NO, Sensors Based on CNTs

With the inconsistencies between theoretical and exper-
imental reports, it is understandable why controversy exists
over the mechanism of CNT sensor response. Despite the
controversy over physisorption versus chemisorption and
charge transfer versus SB modification, great strides have
been made in the sensitivity and selectivity of CNT-based
sensors for these species.

Several groups have focused on improving the response of
sensors composed of CNT networks without any chemical
functionalization. For example, Li et al.”” reported 44-ppb
detection of NO, with bare SWNTs dropcast onto interdigi-
tated electrodes, and Santucci et al.* used CNT films grown
on Pt substrates to show 10-ppb detection of NO, at 165°C.
Quang et al.’ concluded that bare SWNTs can detect 5 ppm
NH;, saturate above 40 ppm, and suffer from memory effects
(electronic signal resulting from irreversible analyte binding)
after multiple exposures. Several reports emerged suggesting
that improved sensor performance could be realized with
increased operation temperature® 4 or by subjecting the
device to centrifugal force."”! Furthermore, Valentini et al.>!
reported that the cross sensitivity between NH; and NO, of
CNT-based sensors could be reduced through oxidation in air,
and Penza et al.*¥ reported improved sensitivity to NO, and
NH; using Co catalyst islands for CNT growth in sensor
devices.

Multiple research groups have explored varying sensor
architectures in the effort to design more sensitive devices.
For example, Ong et al.”” developed a wireless passive sensor
for NH; detection based on a planar inductor—capacitor
design utilizing MWNTs, and Chopra et al.’® reported a
CNT-based resonant-circuit sensor that showed slower NH;
response but better recovery than more conventional resist-
ance-based CNT sensors. Jung et al.”” reported a CNT sensor
for detecting gases adsorbed onto the surface of the inner
walls by growing them in alumina templates; this approach
resulted in well-ordered and aligned CNTs that showed high
sensitivity to NO, and NH;.

Decoration of CNTs with metal or semiconducting
particles can increase sensitivity and selectivity. For example,
we have reported® that metal-decorated (including Pd, Pt,
Rh, and Au) SWNT NTFET devices can be used in a sensor
array for the detection of NO, and NHj;, among other gases
(see below). Lu et al. reported the fabrication of a 32-element
sensor utilizing pristine, polymer-decorated, and metal-deco-
rated (Pd, Au) SWNT devices that could differentiate
between NO,, HCN, HCI, Cl,, acetone, and benzene.*”!
Penza etal. reported that Au- and Pt-decorated CNTs
demonstrated a response (AR/R,) to NO, and NHj that was
approximately six to eight times larger than that of pristine
CNTs.*! They explained that the increased sensitivity was
due to a spillover effect at the metal nanoparticles.

MOS-CNT composites have also found use in NO, and
NH; sensors. For example, Liang et al.®™ reported a low-
resistance gas sensor composed of SnO,-coated CNTs that
showed ppm sensitivity to NO,, and Bittencourt et al.®”!
demonstrated that WO; films impregnated with CNTs
showed sensitivity to 500 ppb NO, under ambient conditions
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and 10 ppm NH; at 150°C, far below the typical operating
temperature of WO; sensors. The detection mechanism was
explained in terms of modification of SBs present at the grain
boundaries between WOj; particles. Similarly, Hoa et al.*"
showed that SWNT-SnO, demonstrates room-temperature
sensitivity to 10 ppm NHa.

The best sensitivity to NH; and NO, has been found in
CNT-polymer composites. For example, the Haddon group
functionalized SWNT NTFET devices with the polymer
poly(m-aminobenzene sulfonic acid) (PABS).* The
SWNT-PABS devices showed n-type behavior and significant
sensitivity to 5Sppm NH; owing to PABS deprotonation
during NH; exposure (Figure 6). This deprotonation resulted

SO H
W || NH3

m OO

Figure 6. Proposed NH; sensing mechanism of the SWNT-PABS
complex.l*

+z—:|:

in hole depletion from the SWNT and a reduction in the
overall conductance of the SWNT-PABS system. Building
upon this work, Zhang et al.®! used SWNT-PABS devices to
reach detection limits of 100 ppb NH; and 20 ppb NO, with
short response time and total recovery. The response of the
SWNT-PABS sensor to NO, was explained through proto-
nation of the PABS polymer, which is logically the opposite of
the mechanism described for NH; detection. Furthermore, Li
et al.® reported the fabrication of a poly(methyl methacry-
late) (PMMA )-functionalized SWNT sensor for NH; detec-
tion that was free of the effects of relative humidity.

The lowest detection limit for NO, (100 ppt) was realized
by the Dai group using poly(ethylene imine) (PEI)-coated
SNWT devices (Figure 7 A).*"! Furthermore, the application
of a nafion coating (a polymeric perfluorinated sulfonic acid
ionomer) allowed selective NH; detection in the presence of
NO, by blocking the adsorption of NO, on the SWNT surface.
Lastly, a report by Zhang et al.l! detailed the electrochemical
functionalization of SWNTs with the polymer polyaniline
(PANI), as shown in Figure 7C. This SWNT-PANI system
achieved the detection limit of 50 ppb for NH; (Figure 7D).
Remarkably, both the SWNT-PEI and SWNT-PANI systems
showed fast and complete recovery and to date serve as
examples of the most sensitive CNT-based sensor platforms
for NO, and NH; detection.

Theoretical calculations suggested the possibility of using
atomically doped CNTs for sensing purposes. For example,
doping CNTs with boron or nitrogen would effectively result
in hole or electron doping, respectively.”*’"! This doping
scheme is interesting, because it would allow the reactivity of
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Figure 7. A) Photograph of SWNT devices coated with PEI; B) their
response to differing concentrations of NO,, expressed as the relative
change in conductance —AG/G, at zero gate voltage; adapted from
reference [67]. C) Schematic depiction of the SWNT-PANI sensing
element; D) its response to varying concentrations of NH;; adapted
from reference [68].

the CNT to be tailored towards a certain species of analyte.
This approach has been used by Villalpando-Péez et al.’V in
the design of an NH;-sensitive device utilizing nitrogen-doped
CNTs (N-CNTs). They reported that the N-CNT sensors
demonstrated response times on the order of a few tenths of a
second and reached a steady state value in 2-3s. They
attributed this quick response to gas interaction at the
nitrogen sites on the CNT sidewall. The authors speculate
that higher doping concentrations may yield far more
sensitive devices.

2.2. CNT-Based Hydrogen (H,) and Methane (CH,) Sensors

The risk of explosion is the primary reason for accurate
measurement of H, and CH, levels, because concentrations as
low as 4% in air can become explosive.”!! Typically, H, is
detected using MOS sensors with incorporated Pd metal.”
The first H, MOS sensor was reported in 19757? and consisted
of a MOS field-effect transistor (MOSFET) with a Pd gate
electrode. SE sensors have also found commercial success in
the detection of H, gas.lzz] CH, is a colorless, odorless gas that,
under the correct circumstances, can displace O, and cause
asphyxiation or become explosive. It is therefore vitally
important to monitor this gas in enclosed environments, such
as mining operations. Moreover, CH, is a much more
powerful greenhouse gas than CO,; it can originate from
such sources as landfills, fossil fuel production sites, and
agricultural areas. MOS and SE sensors are commonly used
for the detection of CH,.*?

Bare CNTs do not show appreciable sensitivity to H,, so
efforts have been made to find a suitable functionalization
scheme to decorate CNTs with H,-sensitive materials. The
Dai group first reported the sensitivity of Pd-decorated
SWNTSs to ppm levels of H, gas.”) SWNT devices were coated
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with a thin (ca. 5-A) coating of Pd by electron beam
evaporation, which led to the formation of Pd nanoparticles
on the SWNT sidewall. Upon exposure to concentrations of
40 and 400 ppm H,, the conductance of the Pd-decorated
SWNTs decreased, yielding a response time of a few seconds;
full recovery was observed after approximately 400 seconds.
The sensing and recovery mechanisms were described as
follows: H, dissociates into atomic hydrogen on the Pd
surface at room temperature; this decreases the Pd work
function and leads to electron donation into the SWNT. Once
H, gas is removed from the system, O, molecules react with
the atomic hydrogen to produce H,O, returning the system,
and the SWNT conductance, to its original state.

Soh and co-workers™ reported a microelectronic diode
that consisted of a thin layered Pd/CNT/Si structure and
showed sensitivity towards exposure to 100% H, environ-
ments. Sayago etal.”” demonstrated sensors that were
composed of SWNTs spray cast onto Al substrates and
functionalized with Pd nanoparticles; these sensors showed
completely reversible detection of 0.5-0.3% H,. Figure 8A

Figure 8. A) TEM image of a Pd-decorated SWNT bundle.”*". B) Pho-
tograph of the flexible Pd-SWNT H, sensor. C) An AFM image of the
Pd-decorated SWNT network that serves as the H, sensing element
and conduction channel; adapted from reference [80a].

shows a transmission electron microscopy (TEM) image of a
Pd-decorated SWNT bundle."*® The bare SWNTs showed H,
sensitivity above 200°C, and SWNTs chemically functional-
ized with Pd nanoparticles showed a H, response (AR)
approximately 43 times greater than SWNTs sputter coated
with Pd.*"!

Rinzler and co-workers reported the fabrication of a CNT
film-based H, sensor that demonstrated a room-temperature
detection limit of approximately 10 ppm and consumed only
about 0.25 mW power.” They found that thinner (7-nm vs.
25-nm) SWNT films subjected to thermally evaporated Pd (as
opposed to sputter-coated) showed better response to H,. The
reasons for the enhanced H, sensor response of thermally
coated versus sputter-coated SWNTs remained unclear but
may have resulted from damage caused during the sputtering
process. Moreover, they suggested that the thinner films
responded better because of a better association between the
SWNTs and Pd. Dag et al.”” conducted a theoretical study on
the adsorption of H, on bare and Pt-decorated SWNTs, and
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Kumar and Ramaprabhu” later demonstrated the sensitivity
of Pt-decorated MWNTs to 4% H, at various temperatures.
Mubeen et al.’”) reported on the influence that the electro-
chemical deposition parameters (potential and charge) had
on the sensitivity of Pd-SWNT-based sensors to ppm
concentrations of H,. We have found that SWNTs electro-
chemically decorated with Pt, Pd, and Rh showed strong
response to H, gas.’® Lastly, Sun and Wang®™ used electro-
chemically Pd-decorated SWNTs to create a flexible hydro-
gen sensor (Figure 8 B) that had ppm sensitivity, complete
recovery, and excellent reproducibility after more than 1000
cycles. Figure 8C is an AFM image of the Pd-decorated
SWNT network that served as the H,-sensitive element and
sensor conduction channel.

Ding et al.® showed reversible, room-temperature detec-
tion of ppm concentrations of H, with a sensor consisting of
vertically aligned CNTs grown in an Al template with a Pd top
gate (Figure 9). Cusano et al.®? took an entirely different

1000ppm H,)

500ppm

t/ min —

Figure 9. A) Aligned CNT array grown in an Al template. B) Response
to H, exposure expressed as the relative change in device resistance
AR/R, at zero gate voltage; adapted from reference [81].

approach when they reported the fabrication of an optical-
fiber-based sensor for H, detection at cryogenic temperatures.
It is important to monitor cryogenically cooled H, in rocket
engines, but Pd-based sensors are unable to dissociate H, at
very low temperatures. Thus, an optical probe was developed
that relied on H, adsorption modifying the SWNT film
thickness, dielectric constant, and reflectance. Using this
approach they were able to detect H, concentrations of 1-4 %
at 113 K.

The detection of CH, with CNT-based sensors has not
experienced as much popularity as H, detection, but a few
studies have been reported. For example, adsorption of CH,
onto SWNTs has been calculated to result in a donation of
approximately 0.025 electrons per adsorbed molecule,? but
experimental confirmation of this conclusion has been
difficult.”™ Lu et al.®¥ reported the fabrication of a CH,
sensor based on Pd-decorated SWNTs that demonstrated
sensitivity to 6-100 ppm in room-temperature air. The
authors suggested that upon gas exposure a weakly bound
Pd**(CH,)*~ complex is formed, thus increasing the conduc-
tance of the Pd-SWNT network. The lack of CNT-based
sensors for the detection of CH, is an indication that further
study into the fundamental interactions between this gas and
functionalized CNTs is needed.
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2.3. CNT-Based Carbon Monoxide (CO) Sensors

The accurate measurement of environmental CO levels is
important, because CO is a gas produced by incomplete
hydrocarbon burning and accompanies almost all combustion
processes. CO is especially dangerous, because with no odor
or color it is undetectable by humans, it becomes explosive at
concentrations above 12%, and has a TLV of 25 ppm.2!
Environmentally, a major source of CO emissions is vehicle
exhaust, which adds to the formation of smog. Currently the
leading sensor technologies for detection of this gas are MOS
and SE sensors.”

Theoretical® and experimental® reports suggest that
CO does not engage in charge transfer with bare SWNTs;
however, Matranga and Bockrath®! suggested that CO
adsorbs by hydrogen bonding with hydroxy groups on the
CNT that formed as a result of purification steps. Additional
theoretical studies suggest CNT-based CO sensors could be
constructed using radially deformed CNTs®™ and CNTs
doped with atoms such as boron and nitrogen®™ or alumi-
num. ")

Even though CO gas does not engage in charge transfer
with bare CNTs, reports have emerged of CN'T-based sensors
that rely on detection mechanisms other than charge transfer.
For example, Varghese et al.®! reported a CNT device that
could detect the presence of CO through capacitive changes.
While this device functioned reversibly, the authors only
reported response in the presence of 100% CO. Chopra
et al.® reported the detection of CO gas through changes in
the resonant frequency of CNT films. Resonant-frequency
sensors operate on the principle that gas adsorption will
modify the dielectric constant of the substrate and theoret-
ically could demonstrate CO detection limits in the ppb
regime.’ Functionalized CNTs have shown good CO sensi-
tivity, as reported by Wanna et al.”" with a PANI-function-
alized CNT sensor capable of reversible response to CO from
100-500 ppm, and by Bittencourt et al.l’ in their report of 10-
ppm CO detection with WO; films impregnated with CNTs.
Moreover, we have shown that Pt- and Rh-decorated SWNTs
show strong response (AG/G, 2 0.7) to a concentration of
2500 ppm CO gas."™

2.4. CNT-Based Sulfur Dioxide (SO,) and Hydrogen Sulfide (H,S)
Sensors

Accurate detection of SO, and H,S is important for
environmental and safety reasons. SO, is a reactive gas that
primarily originates from human activities such as coal
combustion and petroleum refining. SO, is environmentally
harmful, because it can aid in the formation of acid rain;
furthermore, it can induce respiratory problems in humans
and has a TLV of 2 ppm.”'" H,S is dangerous gas because of its
flammability and toxicity; it has a lower explosive limit (LEL)
of 4% and a TLV of 10 ppm.”!! The accumulation of H,S
emissions is a serious concern for petroleum refineries and
coke ovens. Currently, MOS and SE sensors are employed for
the detection of these two sulfur-containing gases.””!
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Experimentally, SO, has been shown to adsorb onto bare
CNTs" with an effect similar to NO,.”*!l However, reports
of CNT-based sensors for this gas are scarce. Interestingly,
Suehiro et al.®”® reported CNT sensitivity to SO,, but gas
exposure resulted in device behavior consistent with electron-
donating species. It was unclear why SO, acted as an electron-
donating molecule in this scenario, and no further explanation
was provided. Lastly, in our report of a metal-decorated
SWNT sensor array, we were able to detect 50 ppm H,S in air
with Pd-decorated SWNTs.’®l The lack of reports detailing
the development of CNT-based sensors for the detection of
SO, and H,S suggests further investigation into the inter-
actions between CNTs and SO, and H,S is needed.

2.5. CNT-Based Oxygen (O,) Sensors

SE sensors have found great commercial success as
oxygen sensors,? specifically in monitoring the oxygen
concentration in automobile exhaust. These types of sensors
demonstrate excellent longevity at high operational temper-
atures; however, they are also sensitive to other oxidizing
gases. A major challenge that CNT-based sensors face is the
current inability to operate as oxygen sensors. Zettl and co-
workers have shown that oxygen dramatically effects the
physical properties of CNTs.”**! However, debate surrounds
exactly how CNT-based devices respond to O, gas. For
example, Avouris and co-workers reported that device
response to O, stems from interaction at the SWNT-metal-
contact interface, resulting in a modification of the device
SB.”I Debate continues, because some experimental evi-
dence suggests that O, adsorption does affect the CNT
electronic structure,?”***"! and theoretical treatments of the
system have resulted in varying adsorption energies and
predicted charge transfer.?*%%! Despite the controversy over
how O, adsorption influences the CNT electronic structure,
solid experimental evidence shows that O, desorption at room
temperature, even under high vacuum, is considerably too
slow for sensor applications.”* 7 While some recent efforts
have improved the room-temperature desorption of O, to a
few hundred seconds,” the technique still required a vacuum
system and therefore would not be an appropriate setup for a
realistic sensor design. Using a surface acoustic wave (SAW)
device based on a CNT thin film, Chopra et al. could detect
the presence of O, based on resonant-frequency shifts. This
approach showed a response time (the time from sample
introduction until signal stabilization) of approximately
10 min, but it was not chemically selective.® It is apparent
that considerable future effort will be needed for the
development of a usable CNT-based solid-state O, sensor.

2.6. CNT Sensor Arrays

Table 1 summarizes the gases that CNT-based sensors
have been successful at detecting. A challenge faced by all
solid-state sensors, including those based on CNTs, is analyte
selectivity. An interesting approach to the problem of sensor
selectivity is the idea of sensor arrays in which multiple
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Table 1: Summary of CNT—gas interactions for the development of environmental sensors; the
detection limit is given for each particular analyte.!

Angewandte

NTFET  devices. Figure 10C
depicts the principal component

Analyte CNT Material/Method Detection Limit References analysis (PCA) of the sensor array
NO,  calculation N/A [24-26,29-33] response to various analytes. Each
bare CNTs 10 ppbie 4 [23,34,35,37-41,43-46,50,52-54]  nalyte has a specific pattern when
vertically aligned CNTs 25 ppb [57] plotted in 3D space; in this way
metal-decorated CNTs 100 ppbt!e) [58-60] sensor arrays can discriminate
metal oxide decorated CNTs 500 ppb!*d [61,62] between different analytes. We
polymer-coated CNTs 100 pptt*” [65,67] have recently shown that charge
NH lculati N/A 125,26,28] transfer between metal-decorated
R calculation ,26, . R
bare CNTs 5 ppm®! [23,36,37, 42,4749, 51-54] CNT devices and gas molecules is
vertically aligned CNTs 5 ppm® [57] dependent upon potential barr%ers
CNT capacitor N/A [55] at the CNT-metal-nanoparticle
NT resonant frequency sensor ca. 1 m 56 interface, which ma e
C frequency 0 pp [56] terface,'"!  which y help
metal-decorated CNTs 5 ppm®e [58-60] explain response in metal-deco-
metal oxide decorated CNTs 5 PPm[a][[::]] [62,63] rated CNT sensor array devices.
polymer-coated CNTs 100 ppba [64-68] Lu et al.% reported the design
atomically doped CNTs ca. 1% 71 .
of a sensor array consisting of 32
H, Pd-decorated CNTs 10 ppmfPs  [58,73-76,79,80] sensing elements including pris-
Pt-decorated CNTs 0.4 %1158 [58,77,78] tine, polymer-decorated, and
vertically aligned CNTs 100 ppm [81] metal-decorated CNTs that could
cryogenically cooled CNT optical probe 4 %! [82] differentiate between NO,, HCN,
H \culati N/A 26] HCI, Cl,, acetone, and benzene.
4 calculation X
metal-decorated CNTs 6 ppmt®! [58,83] CNT teCh,nOlOgy has_ the potential
to excel in the design of arrays,
co calculation N/A 24] because the inherently small size of
bare CNTs 100 ppmPIB9 134, 84] CNT devices will allow for the
metal-decorated CNTs 2500 ppmtIB8 [58] integration of large numbers of
metal oxide decorated CNTs 10 ppmt! [62] functionalized CNT sensor ele-
radially deformed CNTs N/A [35] ments that would show unique
atomically doped CNTs N/A (86,87] ‘ .
CNT capacitor N/A (8] response to numerous species.
CNT resonator frequency sensor 1500 ppm®l® 89,90
polymer-coated CNTs 167 ppmtl [97]
2.7. Comparison to Other State-of-
SO,  bare CNTs 10 ppm It [37,41,92,93) the-Art Methods: Advantages
and Challenges to CNT Sensor
H,S metal oxide decorated CNTs 50 ppmt! [58] Use
0, calculation N/A [24,26,98]
bare CNTs N/A [37,94-97,99] Currently, MOS and SE gas
CNT SAW sensor 1500 ppm®l 89,90 sensors hold a majority of the

[a] If the sensor detection limit was not explicitly provided in the original report, then the lowest tested
analyte concentration is listed. [b] For this group of gases, MOS- and SE-type sensors dominate the
commercial sensor market and typically demonstrate detection limits in the ppm range.

sensing elements, each decorated with a particular material,
are used simultaneously. The combined response of each
element is then used to make an analyte-specific response
pattern that can selectively determine the response to a
particular analyte. We have used this approach with metal-
decorated NTFET devices to detect various gas-phase
analytes.’® Figure 10 A depicts the individual responses of
many metal-decorated NTFET devices in our sensor array.
While each metal did not display total selectivity for a
particular analyte, the combined response of many devices
can create an analyte-specific pattern, which we used to
recognize NO,, NH;, H,, CO, and H,S. Figure 10B is an
optical image accompanied by corresponding scanning elec-
tron microscopy (SEM) images of several metal-decorated
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commercial market for the gases
discussed thus far. These two types
of sensors have found commercial
success in the industrial gas sensor
market because they are relatively
inexpensive to fabricate, they show good sensitivity and
accuracy, and they are suitable for monitoring ppm concen-
trations of gaseous analytes at high temperatures. However,
while the MOS sensor is easily portable, stable, durable, and
shows fast response time, it suffers from a low selectivity
towards analyte species. SE sensors demonstrate better
analyte selectivity; however, they suffer from poor stability
and durability, they can demonstrate sluggish response time,
and they are not well suited for portable devices.”” The
fundamentals and operation of MOS and SE sensors has been
thoroughly covered in the literature® and they will only be
used here for comparison to CNT-based sensor operation.

A major difference between current MOS and SE and
CNT-based sensors is the operating temperature. MOS and
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SE sensors often operate at temperatures between several
hundred to over 1000°C, whereas CNT-based sensors show
effective analyte sensitivity at room temperature. The ability
of CNT sensors to operate in low-temperature regimes is an
advantage for several reasons. First, it is an intrinsic safety
advantage, because it reduces the risk of explosion in the
presence of combustible gases. For example, typical MOS
sensors require explosion-proof housings if they are to be
used for detecting combustible gases because of the potential
sparking hazard associated with the device heating elements.
Secondly, CNT-based sensors will not be as sensitive to
temperature fluctuations as MOS and SE sensors. If an MOS
or SE sensor is subjected to a slight draft, perhaps created by a
swinging door or air conditioning unit, the temperature-based
resistance of the device will change.”” This is especially
problematic in very small sensors in which heat loss can occur
through both the heating and the interrogation wires.
Furthermore, a major concern for both MOS and SE sensors
is degradation after long periods of operation at elevated
temperature, because it can lead to changes in surface
structure and irreversible binding of analyte molecules. The
effect of such changes on the sensor resistance is termed
“drift” and is a crucial limitation to the sensor lifetime.*”)
Additionally, SE sensors face the problem of increased
electronic conductivity at high temperatures,”” which is a
potential source of error. Lastly, MOS and SE sensors require
an uninterrupted power source, and once a device has lost
power it will give false positives until it has reached its
optimum operational temperature. The ability to operate
CNT-based sensors at room temperature is inherently safer in
environments with combustible gases, it reduces the sensitiv-
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Figure 10. A) Correlation coefficients that relate the relative response of different devices
decorated with evaporated metals to a particular gas. The response of each device is
color-coded; a value of 0 represents no response and 1 represents maximum response.
B) Optical image of metal-decorated NTFET devices with corresponding SEM images of
the metal-decorated SWNT network between the device electrodes. C) 3D representation
of the principal component analysis (PCA) of the sensor array response; each analyte
has a specific response pattern in 3D space; adapted from reference [58].

ity to minor temperature fluctuations and thermally induced
drift, and it decreases the overall power consumption of the
device.

One disadvantage of room-temperature operation is the
potential interference from relative humidity. CNT devices
show sensitivity to H,O vapor, but the exact influence on the
CNT electronic structure is still under debate, and differing
opinions include electronic donation into the CNT,"™ hydro-
gen bonding with oxygen defect sites on the CNT,['*! and the
introduction of charge-trapping sites on the CNT through
direct H,O adsorption and/or interaction with the SiO,
substrate.'™ Regardless of this debate, several groups have
developed humidity sensors containing CNTs,'™! LiClO,-
doped CNTs"™! polymer-functionalized CNTs,'%! CNT-
biomolecule complexes, as well as CNT-based capaci-
tor,'®! field-ionization,'® and quartz-crystal microbalance
(QCM) sensors.''” The sensitivity to water is a challenge that
researchers need to consider when designing sensor architec-
tures using CNTs.

Because studies have yet to address the suitability of CNT-
based sensors for extended operation at elevated temper-
atures, it is impossible to speculate on their potential for
applications in the automotive or processing arenas. How-
ever, the room-temperature operation and low power con-
sumption of these devices suggests more potential for
personal safety and network sensor applications. For example,
the intrinsic ease at which CNTs can be incorporated into
microscale electronics will facilitate the fabrication of tiny
sensor devices for ultraportable and wearable sensor tech-
nology. The low power consumption of these devices will
result in extended sensor lifetime using current battery
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technology. When coupled to wireless technology, such
devices could form a complete sensor network that could
monitor an entire structure for potentially harmful analytes.

3. Carbon Nanotube Based Medical Sensors

The medical industry typically relies on laboratory instru-
ments for diagnostic purposes. However, there is a substantial
potential for portable diagnostic devices. While these types of
medical sensors may lack the exquisite sensitivity of methods
such as GC-MS or spectroscopy, they would provide a fast and
accurate tool for first responders to quickly assess the status
of a patient. Because they demonstrate such extreme environ-
mental sensitivity and allow for incorporation into very small,
low-power electronic devices, CNTs are uniquely suited for
the development of portable first-response medical diagnostic
tools.

3.1. CNT-Based Carbon Dioxide (CO,) Sensors

The ability to monitor CO, is important for personal
safety and medical reasons. At levels above 5% CO, becomes
toxic. The measurement of CO, concentrations in human
breath, called capnography, currently utilizes nondispersive
infrared (NDIR) sensors.'"! The use of NDIR CO, sensors is
advantageous, because they demonstrate extraordinary long-
term stability, accuracy, and have low power consumption.
Furthermore, the measurement of a strong CO, absorption
wavelength reduces interference, and this type of sensor can
easily measure low-ppm-range CO, concentrations.'*! Today
this type of technology has even been incorporated into
portable systems for pre-hospital care by first responders;1?!
however, their high cost inhibits general use.

Zhao et al.”® reported that CO, adsorption should result
in a net transfer of approximately 0.015 electrons into the
CNT per adsorbing molecule, but this has yet to be shown
experimentally. Varghese et al.®™ noted cross sensitivity to
CO, with their impedance-based CNT gas sensors, which
showed a lower detection limit of approximately 10% CO,
(10° ppm). Ong et al.”>'™ reported on the development of a
wireless passive CNT-based gas sensor that demonstrated
sensitivity to CO,. By placing a thin layer of a CNT-SiO,
composite on a planar inductor—capacitor resonant circuit,
they were able to detect varying concentrations of CO, by
monitoring the permittivity of the CNT composite. Their
setup allowed measurement of CO, concentrations of 0-
100 % under varied relative humidity and temperature with a
response time of approximately 45s. Additionally, Zribi
et al.®! were able to accurately measure 0-15% CO, with
a CNT-based resonator-frequency sensor. Their sensor design
allowed a lower detection limit of approximately 1% CO,
(10000 ppm).

We have shown that NTFETs functionalized with a
polymer matrix consisting of PEI and starch demonstrate
excellent sensitivity to CO,."'* The response to CO, exposure
was a reversible decrease in device conductance that scaled
linearly with the CO, concentration. We concluded that the
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response originated as a possible combination of the follow-
ing two mechanisms: 1) CO, reaction with the polymer
composite reduced the overall electron-donating character
of the PEI; 2)structural changes in the starch complex
introduced charge-scattering sites on the SWNT. While this
device responded well to CO, with a dynamic operating range
between 500 ppm and 10% CO, in air, PEI is sensitive to
other acidic gases, specifically NO, and SO,, and would
inevitably show cross-sensitivity if these species were present.

3.2. CNT-Based Nitric Oxide (NO) Sensors

The detection of NO in medical patients is important,
because changes in NO levels can be indicative of certain
ailments such as Alzheimer’s or asthma.l™ The ability to
monitor NO levels in patients’ breath is advantageous for
medical professionals trying to make diagnostic assessments.
Currently, chemiluminescence is commonly used for the
detection of NO gas in a patient’s breath.''! While this
technique is extraordinarily sensitive, with a detection limit of
300 ppt, the required instrumentation is large, expensive, and
needs various supporting accessories, such as vacuum pumps
and an ozone generator.

Long and Yang reported that CNTs adsorb oxides of
nitrogen, including NO, in the presence of O,.”” The ability to
adsorb a medically relevant chemical species such as NO in
the presence of O, presents the opportunity for the creation of
a medical sensor; however, the literature is sparsely popu-
lated with reports of CNT-NO interactions. We have found
that bare SWNT networks demonstrate little response to NO
gas, but once they are decorated with metal nanoparticles (Pt,
Pd, Au, Ag) they show unique electronic characteristics under
a NO atmosphere.'""”! Liang et al.® reported cross sensitivity
to NO with their CNT-SnO,-based sensor. The device design
is illustrated in Figure 11 A; the CNT-SnO, composite was
dropcast onto a cylindrical ceramic tube with an internal
heating element. At 300°C this device detected NO concen-
trations between 2 and 50 ppm (Figure 11 B).

Lastly, we have developed a NO sensor based on PEI-
functionalized SWNT networks for detecting NO gas in
simulated breath conditions for asthma diagnosis.""”! In this
report, NO was oxidized into NO, with a CrO; converter, and
the converted NO, then reacted with the PEI layer on the
SWNT network (Figure 11 C). We were able to detect 5-ppb
concentrations of converted NO in pure N, (Figure 11D) and
using an ascarite scrubber to remove CO, we were able to
detect 15 ppb NO in simulated breath—a realistic require-
ment for detecting exhaled NO for asthma monitoring.

3.3. CNT-Based Ethanol (EtOH) Sensors

The detection of EtOH in is an essential measurement for
law enforcement officials that needs to be conducted in the
field with quick, accurate, and reproducible results. The
breathalyzer, the most common technique for EtOH analysis,
relies on redox chemistry between EtOH and K,Cr,0; and
has a lower detection limit of 0.001% blood alcohol
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Figure 11. A) Sensor design with a CNT-SnO, composite coating a
ceramic cylinder with an internal resistive heating element. B) Sensor
response to NO gas at 300°C, expressed as the relative change
between the device resistance under gas exposure (R,) and in air (R,);
adapted from reference [61]. C) Mechanistic diagram of the conversion
of NO to NO, using a CrO; converter and detection with PEl-coated
SWNTs. D) Response of the PEl-coated SWNTs to NO gas under N,
with a 5-ppb detection limit; adapted from reference [117].

content.'"® Methods utilizing the IR absorbance of EtOH are
also available,"™! and these offer the same advantages as
NDIR CO, sensors in terms of performance and reliability.
NDIR-based sensors have the ability to accurately monitor
concentrations of EtOH in blood at 0.0049 %, well below the
legal limit of most jurisdictions. However, the optical sensors
are inherently more complicated and expensive, which limits
their general use.

Iijima and co-workers first reported on the adsorption of
alcohol vapors onto SWNTs.'” They concluded that the
purification process increased the microporosity and oxygen
functionality of SWNTs, leading to a greatly enhanced
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adsorption of MeOH and EtOH on the SWNT sidewall at
303 K. Someya et al.'*! used NTFET devices composed of
isolated SWNTs to monitor the concentration of EtOH down
to approximately 300 ppm. Exposure to pure alcohol vapors
resulted in a substantial decrease in device conductance that
was reproducible over 55 individual runs. The authors
explained the device response in terms of the alcohol either
doping the SWNT or interacting with the SiO, substrate and
filling charge traps. The authors do concede, however, that
either of the above mechanisms could serve to indirectly
modify the device SB at the SWNT-metal contact, and they
suggested further investigation was needed to fully under-
stand device response.

In their report on the cross sensitivity of CNT films to
various gases and vapors, Cantalini et al."® reported sub-
stantial device response to 500 ppm EtOH at 165 °C under dry
N, and 80% relative humidity, where EtOH exposure
resulted in a sharp increase in resistance. Penza et al.l'*
described the operation of a SAW sensor that was fabricated
by spray casting CNT solutions onto quartz substrates and
coating them with SiO,. The EtOH concentration was
measured by monitoring changes in the resonant frequency
of the device during analyte adsorption. They claimed a
theoretical detection limit of 1.3 ppm EtOH at room temper-
ature but experimentally realized a detection limit of 3.9 ppm.

Villalpando-Péez et al.”" reported a strong yet reversible
response to EtOH with vertically aligned nitrogen-doped
CNTs that showed a response time of under one second. Wei
etall' reported that vertically aligned CNT—poly(vinyl
acetate) films showed reversible sensitivity to EtOH and
MeOH. Interestingly, they found that the selectivity of the
sensor to certain vapors could be modified by changing the
composition of the polymer composite. Penza et al.l'®!
reported several examples of CNT sensors based on resonant
frequency and reflectivity changes upon analyte absorption
for the detection of EtOH and MeOH as well as other organic
vapors (see below). By detecting vapor adsorption with two
unique transduction mechanisms (change in resonant fre-
quency and reflectivity), the authors suggest that this type of
technology could be used to develop multitransducer and
multisensor arrays for the analysis of complicated chemical
samples. Liang et al.’®"! described sensitivity to EtOH between
10 and 1000 ppm with their SnO,-coated CNT devices, while
Wisitsoraat et al.'? concluded that the EtOH sensitivity and
response time of SnO, films was greatly increase with the
inclusion of CNTs. Liu et al.'?®! reported sensitivity towards
EtOH and liquid petroleum gas with SnO,-decorated
MWNTs, and Chen et al.'?”) reported sensitivity to 10 ppm
EtOH vapors with CNT-SnO, core—shell nanostructures that
showed reversible operation at 300 °C and long-term stability.

3.4. CNT-Based Organic-Vapor Sensors

In 1971 Pauling et al. reported that hundreds of organic
vapors exist in the exhaled breath of humans."*! Later it was
shown by Gordon et al.l'””) that these organic vapors could be
used to identify lung cancer patients. Organic vapors in
human breath are also symptomatic of diabetes, sleep apnea,
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infection, sickle cell disease, asthma, breast cancer, chronic
obstructive pulmonary disease, several types of liver disease,
kidney failure, and cystic fibrosis."*"!

Santhanam et al.™®"! reported a chemical vapor sensor
composed of poly(3-methylthiophene)-functionalized CNTs
that showed sensitivity to different chloromethanes. Interest-
ingly, this sensor did not respond to CH,, acetone, acetalde-
hyde, benzaldehyde, THF, MeOH, or EtOH. The authors
explain the selectivity of this sensor with the ability of the
polymer to accept only halogenated species. As mentioned
previously, the CNT-based resonator/optical sensor reported
by Penza et al.'®! was sensitive to various organic vapors
including isopropyl alcohol, acetone, ethyl acetate, and
toluene, and Wei et al'® demonstrated that vertically
aligned CNT-poly(vinyl acetate) films also showed reversible
sensitivity to hexane, THF, cyclohexane, acetone, CHCl;,
ethyl acetate, MeOH, toluene, DMF, and CCl,.

Ma et al.’™®? reported that polyaniline composites con-
taining CNTs demonstrated fast and reversible room-temper-
ature response to trimethylamine, triethylamine, NH;, and
HCI. The authors described the sensing mechanism in terms
of protonation or deprotonation of the polyaniline polymer,
which led to a subsequent increase or decrease, respectively,
in measured current upon vapor exposure. They found that
increased amounts of CNT in the polymer composite actually
reduced the sensitivity to trimethylamine vapors; this effect
was attributed to the strong electronic interaction between
the CNTs and polyaniline polymer, which increased the
polymer conductivity but reduced the overall gas sensitivity of
the composite. Sénchez et al.*¥ reported a combined exper-
imental and theoretical investigation of a sensor composed of
CNTs embedded in a sol-gel-derived TiO, matrix that
showed fast room-temperature response to and recovery
from acetone vapor and NH;. The TiO,~CNT composite
showed improved sensitivity and demonstrated n-type behav-
ior upon acetone and NH; exposure. The authors explained
the acetone response through the formation of a negatively
charged ion at the TiO, cluster but conceded that further
investigation is necessary to understand the n-type NHj;
response. Lastly, a theoretical paper by Wang et al.l'*¥
suggested that boron-doped SWNTs could serve as formal-
dehyde-sensitive devices. They showed, using local density
approximations, that formaldehyde adsorption on pristine
SWNTs resulted in a donation of 0.021-0.039 electrons, but
adsorption on boron-doped SWNTs could result in electron
donation as high as 0.121 electrons. The authors suggest this
type of doped SWNT could act as a new medical sensor with
high intrinsic sensitivity for formaldehyde vapor.

3.5. Comparison to Other State-of-the-Art Methods: Advantages
and Challenges to CNT Sensor Use

Currently, hospital analysis of medically relevant gases
and vapors is typically done with GC-MS, solid-state MOS
sensors, spectroscopy, or electrochemical techniques.>!%!
With the exception of breath analysis for EtOH concentra-
tions and blood O, monitoring with optical probes,? these
techniques require large, costly, and sophisticated equipment.
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Clinical diagnostic techniques typically employ sample pre-
concentration in breath-component analysis owing to the low
concentration (ppt to ppb) of the analyte of interest;* this
procedure limits the speed of the diagnosis, but it results in
unrivalled sensitivity and analyte discrimination. Because
CNT technology is intrinsically suited for miniaturization, it
may find acceptance in the medical field as the basis for
inexpensive disposable sensors. This type of medial device
could be applied in routine clinical tests, take-home medical
testing devices, or as portable tools for first-response medical
diagnostics.

Table 2 summarizes the reported CNT-based materials
used for sensing medically relevant gases and vapors. Because
of the small size and relatively inexpensive fabrication of
CNT devices, it may be possible for first responders to
perform an initial medical diagnosis on a patient on the way to
the hospital. In this situation, reproducibility and speed may
outweigh absolute sensitivity, as the medical technician will
need to make fast judgments to stabilize the patient.

Another possible application of CNT-based sensor tech-
nology could be personal diagnostic tools for home use, where
increased vapor or gas concentrations in exhaled breath could
signal to the patient that a medical condition is worsening and
appropriate medical precautions should be taken. We have
shown it is possible to use CNT-based technology to develop
sensors capable of measure low concentrations of CO,"" and
NOU!7 in human breath; future developments will hopefully
yield robust, inexpensive, and accurate devices for prelimi-
nary or at-home medical diagnosis.

4. Carbon Nanotube Based Sensors for Military and
Defense Applications

With the increased threat of terrorist activity, there is an
unfortunate need for the detection of chemical vapors
indicative of malicious intent. For the detection of explosives,
nitrotoluene and 2.4-dinitrotoluene (DNT) have been used
for the development of 2,4,6-trinitrotoluene (TNT) sensors.
Furthermore, cyclotrimethylenetrinitramine, = commonly
known as RDX, and ethylene glycol dinitrate (EGDN) are
components commonly found in military-grade explosives.
Towards the development of sensors for chemical warfare
agents (CWAs), specifically nerve agents, simulants are often
used: dimethyl methylphosphonate (DMMP) for sarin, diiso-

Explosives Chemical Warfare Agents
(CWAs)
O,N NO, O,N. i _NO,
~_.O N O0—
i >P{ { P
NO, 0" °F S
TNT DNT Sarin DMMP
OZN\,\L/‘\)N,NO2 oj\
_ - ~-0 Sps
N 0,N-0O  O-NO, O7P\F§< O’P\o\(
NO,
RDX EGDN Soman DIMP

Figure 12. Structures of some common chemicals used for explosives
and chemical warfare agent sensor testing.
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Table 2: Summary of CNT—gas and vapor interactions for the development of medical sensors, providing a comparison to the detection limits of

typical commercially available sensors.?!

Analyte Current methods Detection Limit CNT material/method Detection Limit® References
co, spectroscopic low ppm calculation N/A [26]
bare CNT impedance 10% [88]
CNT capacitor 20917 [55,113]
PEl/starch-coated CNTs 500 ppm [114]
CNT resonator ca. 1% [89b]
NO spectroscopic 300 ppt bare CNTs 10 ppmt [100]
metal-decorated CNTs 10 ppm* [100]
SnO,-decorated CNTs 2 ppmt! [61]
PE|-functionalized CNTs 5 ppb 17
EtOH breathalyzer 10 ppm bare CNTs ca. 300 ppmtIl121 [120-122]
(K,C,0;, redox) CNT-based SAW Sensor 1.3 ppm [123)
spectroscopic 49 ppm CNT resonant frequency sensor 1.1 ppm!'>¥! [125]
metal oxide decorated CNTs 10 ppmtl (€127 [61,126,127]
polymer-coated CNTs N/A [124)
nitrogen-containing CNTs N/A [71
organic GC-MS ppt to ppb! CNT resonant frequency sensor ppm [125]
vapors polymer-functionalized CNTs 4 ppmtI 03 [124,131,132]
TiO,-decorated CNTs N/A [133]

[a] If the sensor detection limit was not explicitly provided in the original report then the lowest tested analyte concentration is listed. [b] A
concentration of 1% corresponds 1x10* ppm. [c] With analyte preconcentration.

propyl methylphosphonate (DIMP) for soman, and thionyl
chloride (SOCL,) for nerve-agent precursors. Figure 12 dis-
plays the structures of some common chemicals used in sensor
development for military applications. Currently a large array
of commercial technology is available for the detection of
explosives and CWAs[%57 and these are summarized in
Table 3.

Several groups have made efforts towards developing
CNT-based sensors for explosives and nerve agents. For
example, Li et al.’" reported a detection limit of 262 ppb for
3-nitrotolune using bare SWNTs dropcast onto interdigitated
electrodes. Novak et al.'™®! reported the selective sub-ppb

detection of DMMP using SWNT-based sensors. Their
approach is interesting, because they took the typical
SWNT-based NTFET device design (Figure 13A,B) and
incorporated it into a compact flow cell (Figure 13C).
SWNTs were grown directly onto the inner wall of the
quartz flow cell, and silver paint was used to create contacts at
either end; typical resistances for the chemiresistor flow cells
was between 1-10 MQ. Using this design, they demonstrated
sensitivity to 1 ppb DMMP (Figure 13D).

The slow response and recovery of the devices suggests
that the signal may be a cumulative effect of irreversible
analyte adsorption, and some have argued that this is an

Table 3: Summary of CNT—gas and vapor interactions for the development of military and defense sensors providing a comparison to the detection

limits of typical commercially available sensors."!

Analyte Current Methods Detection Limit ~ CNT Material Method Detection Limit References

explosives  canine detection ca. 1 ppb bare CNTs chemiresistor 262 ppb [50]
IMS®! ppm capacitor ppmt! [143]
ECDH ppm DNA-functionalized CNTs chemiresistor <1ppm [142]
SAW sensor ppm
GC-MS ppb to ppm
spectroscopy ppb to ppm

CWAs detection paper pgem™? bare CNTs chemiresistor <1 ppb [138]
gas-detection tube  ppm capacitor 0.5 ppb [143]
FPDH ppb to ppm metallic CNTs chemiresistor 700 ppb [140]
IMS ppm polymer-functionalized CNTs  flexible chemiresistor ~ 25-50 ppm [141]
SAW ppm DNA-functionalized CNTs chemiresistor <1ppm [142]
pIDM ppb to ppm
GC-MS ppb to ppm

[a] If the sensor detection limit was not explicitly provided in the original report then the lowest tested analyte concentration is listed. [b] lon mobility
spectrometry (IMS), [c] Electron capture detector (ECD). [d] Surface acoustic wave (SAW). [e] Flame photometric detector (FPD), [f] Photoionization

detector (PID).
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Figure 13. A) NTFET device composed of a network of SWNTs as the
conduction channel. B) AFM image of the SWNT network between
contacts. C) Chemiresistor flow cell sensor with SWNTs grown in the
inner wall of the tube and Ag paint used as contacts. D) Response of
the sensor to 1 ppb DMMP expressed as the relative change in
resistance AR/R; adapted from reference [138].

inappropriate way to describe the sensitivity and detection
limit, because SWNT sensors that exploit irreversible binding
have a potentially infinitely small detection limit."*! The only
technical limitation to the sensitivity would be the exposure
time (at any concentration) required to absorb the requisite
amount of analyte before signal transduction occurred.
Regardless, the device showed strong initial response to
1 ppb DMMP (Figure 13 D), which is an impressive sensitivity
to such a low concentration of nerve-agent simulant.

Strano and co-workers employed devices composed of
mostly metallic SWNTs ordered with alternating-current
dielectrophoresis as chemical sensors for the detection of
DMMP and SOCL.'"! By passivating the device contacts,
they concluded that device response to SOCI, resulted from
charge transfer with the SWNT, as confirmed by in situ
Raman spectroscopy. Strong sensitivity to 50 ppm SOCI, was
shown, and a complete and nearly immediate recovery was
obtained by flushing the device with pulses of saturated water
vapor at room temperature.

Cattanach et al.'""" reported the design of a flexible sensor
for the detection of DMMP and DIMP. The sensor devices
were composed of SWNT bundles deposited onto a polyeth-
ylene terephthalate (PET) polymer film. These devices
demonstrated good sensitivity even under flexation and
showed selectivity over high concentrations (10000 ppm) of
interferent vapors such as hexane, xylene, and H,O (contam-
inants that would be found in a battlefield situation from
gasoline and diesel fuel combustion). Furthermore, selectivity
for DMMP and DIMP was achieved through the use of a 2-
um layer of a the polymer polyisobutylene, where sensitivity
to approximately 300 ppm DIMP was maintained in the
presence of 30000-ppm concentrations of interferent gases.
The authors suggest that this type of technology could be used
to pattern flexible sensors of any design for the rapid
determination of chemical warfare agents.

Johnson and co-workers took a unique approach to
chemical vapor sensing in that they used DNA-functionalized
SWNTs as the sensing element and conduction channel in
NTFET devices.'™ In this way, they were able to detect
chemical vapors that did not impact the conductivity of bare
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SWNTs. For example, the DNA-functionalized SWNT
showed sensitivity towards propionic acid and trimethyl-
amine. Furthermore, this sensor architecture responded to
DMMP and DNT. The DNA-functionalized SWNT sensors
showed fast response and recovery (seconds) and good
reproducibility over 50 exposure cycles. The authors suggest
that this type of SWNT hybrid could be used in the develop-
ment of nanoelectronic “nose” and “tongue” sensors.

Snow et al.l¥l reported on the design of chemical sensors
that utilize changes in the SWNT capacitance AC rather than
conductance AG. In addition to measuring the network
conductance, their design also allows measurement of the
capacitance between the Si substrate and SWNT network
(Figure 14 A). The electric field polarizes adsorbing mole-
cules, which changes the device capacitance, thus allowing for
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Figure 14. A) Schematic depiction of a SWNT sensor capable of
measuring both conductance G and capacitance C. B) Capacitance
response (AC/C,) of the SWNT sensor shown in part A to 500-ms
pulses of DMMP delivered in air at P=0.0005 P,. C) Comparison of
the independent conductance (AG/G,) and capacitance response of
the SWNT sensor as a function of acetone concentration. The
conductance response saturates at approximately 0.01 Py, while the
capacitance response continues to increase; adapted from referen-
ce [143b].

accurate measurement of dilute vapor concentrations with
fast and nearly complete sensor response, as shown in
Figure 14 B with the capacitance response (AC/C,) to dilute
DMMP vapors in air. The authors claim that this technique
can detect DMMP and DNT at sub-ppb levels, which is well
below the capabilities of conventional sensors. Using capaci-
tance to monitor chemical species has unique advantages in
that it allows for the low-noise measurement of low-vapor-
pressure analytes that would not engage in significant charge
transfer with the SWNT and therefore not significantly alter
the device conductance.

Mention should be made of the difference between the
response of the capacitance-based (Figure 14 B) and network
chemiresistor (Figure 13D) sensors. Even a cursory exami-
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nation of the two plots reveals that the capacitance-based
sensor produces much sharper and reversible response peaks
for the same analyte species. Moreover, the capacitance
response does not show appreciable saturation during analyte
exposure, as compared to the conductance response; this
phenomenon is illustrated in Figure 14 C with a comparison of
the independent capacitance (AC/Cy; red curve) and con-
ductance (AG/G; blue curve) response to varying acetone
concentrations. An additional feature of this sensor architec-
ture is that it provides the ability to perform simultaneous
conductance and capacitance measurements, which gives a
value AG/AC that is unique for each analyte. The authors
note that charge transfer can affect the capacitance of the
SWNT sensor, but its effects on the capacitive response are
small and only account for approximately 10 % of the sensor
response.

A final technique for detecting gases with low adsorption
energy uses the field emission properties of CNTs, as reported
by Kim.'"*! This technique does not rely on charge transfer
with the CNT, but rather monitors the electrons emitted from
CNTs in the presence of analyte gas species. While these
reports have only detailed operation in the presence of inert
gases, the technique might be applicable to a variety of
important species that do not engage in appreciable charge
transfer with the CNT.

4.1. Comparison to Other State-of-the-Art Methods: Advantages
and Challenges to CNT Sensor Use

Aside from laboratory techniques such as GC-MS and
spectroscopy (IR, Raman, fluorescence, and chemilumines-
cence), there are currently several technologies available for
the detection of trace explosives (Table 3).°%131 With the
exception of inexpensive detection paper and gas detection
tubes, these commercially available units typically have good
sensitivities with ppm-range detection limits, demonstrate
response times on the order of seconds, and cost between
$25000 and $50000. However, they often suffer from poor
selectivity and strong analyte adsorption, and unless coupled
with gas chromatographic (GC) capabilities (which increases
the unit size and cost), they are used for the qualitative
detection of explosive compounds.

Table 3 summarizes the development of CNT-based
explosives and nerve-agent sensors as well as commercially
available technologies. While the capability of incorporating
most of these technologies into hand-held or portable units
has facilitated the detection and screening of compounds
indicative of explosives or CWAs, these sensors suffer from
selectivity issues and are fairly expensive (several tens of
thousands of US dollars per unit). CNT-based technologies
have a potential for commercial service in this market
because of their high sensitivity, extremely small size, and
low cost of manufacturing. These unique traits suggest that
instead of several conventional units surveying fixed locales,
an entire sensor network could be developed in which many
CNT-based sensors monitor ambient air for traces of explo-
sives or CWAs. The small size will also allow for development
of wearable sensors.
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Another exciting possibility would be the development of
so-called smart dust,!'*! a wireless network of tiny battery-
powered sensors distributed over a large area. By simply
dispersing a vast number of these sensors over an area
suspected of containing explosives or CWAs, the environment
could be chemically mapped. This ability would allow military
personnel to identify landmine fields and areas with CWA
contamination without subjecting humans or canines to the
potential dangers of manual searches. While current reports
of CNT-based technologies for this purpose are promising,
further work on sensor reproducibility and lifetime under
real-life and battlefield conditions are needed before a
definitive determination on their suitability can be made.

5. Conclusion and Outlook for Carbon Nanotube
Based Sensors

CNTs are ideal nanomaterials for incorporation into
solid-state sensor technologies, because they possess unique
characteristics owing to their small diameter (several nano-
meters), while their relatively long length (several micro-
meters) enables efficient integration into electronic struc-
tures. Their exceedingly high aspect ratio and their high
fraction of surface atoms enable CNTs to function as a highly
sensitive detection layer and efficient conduction channel.
CNT-based sensors have demonstrated sensitivity to a large
number of gas- and vapor-phase analytes that are important in
industrial, environmental, and personal safety and in medical
and even military scenarios. Current efforts have led to
devices with incredibly low detection limits and promising
analyte selectivity. The broad range of sensitivities suggests
that CNTs could serve as a platform technology for the
development of sensors for many different environments.

In this early stage in CNT sensor technology it is hard to
speculate on the future impact of CNT devices on the
commercial sensor market. However, the largest potential for
CNT-based sensor technology may reside in the development
of sensor arrays and compact, low-power, portable sensors.
Because CNTs can easily be incorporated into microscale
electronic devices, it will be possible to create arrays with
huge numbers of tiny sensing elements. This architecture will
allow sensors to screen for multiple analytes simultaneously
while maintaining a small instrumental footprint. Advances in
the semiconductor industry will only serve to decrease the
cost of device manufacturing, thus allowing for the commer-
cialization of disposable sensors for a variety of personal
safety or diagnostic applications. Furthermore, room-temper-
ature operation of CNT sensors eliminates the need for
internal heating elements and a continuous power supply. The
low operating temperature will decrease thermally induced
sensor aging, and the low power requirement will ultimately
lead to longer sensor battery lifetime—two advantages over
the current solid-state sensor technologies. Decreased man-
ufacturing costs, combined with the incorporation of wireless
technology, may allow the production of large wireless sensor
networks for accurate chemical mapping of structures or large
areas (“smart structures” or “smart dust”).
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While the field of solid-state chemical sensors is entering
maturity, the inclusion of CNTs is only a recent development.
In the few short years since the emergence of the first CNT-
based chemical sensor there has been a tremendous effort to
develop sensors for detecting important gaseous and vapor
phase species in the field. However promising CNT-based
sensor technology may seem, there are still fundamental
challenges that need to be addressed before CNT devices can
become viable candidates for commercial implementation.
The current trend in the literature seems to direct more
attention towards absolute detection limits rather than real-
world applicability. While reports of low-ppb detection limits
are becoming the standard for CNT-sensor papers, to date few
reports detail long-term stability in environments in which
conventional solid-state sensors have found success, such as
dynamic environments with interfering species. This is not to
say there is a lack of improvement in selectivity, as several
excellent examples of species-specific response have been
reported, but for CNT technology to become a viable
alternative to current sensors, researchers need to demon-
strate that CN'T-based sensors can function in an environment
outside of controlled laboratory conditions. The future of
CNT-based sensor technology looks bright, and continued
progress in this field will overcome the current challenges and
lead to a class of sensor materials with superior sensitivity,
reduced size, and extended lifetimes for a wide range of
environments and applications.

Addendum

The field of CNT-based sensor research is progressing at a
rapid pace, and since the acceptance of this manuscript many
reports have emerged. We have selected a few examples to
highlight; specifically, Haddon and co-workers*®! and our
group!"*”! have reported on the simultaneous optical and
electronic response of SWNT devices to gas- and vapor-phase
analytes for a mechanistic tool to understand nanotube device
response, and the Swager group!"*! used polymer-modified
SWNTs for the electronic detection of CWA simulants.
Additionally, an entire issue of Chemical Reviews'*" has
been devoted to new advances and current topics in modern
chemical sensor technology.
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