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ABSTRACT

Carbon Nanotubes based sensors are gaining its important day by day. Carbon nanotubes are unique
tubular structures of nanometer diameter and large length/diameter ratio. The nanotubes may consist of one
up to tens and hundreds of concentric shells of carbons with adjacent shells separation of ~0.34 nm. The
nanotubes can be metallic or semiconducting depending on their structural parameters. The strength of the
Sp? carbon-carbon bonds gives carbon nanotubes amazing mechanical properties, which make them far
lighter than steel, nanotubes are also between 10 and 100 times stronger. Thisreport isintended to summa-
rize some of the major achievements in the field of the carbon nanotube research both experimental and
theoretical in the field of sensors and other applications connection with the possible industrial applica-
tions of the nanotubes.  © 2013 Trade Sciencelnc. - INDIA

INTRODUCTION

Nanotechnol ogy the mani pul ation of matter ona
near-atomic scal e to produce new structures, materi-
als, and devices offersthe promise of unprecedented
scientific advancement for many sec-tors, such as medi-
cine, consumer products, energy, materia's, and manu-
facturing. Nanotechnol ogy hasthe power not only to
improve existing technologies, but to dramatically en-
hancethe effective-ness of new applications.

Research on the potential applications of
nanotechnol ogy continuesto expand rapidly worldwide.
The desireto harness cutting edge science and tech-
nology for enabling devel opment has prompted global
interest in emerging technol ogies such asinformation
technol ogy, biotechnol ogy and of late nanotechnol ogies.
Nanotechnology aimsto harnessthe unique properties
of things at the nanometer scale (one billionth of a
meter) that are not displayed by their larger counter-
parts. Nanoscience generally dea swith understanding

the*“nano” phenomenon and includes the investigation
of theproperties of various nanomaterids, control and
maneuvering of matter at the nano scale. On the other
hand nanotechnol ogy involvesusi ng toolsand methods
for thesynthes's, andysis, manufactureand application
of materias, productsand systemsthat areat the na-
nometer scaleor incorporatefacets of the same dimen-
siong¥. However theterm “nanotechnology” is by and
large used as a reference for both nanoscience and
nanotechnology especially in the public domain.
Nanotechnol ogy is based on the convergence of sev-
erd disciplinesrangingfrom chemistry, materia science,
physics, biology and engineering. Cutting across sev-
erd disciplinesnanoscienceand technology lendsitsel f
quite naturally to being merged with other technologies
facilitating enhanced scientific and technol ogical pros-
pects and applications. For that reason inter and
transdisciplinary researchisin most casesacharacter-
isticfeature of theR& D undertakeninthisfield. Infact
several experts have called for the use of the term
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“nanotechnologies” instead of “nanotechnology” as the
field does not pertain to asingle kind of technol ogy
intervention but encompassesseverd diverse applica
tiong?. Thepotentia of the convergence of emerging
technol ogi essuch asnanotechnol ogy, biotechnology and
information technol ogy have created agreat deal of
specul ation and even conviction about the advantages
it could bestow on mankind.

So oneof theimportant nanomateria, which gain-
ingitsapplicationd field day by day isCarbon Nanotube.
Since their discovery by lijima, carbon nanotubes
(CNTs) haveattracted the attention of researchersbe-
causeof their unique structure and extraordinary physi-
cal properties (lijima, 1991). Carbon-based
nanomeateridshavedesirabled ectrical, mechanicd, and
therma properties, useful in developing strong, light-
weight building and packing materials, in computers,
and in aerospace engineering. It hasbeen confirmed
theoretically and experimenta ly that nanotubes possess
remarkably high stiffness and strength. Carbon
nanotubes a so haveexceptionally high electrica and
thermal conductivities. The unique mechanical and
physical propertiesof nanotubescombined withtheir
high aspect ratio and |ow density have brought about
extensveresearchin creating compositemateria sys-
temsto exploit these properties. Considerableinterest
hasfocused on utilizing nanotubesaspassivereinforce-
ment to tailor mechanical, e ectrica andthermal prop-
erties®d,

Recently, CNTs have been successfully applied as
promising candidatesfor fabricating gasand chemical
sensors, duetotheir high surface area, szeand hollow
geometry!”9. These authors demonstrated that small
concentration of NO, are capabl e of producing large
changesinthe sensor conductance, shifting the Fermi
leve totheVa enceband and generating hole enhanced
conductance®, CNTs based sensorsfor detection of
gasessuchasH,, NH,, COor CH, haveaready been
successfully demonstrated™*3. Their stakbility, high cur-
rent capacity and low emission threshold, CNTsare
expected to have application asfield emissiontipsfor
flat panel displays, lamps, X-ray sourcesand micro-
wavegenerators. Thelarge surface, chemica stability,
highdectricd conductivity and high strength, CNTsare
expected to be used in e ectrochemical devicesinclud-
ing batteries, super capacitors, fud cellsand hydrogen
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storage cellg'. Inthe past few years, worldwidein-
dustry has become a stronger supporter of
nanotechnol ogy and weare beginning to seeitspoten-
tial for broader societal impacts.

Thenew nanostructuresare of substantia interest
academicaly and technologicaly. Recently many CNT
publications have discussed the preparation, charac-
terization, functionalization, manipul ation and gpplica
tioninfibers, fabrics and el ectronicsand optical de-
vicesincluding sensors. Since sensing dependson adif-
ferential response, i.e, thedifferencein the response
with and without analyze, we predict that applications
in chemical and biochemical sensingwill berealized
sooner than applications such astransistorswhere ex-
act control of theabsolute propertiesof each CNT may
be demanded. Inthenear future, the CNT will touch dl
manner of chemical and biochemical sensing. A brief
introductionto CNT, describing its structures, proper-
tiesand deviceswith specia application. Thenwedis-
cusssomeof thefundamentd dectronics SingleWaled
Nanotubes (SWNT) can be considered as long
wrapped graphene sheets. Asstated before, nanotubes
generdly have alength to diameter ratio of about 1000
so they can be considered asnearly one-dimensiona
structures. More detailed, a SWNT consists of two
separateregionswith different physical and chemical
properties. Thefirstisthesidewall of thetubeand the
second isthe end cap of thetube. The end cap struc-
tureissimilar to or derived fromasmadler fullerene.

The chemical bonding of nanotubes is composed
entirely of sp? bonds, similar tothoseof graphite. These
bonds, which are stronger than the sp® bonds found
in alkenes and diamond, provide nanotubes with their
unique strength. The bonding in carbon nanotubesis
sp?, with each atom joined to three neighbours, as in
graphite. The tubes can therefore be considered as
rolled-up graphene sheets (grapheneisan individua
graphitelayer). Therearethreedistinct waysinwhicha
graphene sheet can berolledinto atube, asshownin
theFigure 1. Thecarbon network of theshellsisclosaly
rel ated to the honeycomb arrangement of the carbon
atomsinthegraphite sheets.

Thefirst two of these, known as““armchair” (top
left) and ““zig-zag” (middle left) have a high degree of
symmetry. Theterms‘“‘armchair” and “zig-zag” refer to
thearrangement of hexagonsaround thecircumference.
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Thethird classof tube, whichin practiceisthe most
common, isknownaschird, meaningthatitcanexistin
two mirror-related forms. An example of a chira
nanotubeisshown at the bottom.

Chiral (n,m)= (10,5)

Figurel: Armchair, zigzag and chiral nanotubes.
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Figure2: Illustration of chiral classification of SWNT.

The structure of ananotube can be specified by a
vector, (n,m) asshownin Figure 2, which defineshow
the graphene sheet isrolled up. To produce ananotube
withtheindices(6,3), say, the sheetisrolled up so that
theatom labelled (0,0) issuperimposed ontheonela-
belled (6,3). It can be seen from thefigurethat m=0
for dl zig-zag tubes, whilen=mfor all armchair tubes.

SYNTHESISOF CARBON NANOTUBES

CNTsaregeneraly produced by three main tech-
niques, arc discharge, laser ablation and chemical va-
por deposition. Techniques have been developed to
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produce nanotubesin sizeabl e quantities and proper-
ties. Thearc-evaporation method, which producesthe
best quality nanotubes, involves passing acurrent of
about 50 amps between two graphite el ectrodesinan
atmosphere of helium. Thiscausesthegraphitetova
porize, someof it condensing on thewa Isof thereac-
tion vessel and some of it on the cathode. It isthe de-
posit on the cathode which contains the carbon
nanotubes. Single-waled nanotubesare produced when
Co and Ni or some other metal isadded to the anode.
It has been known sincethe 1950s, if not earlier, that
carbon nanotubes can a so be made by passing acar-
bon-contai ning gas, such asahydrocarbon, over acata
lyst. The catalyst consists of nano-sized particles of
metal, usually Fe, Co or Ni. Theseparticles catalyze
the breakdown of the gaseous moleculesinto carbon,
and atubethen beginsto grow with ametal particleat
the tip. It was shown in 1996 that single-walled
nanotubes can al so be produced catal ytically*4. The
perfection of carbon nanotubes produced inthisway
has generally been poorer than those made by arc-
evaporation, but great improvementsin thetechnique
have been madein recent years. The big advantage of
catalytic synthessover arc-evaporaionisthatit canbe
scaled up for volume production. Thethird important
method for making carbon nanotubesinvolvesusinga
powerful laser to vaporizeametd-graphitetarget. This
can beused to produce single-walled tubeswith high
yidd.

Arcdischarge

Thecarbonarc dischargemethod, initialy used for
producing C60fullerenes, isthemost common and per-
haps easi est way to produce carbon nanotubes asit is
rather simpleto undertake. However, itisatechnique
that producesamixture of componentsand requires
separating nanotubes from the soot and the catalytic
metal s present inthe crude product. Thismethod cre-
ates nanotubes through arc-vaporization of two carbon
rods placed end to end, separated by approximately
1mm, inanenclosurethat isusudly filled withinert gas
(helium, argon) at low pressure (between 50 and 700
mbar) asshownin Figure 3. Recent investigationshave
shownthat it isalso possibleto create nanotubeswith
thearc method inliquid nitrogeni*>¢l, A direct current
of 50to 100A driven by approximately 20V createsa

e Tntian frnal,



NSNTAIJ, 7(3) 2013

B.M.P.Pingua and Nabiullah, Jyoti Priya 85

high temperature discharge between thetwo dectrodes.
The discharge vaporizes one of the carbon rods and
formsasmall rod shaped deposit on the other rod. Pro-
ducing nanotubesin high yie d dependson uniformity of
the plasmaarc and temperature of thedeposit formon
the carbon electrode.
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Figure3: Experimental set-up of an ar c dischargeappar a-
tus.

Insight inthe growth mechanismisincreasing and
measurements have shownthat different diameter dis-
tributi ons have been found depending on the mixture of
helium and argon. These mixtureshavedifferent diffu-
sions coefficientsand thermal conductivities. These
propertiesaffect the speed with which the carbon and
catalyst moleculesdiffuseand coal, affecting nanotube
diameter inthearc process. Thisimpliesthat single-
layer tubules nucleate and grow on meta particlesin
different sizesdepending on thequenchingrateinthe
plasmaand it suggeststhat temperatureand carbonand
meta catdyst densitiesaffect thediameter distribution
of nanotubes™™.

If SWNTs are preferable, the anode has to be
doped with metal catalyst, such as Fe, Co, Ni, Y or
Mo. If both electrodes are graphite, the main product
will be Multi Wall Nano Tubes(MWNTS). But next to
MWNTs alot of side products are formed such as
fullerenes, amorphouscarbon, and somegraphiteshedts.
PurifyingtheMWNTSs, meanslossof structureand dis-
ordersthewalls. However scientists are devel oping
ways to gain pure MWNTSs in alarge-scale process
without purification. The quantity and quality of the
nanotubes obta ned depend on various parameterssuch
asthemetal concentration, inert gaspressure, kind of
gas, the current and system geometry.

Typicad sizesfor MWNTsareaninner diameter of
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1-3nmand an outer diameter of gpproximately 10 nm.
Becauseno catayst isinvolved in thisprocess, thereis
no need for aheavy acidic purification sep. Thismeans,
the MWNT, can be synthesi sed with alow amount of
defectgs:16.18

L aser ablation

In 1995, Smalley’s group™? at RiceUniversity re-
ported the synthesis of carbon nanotubes by laser
vaporisation. Thelaser vaporisation gpparatus used by
Smalley’s group is shown in Figure 4.

Water Cooked
Cu Collector

Graphile
Torge!

Figure4: Schematicdrawingsof alaser ablation apparatus.

A pulsedi®21 | or continuous|aser'?23 isused to
vaporizeagraphitetargetinanovenat 1200 °C. The
main difference between continuous and pulsed laser,
isthat the pul sed laser demands amuch higher light
intensity (100 kwW/cm2 compared with 12 kW/cm2).
Theovenisfilledwith heliumor argon gasin order to
keep the pressureat 500 Torr. A very hot vapour plume
forms, then expandsand cool srapidly. Asthe vaporised
speciescool, smal carbon moleculesand atomsquickly
condenseto formlarger clusters, possibly including
fullerenes. The catal ysts al so begin to condense, but
moreslowly at first, and attach to carbon clustersand
prevent their closing into cage structures?., Catalysts
may even open cagestructureswhenthey atachtothem.
Fromtheseinitid clusters, tubular moleculesgrow into
single-wall carbon nanotubesuntil thecatdyst particles
becometoo large, or until conditionshave cooled suffi-
ciently that carbonnolonger candiffusethrough or over
the surface of the catalyst particles. Itisalso possible

flano Science and flano Technology

——— 7 o Dacis ool



86 Carbon nanotubes based sensing device: A review

NSNTAIJ, 7(3) 2013

Review =

that the particlesbecomethat much coated with acar-
bon layer that they cannot absorb moreand the nanotube
stops growing. The SWNTsformed in this case are
bundled together by van der Waal sforces.
Therearesomestriking, but not exact smilarities,
inthe comparison of the spectral emission of excited
speciesinlaser ablation of acompositegraphitetarget
with that of laser-irradiated C60 vapour. Thissuggests
that fullerenesare a so produced by | aser ablation of
catal yst-filled graphite, asisthe casewhen no catal ysts
areincludedinthetarget. However, subsequent | aser
pulsesexcitefullerenesto emit C2 that adsorbson cata:
lyst particlesand feeds SWNT growth. However, there
isinsufficient evidenceto concludethiswith certainty.
Laser ablationisamost similar to arc discharge,
sincethe optimum background gasand catalyst mix is
thesameasinthearc discharge process. Thismight be
dueto very similar reaction conditionsneeded, and the
reactions probably occur with the same mechanism.
The condensatesobtained by laser ablation are con-
taminated with carbon nanotubes and carbon
nanoparticles. Inthe case of puregraphite el ectrodes,
MWNTswould be synthesized, but uniform SWNTs
could be synthesized if amixture of graphitewith Co,
Ni, Feor Y wasused instead of puregraphite. Laser
vaporizationresultsinahigher yieldfor SWNT synthe-
sisand the nanotubes have better propertiesand anar-
rower sizedistribution than SWNTSs produced by arc-
discharge.
Nanotubes produced by laser ablation are purer
(up to about 90 % purity) than those produced in the
arcdischargeprocess. TheNi/Y mixturecatayst (Ni/Y
is4.2/1) gavethebest yield.

Chemical yapour deposition

Low-temperature chemical vapour deposition
(CVD) apparatus hasbeen set up in an effort to seek
new processing routes for large-scal e production of
carbon nanotubes. Based onthe early success of grow-
ing carbon fiberd?! using the pyrolytic decomposition
of hydrocarbon gases, such as acetylene (CH,), ben-
zene(C.H,), carbon monoxide (CO), methane (CH,)
etc., the CV D technique has become one of the pre-
ferred methodsfor fabri cating carbon nanctubesin much
lower temperatureregimesthanispossiblewith thearc-
dischargetechnique. CV D methodsutilizethe pyrolytic
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decomposition of hydrocarbon gases at € evated tem-
peraturesintherange 600-1200 °C. Severa research-
ers have reported successful syntheses of carbon
nanotubesusing CV D techniquesrecently. For example,
Endo et a®® reported the observation of nanotubesin
the pyrolytic product of benzene (C,H,) decomposi-
tion at about 1100 °C, Jose-Yacaman et a.[?” and
Ivanov et al.l? observed nanotubes and related
nanostructuresin the catal ytic decomposition product
of acetylene (C,H,) in the temperature range 1050~
1350 °C, and Jaeger and Behrsing??® found similar
structuresinamixtureof naturd gas, methaneand ben-
zene decomposition products. In thisletter wereport
the synthesis of carbon nanotubes at about 750 °C us-
ing aCVD technique. The reactant gases employed
were high-purity methane (CH,) and hydrogen (H,)
gases, and ferrocene (C H, Fe) was used ascatalyst.
The reaction was carried out in an electrical tube
furnance. A quartz tube, used asthesubstratefor CVD,
was placed ingdethe ceramic furnacetube of inner di-
ameter about 3 cm and length about 80 cm. Thefur-
nace was heated to 1150 °C in about 15 min and was
kept at thistemperaturefor about 5minto allow the
following reactionto occur with theaddition of ferrocene
vapourg®.:

CH 4(g)+H,(g)—222C ,C(5)+3H,

PROPERTIES

Thestrength of the §9? carbon-carbon bonds gives
carbon nanotubes amazing mechanical properties. The
diffnessof amateria ismeasuredintermsof itsYoung’s
modulus, therateof change of stresswith applied strain.
TheYoung’s modulus of the best nanotubes can be as
high as 1000 GPawhich isapproximately 5x higher
than stedl. Thetensile strength, or breaking strain of
nanotubes can be up to 63 GPa, around 50x higher
than sted. These propertieswhen coupled with thelight-
ness of carbon nanotubes, givesthem great potentia in
applications such as aerospace. It has even been sug-
gested that nanotubes could be used inthe “space el-
evator”, an Earth-to-space cable first proposed. Far
lighter than steel, nanotubes are a so between 10 and
100 timesstronger. They have been described asthe
strongest fibresknown to man. Micro Newton’s of force
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arerequiredtobreak asnglenanotube. No other known
materia possessahigher tensilestrength. Thepractica
application of the nanotubesrequiresthe study of the
elastic response, theine astic behaviour and buckling,
yield strength and fracture. Efforts have been applied
to the experimenta 1% and theoretical®34, investiga-
tion of these properties. Dueto the sensitivity of the
electronic propertiesof carbon nanotubesonthe r struc-
ture, they are suitablefor preparation of metal—semi-
conductor, semi conductor—semiconductor and metal—
metal junctions. It has been demonstrated that the
nanotubejunctionscan beused successfully asbuilding
elements of nanoscale devices. Electrical transport
through carbon nanotubes has attracted considerable
interest dueto the many possible applications of the
nanotubesin nanoscal e el ectronic devices.

Theeélectronic properties of carbon nanotubesare
also extraordinary. Especially notableisthefact that
nanotubes can be metallic or semiconducting depend-
ingontheir structure. Thus, some nanotubes have con-
ductivitieshigher than that of copper, while othersbe-
havemorelikeslicon. Thereisgresat interestinthe pos-
ghility of congtructing nanosca edectronic devicesfrom
nanotubes, and some progressis being madein this
area. However, in order to construct auseful device
wewould need to arrange many thousands of nanotubes
in adefined pattern, and we do not yet havethedegree
of control necessary to achievethis. Therearesevera
areas of technol ogy where carbon nanotubesaredready
being used. Theseincludeflat-panel displays, scanning
probe microscopes and sensing devices. The unique
propertiesof carbon nanotubeswill undoubtedly lead to
many moregpplications. Theimage of the SEM image
of the bundle of carbon nanotubes containing both
SWCNT and MWCNT areshowninFigure5.

The properties of nanotubes have caused research-
ersand companiesto consider using themin severa
fields. For exampl e, because carbon nanotubes have
thehighest strength to weight rati o of any known mate-
rial, researchers at NASA are combining carbon
nanotubeswith other materia sinto compositesthat can
be used to build lightwei ght spacecrafti®+39,

Another property of nanotubesisthat they can eas-
ily penetrate membrances such ascell walls. Infact,
nanotubes long, narrow shape make them look like
miniature needles, soit makes sensethat they canfunc-
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tionlikeaneedlea thecelularlevel. Medicd researchers
areusing thisproperty by attaching moleculesthat are
attracted to cancer cellsto nanotubesto deliver drugs
di rectlyto diseased cellg“.

'!‘l'--'
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F|gure5 A scanning electron m|croscopy|mageof carbon
nanotubesbundles.

Another interesting property of carbon nanotubes
isthat their electrical resistance changes significantly
when other molecul es attach themsel vesto the carbon
atoms. Companiesareusing thisproperty to develop
sensorsthat can detect chemical vapors such as car-
bon monoxideor biologica molecules. Researchersand
companiesareworking to use carbon nanotubesinvari-
ousfields. Thelist below introducesmany of these uses.
Nanotubes bound to an antibody that is produced by
chickens have been shown to be useful inlab teststo
destroy breast cancer tumors. The antibody carrying
nanotubes are attracted to proteins produced by aone
type of breast cancer cell. Then the nanotubes absorb
light from aninfrared laser, incinerating the nanotubes
andthetumor they are attached to. Lightweight windmill
blades made with an epoxy containing carbon
nanotubes. Thestrength and low weight provided by
theuseof nanotubefilled epoxy alowslonger windmill
bladesto be used. Thisincreasestheamount of elec-
tricity generated by eachwindmill. Nanotubedectrodes
inthermocells can generate electricity from waste heat.
Inexpensive nanotube based sensor that detects bacte-
riain drinking water. Antibodies sensitive to the par-
ticular bacteriaare bound to the nanotubes, which are
then deposited onto apaper strip. Whenthebacteriais
present it attachesto the antibodi es, changing the spac-
ing between the nanotubes and the resistance of
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the paper strip containing the nanotubes. A lightweight,
low power anti-icing system using carbon nanotubes in
alayer coated onto aircraft wing surfaces. Using gold
tipped carbon nanotubes to trap oil drops polluting
watert4-47,

CARBON NANOTUBE BASED SENSORS

Advantagesof CNTsover other materidsaredue
totheir smdl size, high strength, highdectricd and ther-
mal conductivity, and high specificarea Therefore, sev-
era manuscriptshave been published utilizingCNTsas
thesensing materid in pressure, flow, thermal, gas, op-
tical, mass, position, stress, strain, chemical, and bio-
logicd sensors. Whenuniformair pressurewas gpplied
onthemembranes, achangeinresstanceinthe SWNTs
was observed. Moreover, the membranewasrestored
toitsorigina condition when the gaswas pumped out,
indicating that the processisreversible. Dharap et d .[4Y
argued that the convenconventional sensorshavedis-
advantagethat they arediscrete point, fixed directiond,
and are not embedded at the material level. To over-
cometheselimitations, they developed aCNT film sen-
sor for strain sensing on macro scale. The sensor was
based on the princi plethat the electronic properties of
CNTschangewhen subjected to strains. Asrandomly
oriented bundles of SWNTswere used by them, the
filmwasisotropicinnature. Theisotropicnatureof CNT
filmshe psinmeasuring strainsin multiplelocationsand
indifferent directions. Theexperimentd resultsreveded
nearly linear relationship between the measured change
involtageandthestrainsin CNT filmswhen they are
subjected to tensile and compressive stresses. Wu et
a 2 demongtrated using first-principle quantum trans-
port cal cul ations, molecul ar-dynamicssmulation and
continuum mechanicsandysisthat hydrostatic pressure
caninduceradial deformation, and therefore, electrical
transition of SWNTSs. A pressure-induced metal -to-
semiconductor transitioninarmchair SWNTswasob-
served, which providesabasi sfor designing nanosca e
tunable pressure sensors. Sotiropoulou and
Chaniotakis*¥ devel oped an amperometric biosensor
using CNTsasimmobilizationmatrix. Thestudy by Kong
et al.* reveal ed that the el ectrical resistance of semi-
conducting SWNTs dramatically changes when ex-
posed to gaseous mol ecul es such as nitrogen dioxide
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(NO,), ammonia(NH.,), and oxygen (O,). It wasfound
that the responsetimesof nanotube sensorsareat least
an order of magnitude faster than those based on
solidstate sensors. However, Modi et d.1 argued that
the carbon nanotube gas sensors based on el ectrical
conductance changes havecertain limitations, such as
poor diffusion kinetics, inability to identify gaseswith
low adsorption energies, and low capability to distin-
guish between gases or gasmixtures. They also noted
that the conductance of CNTsis highly sensitive to
changesin moisture, temperature and gas-flow veloc-
ity. To overcometheselimitations, they proposed gas
ionization sensorsfeaturing thed ectrical breskdown of
arangeof gasesand gasmixturesat thetipsof CNTs.
The cathode used for the purpose was a uminium and
theanodewasverticaly aligned MWNT film (~25-30
nmindiameter, ~30 um in length, and ~50 nm separa-
tion between nanotubes) grownon SO, substrate. The
electrodeswere separated by aglassinsulator. Thesen-
sorsdevel oped by them werefound to have good se-
lectivity and sengitivity, and wereunaffected by various
environmenta conditions (moisture, temperature, and
gas-flow). Snow et d.* demonstrated that the capaci-
tanceof SWNTsishighly sensitiveto awiderange of
vaporsand, therefore, fast, low-power based chemical
sensors can be formed using this mechanism. In an-
other study, Jang et al.*! proposed achemical sensor
employing lateraly grown MWNTsastheactive sens-
ing element. It wasfound that the electrical resistance
of MWNTschangesuponexposuretoair or NH,. They
observed that anincreasein measurement temperature
and gasconcentration resulted infast responsetimeand
higher senstivity.

Surface acoustic waves (SAWS) sensors coated
by CNTswerefabricated by Penzaet d.*" for chemi-
cal detection of volatile organic compounds (such as
ethanol, ethyl acetate, and toluenein nitrogen). CNT -
coated SAW sensorswerefound to behighly sensitive
during experiments. A gas sensor comprising of
MWNT-sllicon dioxide (S O,) compositewas demon-
strated by Ong et a.1*8. The sensor was built on the
principlethat the conductivity and permittivity of the
composite changes with the absorption of different
gasesinthe MWNT-SIO, layer. The humidity, tem-
perature and concentrations of carbon dioxide, oxy-
gen, and ammoniacan be determined by tracking the
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frequency spectrum of the sensor with aloop antenna.
It hasthe advantage of alowing remote monitoring con-
ditionsinsdetheopague, sed ed containers. Santhanam
et al.[*9 developed a chemical sensor using a
nanocomposite of MWNTs and poly (3-
methylthiophene). Upon exposure to different
chloromethanes, the sensor showed achangein elec-
trical resistance. Theresponsetime of the sensor was
found to be 60 to 120 sec. Wong and L™ manipu-
lated bulk MWNTsby A C eectrophoresisto formre-
ggtivedementsbetween Aumicrod ectrodesand dem-
onstrated that MWNTSs can potentially serveastem-
perature sensors. Barone et al.*" devel oped near-in-
frared optica sensorsbased on SWNTsmaking use of
the fact that CNTs fluoresce in aregion of the near
infrared where human tissue and biological fluidsare
particularly transparent totheir emission. Li and Choul>2
devel oped SWNT-based sensorsto measure strainand
pressure at nanoscal e on the basis of the shift inreso-
nant frequency of carbon nanotube resonator when sub-
jectedtoadtranresultingfromanexternd loading. Smu-
lation studies by atomistic modeling reveal ed that the
resonant frequency shiftsarelinearly dependent onthe
applied axial strain and the applied pressure. It was
alsofound that thereductionin tubelength and diam-
eter enhancesthe sengtivitiesof sensors. A roomtem-
perature sensor based on carbon nanotubes and
nanofibreswas devel oped by Roy et d %, Good sens-
ing propertiesof filmsat room temperaturewerefound.
Chopraet a.™ have reported the devel opment of mi-
crowave resonant sensors coated with either SWNTs
or MWNTsfor detection of anmonia. Theexperiments
revedled that SWNT sensorsweremoresensitivethan
the MWNT sensors. The sensor system designed by
them issuitablefor applicationsthat prohibit the use of
physical connections or require non-destructivetest-
ing. Intheir study, Someyaet al.'* reported al cohol
vapour sensorsbased on SWNT field effect transistors
(FETSs). When the saturated ethanol vapour isdeliv-
ered to the surface, asharp spikeisobserved after a
few secondsand then the current decreases and reaches
asteady value. Recently, new chemica sensorsbased
on single-stranded DNA (ss-DNA) as the chemical
recognition siteand SWNT field effect transistors as
the e ectroni c read-out component have been proposed
by Staii et a.*. These sensors were able to detect
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variety of gaseswith rapid response and fast recovery
times. These sensors are self-regenerating; samples
maintain aconstant response with no need for sensor
refreshing for approximately 50 gas exposure cycles.
Thesefeatures make these sensors suitabl e for appli-
cationsranging from homeland security to diseasedi-
agnosis.

SUMMARY

Research activity inthe areasrelated to CNTs has
seen phenomenal growth inthelast oneand half de-
cade. In thispaper, an attempt has been madeto pro-
videthemost contemporary overview possibleof CNT
andthelir potential applications. Theexceptional prop-
erties, which allow CNTsto be used in sensors and
other devices, have also been reviewed. The use of
CNT will increasethe sengtivity and dynamic range of
SeNnsors.

So dueto great sengitivity against toxic fumesand
other harmful gasesof blasting they can beusedinthe
development of significant gassensors(i.e. for CO, CH,,
NOx and other) The developments of integrated cir-
cuits, which can detect, convert, process, and amplify
minutesignals, isreguired from themicroe ectronic com-
munity. We need an effectiveinterfaceto the nano-ma-
teria inorder to extract theembedded signdls. It isex-
pected that many applications of CNT-based sensors
will be explored in future as the interest of the
nanotechnol ogy research community inthisfield in-
Creases.
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