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Different  morphologies  (worm-like,  straight  and  twisted)  of  multiwalled  carbon  nanotubes  (MWCNT)
are  synthesized  by carefully  controlling  the  C2H2 flow  rate.  Unique  mixed  ferrite  nanoparticles  were
synthesized  and  characterized  as the appropriate  catalyst  for  the  growth  of MWCNT.  Scanning  electron
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wisted CNTs

microscope  and  transmission  electron  microscope  was  extensively  used  to  explore  the  morphological
and  structural  properties.  Electrical  properties  of MWCNT  suggest  semiconducting  behavior.  Infrared
(IR)  radiation  detection  is  demonstrated  using  MWCNT  and  prototypes  of room  temperature  and  low
temperature.  IR radiation  detectors  have  been  made  using  different  morphologies  of  MWCNT  as  the
active  sensor  material.
R sensor

. Introduction

Carbon nanotubes are the graphene sheets rolled into empty
ylindrical shapes. Each nanotube is made up of a sp2 cova-
ently bonded carbon atoms. These carbon nanotubes (CNT) are
D nanostructures which have significant advantages over many
xisting nanostructured materials due to their unique mechanical,
lectronic, optical and chemical properties [1–3]. The electronic
roperties of CNT are very sensitive to the geometric structure.
oaxial multiwall nanotubes can be metallic or semiconducting
epending upon the diameter which, in turn, is inversely propor-
ional to bandgap energies. In semiconducting CNT, the energy band
ap ranges between 0.4 and 6 eV [4].  The diameter of multiwalled
arbon nanotubes (MWCNT) is typically in the range of few tens of
anometers with maximum length of hundreds of microns and can
e calculated using the equation,

t =
[

a(m2 + mn + n2)
1/2

�

]
= Ch

�

here Ch is the length of chiral vector, and a is the lattice constant
f graphite [5].  The bandgap ‘Eg’ of a semiconducting nanotubes is
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given by 2dC C�/D where dC C = 0.142 nm is C C bond length, � is
the nearest-neighbor hopping parameter and is equal to 2.5–3.2 eV
and D is the nanotube diameter [6,7]. Various synthetic methods
have been developed for the production of CNTs, including arc dis-
charge [8],  laser ablation [9],  plasma enhanced [10] and thermal
chemical vapor deposition (CVD) [11]. CVD has been the preferred
method among different methods because of its potential advan-
tage to produce a large amount of CNTs growing directly on a
desired substrate with high purity, controlled growth, morphology
and large yield [12]. Simple and complex morphologies, i.e. car-
bon nanocoils [5] can be synthesized either by applying a magnetic
field in the reaction zone or by using sputtered thin films of Au
and Au/Ni as catalysts. Controlled and aligned growth of CNTs has
many applications in electronic devices and composite materials.
Carbon nanotubes production using CVD method requires the cat-
alyst nanoparticles on the substrate during or before the synthesis
of nanotubes [11].

The photoconductivity of single walled carbon nanotubes has
absorption peaks in infrared region that show electronic interband
transitions [13]. This indicates that CNT due to photoconductivity
and wide range of bandgaps are potential candidates for fabrica-
tion of radiation detectors [14–17].  Later on multiwalled carbon
nanotubes were used for IR sensing due to fabrication issues
associated with the use of single-walled CNT. Single-walled CNT

have low quantum efficiency due to their extremely small diam-
eter (0.4–2.5 nm)  and short absorption depth. On  the other hand
MWCNT based infrared sensors have been reported to show higher
quantum efficiency [18]. Many researchers have already worked

dx.doi.org/10.1016/j.sna.2012.08.028
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
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n the bolometric effects [19] of CNTs making extensive efforts
owards utilisation of either single-walled carbon nanotubes [20]
r multiwalled carbon nanotubes in the form of randomly, aligned
r suspended films for the detection of infrared radiation. To our
nowledge, no infrared sensor has been made so far using coiled or
wisted MWCNT.

In this research, growth of MWCNT using catalytic CVD tech-
ique is reported. A parametric study of various factors influencing
rowth of carbon nanotubes is performed. Specifically, the effect of
omposition mixture of hydrocarbon and inert gases as feed source
o reactor is studied. Analysis of the prepared CNTs was done using
EM and TEM [21,22]. Electrical parameters of the grown CNTs are
lso studied. IR detectors were fabricated and tested for exploration
f MWCNT as active IR detector material.

. Experimental procedure

MWCNT were grown using chemical vapor deposition tech-
ique. This technique involves dissociation of hydrocarbon
olecules catalyzed by transition metal and dissolution and satu-

ation of carbon atoms on the metal nanoparticle. The precipitation
f carbon from the saturated metal particle leads to the formation
f nanotubes. Catalyst nanoparticles (mixed ferrite of the compo-
ition, Co0.5Zn0.5Fe2O4) were synthesized by chemical route [23]
ue to the ability of iron based nanoparticles towards growth of
arbonaceous tubes with high efficiency.

For CNT growth, a quartz tube (Ø 30) was placed inside a tube
urnace. The substrates were etched for 60 min  in 5.0 M NaOH
olution. Catalyst-supported substrates were prepared by dipping
ubstrates in 2.7 mM colloidal suspensions of nanoparticles in
thanol. Prior to that, each suspension was subjected to ultrasonic
ibration for 10 min  to ensure deflocculation of soft agglomer-
tes. These substrates were placed inside an alumina boat and
oaded into the quartz tube. The heating to the synthesis condi-
ions (10 sccm Ar flow, 680 ◦C, 15 min) and post-synthesis cooling

ere carried out under constant argon flow which served as a car-

ier gas and provided inert atmosphere as well. Acetylene (C2H2)
as used as the precursor gas for CNT synthesis through ther-
al  cracking. Different ratios of C2H2 and Ar gas were carefully

ig. S1. (a) Actual sensor element with pressure clips and connections. (b) Actual
omplete sensor setup with IR lamp. (c) Schematics of complete setup for infrared
ensor and its testing.

Fig. 1. (a) Low and high (inset) magnification TEM images of catalyst nanoparticles.

(b) AFM image of catalyst suggesting discrete and agglomerated nanoparticles. (c)
X-ray diffraction spectrum with indexed peaks for mixed ferrite nanoparticles.

controlled to get different morphologies. The flow rate of acety-
lene was maintained by using a digital mass flow controller (Make
and Model, e.g. MKS  247C). The morphological and structural char-

acterization of nanoparticles and nanotubes was performed using
atomic force microscope (JEOL, Model SPM5200), x-ray diffrac-
tometer (STOE, Stadi MP), scanning electron microscope (JEOL,
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Fig. 2. SEM images of MWCNT. (a) Randomly oriented CNT of average diameter 145 ± 44 nm with 25 sccm of C2H2. (b) Rigid and highly crystalline CNT of average diameter
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7  ± 27 nm with 10 sccm of C2H2. (c) Twisted CNT of average diameter 75 ± 30 nm w
wisted MWCNT, and (d) Schematic illustration of different growth morphologies o

odel JSM6460), and high-resolution transmission electron micro-
cope (Hitachi HNAR9000 microscope).

The infrared radiation detectors were fabricated by deposit-
ng 50-nm thick gold electrodes onto glass substrates through
putter deposition technique and MWCNT were placed between
lectrodes (through doctor blading). The sensitivity of the device
as measured by observing the resistance behavior on illumi-
ation of infrared radiation on the device. The resistance was
easured using a source meter (Keithley, model 2000). Fig. S1 is

he schematic presentation of the sensor setup for testing and data
ecording.

The detector was fabricated by depositing 50-nm thick gold
lectrodes onto quartz substrates through sputter deposition tech-
ique. The linear dimensions of this prototype with electrodes are

 = 8 mm;  W = 6 mm and the separation between the electrodes
along the length) was 1 mm.  MWCNT were scratched from the
ubstrate and placed between electrodes through doctor blad-
ng. The connections from electrodes to the Keithley multimeter
model 2000) were made by conducting metallic pressure contacts.

 100 W infrared lamp was used for irradiation of infrared light on
he detector.

. Results and discussion

Fig. 1(a) shows the high magnification transmission electron
icroscope (TEM) image while the inset represents low magnifica-

ion view of the catalyst nanoparticles (NP). From HRTEM studies,

he average nanoparticle size was estimated to be 9.7 ± 2.0 nm.
tomic force microscope (AFM) studies of the powder revealed

nformation regarding particle size and agglomeration. Uniform
ispersion of nanoparticles over atomically smooth surface of
ccm of C2H2 diluted with 10 sccm of inert gas with the inset showing an individual
d from different C2H2 flow conditions.

highly oriented pyrolytic graphite was noticed as shown in 2 �m
scan of the surface (Fig. 1b). It is anticipated that few relatively
more bright particles in the AFM image are the agglomerated
particles. Examination of catalyst nanoparticles under TEM also
revealed formation of nanoparticles clusters. Fig. 1(c) is the X-ray
diffraction spectrum of the catalyst nanoparticles. The formation
of face-centered cubic structure with peaks characteristic of mixed
ferrite powder of the composition Co0.5Zn0.5Fe2O4 was confirmed.
Using Scherrer equation [24], the average NP size was  computed
to be 19.1 nm.  The phenomenon of peak broadening also indicated
crystallite size to be in the nanoscale regime. The results clearly
suggest that the catalyst particles are highly crystalline with size of
the order of few nanometers, as confirmed by XRD, AFM, and TEM
studies.

Among a wide range of growth conditions explored for nanotube
synthesis, the C2H2:Ar gas flow ratio was found to strongly influ-
ence characteristics of carbonaceous deposit obtained. Scanning
electron microscope (SEM) images of the samples after synthesis
at 680 ◦C for 15 min  under different flow conditions are presented
in Fig. 2. All the SEM microstructures clearly suggest formation of
different morphologies of MWCNT with very small amount of soot
formation. A relatively high flow rate of 25 sccm for pure C2H2 gas
resulted in growth of randomly oriented MWCNT with a large diam-
eter of 145 ± 44 nm.  Although the nanotube diameter was uniform
for most of the MWCNT, a small fraction of nanotubes were found
to have sub-100 nm diameter as well. Also, precise measurement
of nanotube length was  not possible due to spaghetti-like appear-

ance of nanotubes. As C2H2 flow rate was  reduced to 10 sccm, rigid
and straight nanotubes with much less diameter, albeit with much
diversity in characteristics, were produced. From Fig. 2(b), the aver-
age value of nanotube diameter was estimated to be 67 ± 27 nm.
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gests presence of both semiconducting and metallic nanotubes.
Fig. 5 results from testing of home-made sensors produced using

doctor-blading process. IR radiation sensors were developed by
6 R. Afrin et al. / Sensors an

he CNTs are stiff (rod-like) and any curvature along their length
r entanglement between them is missing. This rigidity of CNT
25] clearly suggests high crystallinity because defect free/low
efect structures are often seen as straight or elastic bending struc-
ures [26]. Another prominent growth feature was  the presence
f twisted/coiled MWCNT when the hydrocarbon flux rate was
urther reduced to 5 sccm. Fig. 1(c), shows SEM microstructures
f twisted CNTs with an average value of the outer diameter to
e 75 ± 30 nm.  The enlarge SEM image of an individual, isolated
wisted/coiled MWCNT is shown in inset of Fig. 2(c). The coiled

WCNT produced consist of pentagons and heptagons with forma-
ion of hexagonal network in the growing structures at initial stages
11]. The transition in MWCNT morphology, from initially curved,
andomly-oriented to straight, rigid to eventually twisted/coiled
tructures, upon gradual decrease and subsequent dilution of pre-
ursor C2H2 gas flow maybe attributed to the change in the incident
arbon flux over the catalyst surface.

These twisted CNT are unique and the growth mechanism can
e attributed to (i) impurities in gas composition [11,27] and/or
ii) different catalyst crystal planes that lead to anisotropy in car-
on deposition onto the growing nanotube end [28]. It is accepted
hat the concentration or the flow rate of reactive gas plays an
mportant role in the morphology of coiled structures but in this
eport the morphology is completely changed from random CNTs
o rigid structures and further change in gas flow produces coiled
hape morphology [27]. If the impurities are responsible then
ith the increase in C2H2 flow rate, there will be an increase

n the impurities, resulting in better quality of coiled CNT. How-
ver, the morphology completely changes by varying the flow
ate. It is believed that the formation of coiled nanotubes depends
ritically on catalyst clusters modified by surface effects and the
onsymmetrical fashion of diffusion path lengths in the catalyst
anoparticles. It is therefore proposed that, in our case, growth
f carbon nanocoils is dependent on different crystal/cluster sur-
aces of the catalyst (anisotropic characteristics of the crystal faces
ue to different surface energies) [28]. This argument is further
trengthened by the high crystallinity of the catalyst particles as
hown in X-ray diffraction (XRD) results, and the presence of small
lusters suggested by the AFM image (Fig. 1). Also, no coiled struc-
ures were seen when the catalyst was changed to Fe, Fe2O3 and
e doped ZnO with flow rates of 5, 10 and 25 sccm (results not
hown). At the same time, variation in the incident carbon flux
t the catalyst NP surfaces (due to the above-mentioned reason)
r at the tip of growing CNT results in variation in the MWCNT
uter diameter along its length or growth of helical nanotubes or
oth.

TEM investigation of the nanotubes produced under diluted
2H2 precursor flow conditions confirmed synthesis of MWCNT
ith diameters, typically in the range of 30 to 50 nm (Fig. 3b).

he rigid nanotubes were highly crystalline with clear indication
f fringes representative of multiple coaxial graphene shells. From
ection of the randomly grown MWCNT shown in Fig. 3a, the nano-
ube was determined to have been made up of ∼20 walls with
nter-shell spacing of 0.34 nm.  As stated earlier and also noticed
uring TEM examination, changes in localized incident carbon flux

nduces a change in the nanotube diameter. The inside diameter
f the nanotube was estimated to be ∼12 nm which is in the same
ange as those of catalyst nanoparticles used. It is anticipated that,
rior to CNT growth, the size of the catalyst nanoparticles decreases
lightly due to reduction from oxide state to metallic form caused
y the presence of hydrogen from thermal decomposition of C2H2
olecules.

Electrical characterization of rigid CNT are shown in Fig. 4. There

s a linear low field region from 0 to 0.3 V after which the I–V
ehavior is non-linear. This may  be due to factors such as conduc-
ion through more sub-bands, tunneling to inner tube shells and
Fig. 3. High resolution TEM microstructures of (a) randomly-oriented nanotube and
(b)  a highly crystalline, rigid MWCNT.

hopping between localized states. This semi-metallic behavior sug-
Fig. 4. I–V characteristic curve of randomly grown MWCNT.
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Fig. 5. Time-dependent changes in electrical resistance upon exposure to IR radia-
tion for MWCNT based detectors made from (a) randomly-oriented nanotubes. (b)
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[5] W.H. Chiang, D.N. Futaba, Growth control of single-walled double-walled, and
triple-walled carbon nanotube forests by a priori electrical resistance measure-
ighly crystalline, rigid CNTs, and (c) coiled/helical nanotubes.

sing thick layer of CNT as active layer between two  electrodes. The
esponse was  observed by making individual sensors for different
orphologies. With MWCNT deposition over glass slides in the area

etween two gold electrodes and illumination with IR lamp, a fast
ecrease in resistance was observed whereas an increase in electri-
al resistance was noticed when the infrared radiation was turned
ff. This behavior suggests fast device response in the IR regime.

The MWCNTs dispersion between electrodes that also function
s electrical contacts is illuminated by 100 W infrared lamp. The
verall decrease in resistance was observed at room temperature.
his is a clear indication that directs photoconductivity can con-
ribute photoexcited carriers to the electric field and response can
e bolometric in nature in which the absorbed radiation heats the
ample. The photoresponse is increased when this effect is min-
mized by operating the device in vacuum and low temperature
onditions (Fig. 5c). In a recent study Mikhail et al. showed photore-

ponse of single-walled carbon nanotube films in but the overall
ensitivity was very low [19]. Recently Gohier et al. [29] fabricated
WCNT Based IR sensors but again the sensitivity was  very low
ators A 187 (2012) 73– 78 77

and the sensitivity reported in this paper is much better than the
above-mentioned paper.

Fig. 5 clearly suggests that all the 3 morphologies (randomly
oriented, rigid and coiled MWCNT) show response to the IR radi-
ations. Sensitivity (R = Rblack/RIR) of randomly oriented and coiled
MWCNT is 1.1 and rigid CNTs show response of 1.4. Highest change
in resistance response (sensitivity) was  observed for the rigid
CNT. The response is largely restricted by internal defects and
different optical scattering mechanisms of the MWCNT samples,
including surface scattering (both specular and diffuse), small parti-
cle scattering, and volume scattering [30]. It is expected that all the
above-mentioned phenomena are responsible for decreasing the
quantum efficiency of the IR sensor. However, the possible reason
for this higher response can be attributed to the better crystallinity
of these structures. It was  also suggested that the coiled CNT for-
mation mechanism is because of the defects and therefore it shows
lowest response to IR radiations. Room temperature sensing results
show that with the series of on-off illumination, the rise and decay
for equal interval of time was  observed. This overall decrease in
resistance with passage of time was  may  be due to atmospheric and
thermal effect (Fig. 5). The overall thermal effect was reduced when
device with coiled MWCNT film was tested in a vacuum chamber
at temperature 40 K. The several off-on stable states are observed
and the coiled MWCNT showed steady response to IR in vacuum
as shown in Fig. 5c. However, according to our understanding,
MWCNT for IR detection are still at the developmental stage [31].
More in-depth research work is needed to answer questions i.e. (i)
how to fine tune the CNT for minimizing the dark current and maxi-
mizing the absorption, and (ii) how to get peak quantum efficiency,
which is directly related to absorption and surface reflections.

4. Summary

Morphology can be controlled by carefully controlling flow rates
of hydrocarbon. Randomly oriented, rigid and coiled MWCNT were
successfully synthesized. The effect of catalyst on formation mech-
anism of coiled CNT is important. The developed prototype sensors
have good response towards IR radiations. The overall decrease in
resistance, during the on-off cycles can be controlled by conducting
experiments at low temperature.
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