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Abstract—Nanotubes represent a unique class of materials in
which all atoms are located near the surface. Since electrons
flowing through nanotubes are confined near the surface, nanotubes are attractive for sensing biological and chemical molecules.
In addition, their tubular structures enable nanofluidic devices
that are useful for novel sensing applications. In this paper, we
will discuss current applications and the latest advancements on
the growth of carbon nanotubes (CNTs), boron nitride nanotubes
(BNNTs), and ZnO nanotubes (ZnONTs). First, CNT growth is
highly controlled by regulating the effective catalysts and the
dissociative adsorption of the hydrocarbon molecules during
chemical–vapor deposition growth. Second, we have achieved low
temperature growth of vertically aligned BNNTs at 600 C, the
first success of growing pure BNNTs directly on substrates at
temperatures about half of those reported so far. Finally, we have
developed an original approach for growing ZnONTs without
catalyst or template. Robust, controllable growth techniques for
nanotubes are necessary in order to fully realize their sensing
potential.
Index Terms—Biomedical transducers, chemical transducers,
nanotechnology.

I. INTRODUCTION
HE advent of nanomaterial growth has revealed countless
new structures and possibilities for sensing technologies.
Of particular importance for sensing are nanotubes, a class of
materials in which all atoms in a structure are located near the
surface. Since current flowing through a tube must take place so
close to the surface, nanotubes should have incredible sensitivity
when used for sensors. Carbon, boron nitride, and zinc oxide
nanotubes have been demonstrated to have properties desirable
for application in sensing, but in order to get the most out of
the materials, their growth has to be understood and controlled.
These three types of nanotubes will be discussed in detail.
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II. CARBON NANOTUBES
A. Overview
The discovery of carbon nanotubes (CNTs) [1] garnered
much attention due to their properties, including superior mechanical strength, high electrical and thermal conductivity, and
high chemical stability [2], [3]. These properties, together with
their size and tubular structure, make CNTs ideal and versatile
components for sensing applications. CNTs are a relatively
mature nanomaterial and have already been demonstrated in
many kinds of sensors.
For example, CNTs’ flexibility, high aspect ratio, and extremely small diameter make them perfect modified probes for
chemical atomic force microscope (AFM) studies. Wong et al.
shortened multiwalled carbon nanotubes (MWCNTs) by oxidation, simultaneously forming carboxyl groups at the opened
ends. Carboxyl groups can be used to further functionalize the
tips and are readily modified in many ways, leading to large
sensing possibilities. Mounting these modified MWCNTs to an
AFM cantilever tip creates a probe that can elastically bend to
protect delicate samples, can access trenches on samples, and
shows chemical selectivity. Wong utilized this functionalized
MWCNT probe to analyze a patterned self-assembled monolayer (SAM) substrate, demonstrating a measured phase difference between the two different SAM regions on the sample in
tapping mode [4].
Lin et al. also put the aspect ratio and small diameter of
CNTs to good use by creating arrays of nanoelectrodes for
selective and precise glucose detection. In order to fabricate
the nanoelectrodes, vertically aligned (VA) CNT arrays were
grown on a Cr-coated Si substrate by first electrodepositing
Ni catalyst particles and then using a plasma-enhanced (PE)
chemical–vapor deposition (CVD) method for CNT growth. In
order to preserve the structure and properties of the VA-CNTs, a
spin-coated epoxy was applied to a height of half the tube length;
the epoxy further served as a dielectric, insulating each tube from
its neighbors. Mechanical polishing removed the exposed tube
portions, and enzymes were attached to the broken tips using
carbodiimide chemistry, ultimately resulting in glucose oxidase
GO functionalized nanoelectrodes. Voltammograms using
the arrays were able to preferentially detect hydrogen peroxide,
and the high density of electrodes led to a large increase in sensitivity. For an S/N ratio of 3, the limit of detection was 0.08 mM.
By functionalizing the CNT nanoelectrodes differently, the array
can be easily modified for detection of other chemicals [5].
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Fig. 1. MWCNTs grown at 700 C by the thermal CVD technique. (a) MWCNT microtowers. (b) Transmission electron micrograph of a MWCNT’s sidewalls
and channel. (c) Wall of a single MWCNT highlighting the high level of graphitic order.

Field effect transistor (FET) architectures are another possibility for high sensitivity sensors. Besteman et al. built
FETs using single-walled carbon nanotubes (SWCNTs). The
SWCNTs were grown by CVD method on degenerately doped
oxide-covered silicon wafers. Gold electrodes with a titanium
sticking layer were patterned on the ends of semiconducting
tubes by electron-beam lithography, forming the source and
the drain of a single SWCNT FET. Sensing took place in an
aqueous solution which served as the FET’s gate. Next,
enzymes were immobilized on the SWCNTs surface through
use of a linking molecule. Only 50 immobilized GO molecules
were necessary to induce a measurable conductance change in
a single SWCNT [6].
Further, the GO functionalized FET was extremely sensitive
to the pH of the solution, suggesting the ability to detect pH
changes as low as 0.1 in a nanoscale sensor [6].
CNT-based sensors need not be limited to the external,
however. In vivo applications have great potential. For example, CNTs can be used as a shuttle for intracellular transport.
Kam et al. demonstrated that SWCNTs of various functionalities underwent cellular uptake by an endocytosis mechanism.
If the CNTs were properly functionalized, they would chemically target cancerous cells, allowing detection and targeted
destruction [7]–[9].
In vivo toxicity studies of functionalized CNTs (fCNTs)
performed by Singh et al. demonstrated that water soluble
fCNTs are significantly less toxic than nonfunctionalized tubes,
indicating safe use [10]. In the study, CNTs functionalized
with diethylentriaminepentaacetic dianhydride and complexed
In for tracing were injected into mice. The fCNTs
with
were rapidly cleared from all affected tissues through a renal
excretion route with a half-life of 3 to 3.5 hours.
B. Growth
As discussed above, each sensor requires CNTs of specific
qualities, be it high crystallinity, particular length, diameter,
pattern of growth, number of walls, conducting or semiconducting, etc. To achieve these qualities, the thermal CVD
method has many advantages over other growth techniques,
including high tube order, high growth density, and variable
number of walls. Able to use various hydrocarbon sources
and grow higher quality CNTs directly on substrates, it is a

powerful and versatile approach. The vapor-liquid-solid (VLS)
growth mechanism [11] is well accepted for thermal CVD
growth. It includes the decomposition of a carbon precursor
on catalyst surfaces, diffusion of released carbon atoms into
catalyst particles, and their saturation and segregation in the
form of nanotubes. However, it does not provide sufficient
details on the precursor decomposition on the catalyst nanoparticles, which is of critical importance for maintaining catalyst
activity for continuous growth. We proposed a growth model
[12] which is a combination of dissociative adsorption of an
acetylene precursor [13] and a solid-core VLS mechanism [11].
According to our model, decomposition of acetylene molecules
should balance the diffusion of released carbon atoms to the
growth sites. Utilizing this growth model has enabled the
growth of highly dense, vertically aligned single-, double- and
multi-walled CNTs.
Experimentally, thermal CVD growth of CNTs consists
of three steps. First, Fe films are deposited on the substrate.
Second, the catalyst-coated substrate is annealed at high
temperature to transform the continuous Fe film into the Fe
nanoparticles that act as the nucleation sites during nanotube
growth. The final step is CNT growth by using a carbon
precursor gas. In our case, we used pulsed laser deposition
(PLD) [12], [14] to deposit the Fe catalyst film and acetylene as
carbon precursor. The acetylene was mixed with carrier gases
. As shown in Fig. 1(a), high density,
such as Ar, H , or
vertically aligned MWCNTs can be grown in desired patterns
at 700 C. These MWCNTs are highly ordered and tubular
in structure as shown in Fig. 1(b) and (c).
SWCNTs and double-walled carbon nanotubes (DWCNTs)
can also be grown using the same growth methods as MWCNTs.
However, SWCNT and DWCNT growth require very small catalyst particle size (typically 1–3 nm), high formation energy to
overcome the strain of the small diameter, and a limited supply
of carbon atoms. To fulfill these requirements, the growth is
900 C and more stable
conducted at higher temperatures
carbon precursors, such as carbon monoxide [15] and methane
[16], are often used to control the carbon supply. By optimizing
the catalysts and acetylene supply, we have been able to grow
ultra high density, vertically aligned SWCNTs and DWCNTs
at temperatures as low as 700 C [17]. For SWCNTs we used
an Al/Fe/Mo (10 nm/0.5 nm/0.1 nm) trilayer catalyst and a
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Fig. 2. Growth of vertically aligned SWCNTs. (a) SEM of the SWCNT forest. The sample was tilted 45 during imaging. (b) HRTEM image of SWCNTs.
(c) Raman spectrum of SWCNT forests.

Fig. 3. Growth of vertically aligned DWCNTs. (a) Scanning electron micrograph of the DWCNT forest. The sample was tilted at 45 during imaging. (b) HRTEM
image of DWCNTs. (c) Raman spectrum of DWCNT forests.

gas mixture of acetylene (10 sccm) and hydrogen (120 sccm).
A scanning electron microscope (SEM) image of SWCNTs
is shown in Fig. 2(a). The tubes were approximately 170 m
long in 10 minutes of growth time. The sample consists of
almost 100% pure SWCNTs, as is evident in the high resolution
transmission electron microscope (HRTEM) image, Fig. 2(b).
The diameters range from 0.9 to 2.25 nm as calculated by using
the relation [18]

where is the wave number of the Raman shift and is the
diameter of the nanotubes. The SWCNTs’ characteristic radial
breathing modes and splitting in the Raman spectra are shown
in Fig. 2(c).
The growth of DWNCTs was obtained by increasing the
supply of acetylene from to 50 sccm and doubling the thickness
of the Fe and Mo layers. An SEM image of DWCNTs is shown
in Fig. 3(a). These DWCNTs are up to 16 m long in one
minute of growth. As estimated by HRTEM, these samples
contained 80% DWCNTs with the remainder of the tubes
SWCNTs and MWCNTs. The diameters can be as large as 4
nm [Fig. 3(b)], with possible radial breathing mode signals at a
Raman shift 70 cm , which are beyond the detection limit
of our spectrometer (100 cm ), as shown in Fig. 3(c). Amorphous carbon was detected at the sidewalls of these DWCNTs
which could have contributed to a strong D peak as compared
to that in SWCNTs.

The vertical alignment of CNTs described so far is due to
the van der Waals forces between the adjacent CNTs [14]. For
some devices, individual CNTs that can be vertically aligned are
desired as the nanoelectrodes [5] or vertical interconnects. This
type of CNT is sometimes referred to as carbon nanofiber due to
their relatively disordered structures. Controlled growth of these
CNTs can be achieved by plasma-enhanced chemical–vapor deposition (PECVD). In our experiments, we demonstrated that a
dual radio frequency PECVD technique [19] provides control
over MWCNT diameter and length [20].
A dual RF-PECVD chamber setup consists of two watercooled electrodes each with an RF plasma source generating
its own plasma. The top plasma provides control over the primary carbon source gas decomposition, while the bottom provides separate control over substrate biasing. The top plasma is
operated in RF mode by adjusting the RF plasma power on the
top source; the bottom electrode is an operated dc biasing mode.
Precise adjustment of gas flow into the chamber is achieved
through the use of a mass flow controller.
MWCNT diameter can be controlled by the adjustment of
several parameters, most importantly catalyst thickness. The
thickness of the Ni films can be prepared with precision down to
the Angstrom level and is responsible for determining the rough
size of the catalyst particles formed during growth. At optimum
conditions, vertically aligned MWCNTs with uniform diameters can be obtained as shown in Fig. 4.
The catalyst particles serve as the growth sites for the CNTs
and remain on the tube tips after growth, as in Fig. 5. As shown,
the structural order of our MWCNTs is reasonably high and
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Fig. 4. SEM image of MWCNTs grown by the dual RF-PECVD method.

Fig. 5. TEM image of a MWCNT grown by the dual RF-PECVD method. It
is characterized by high graphitic order and low amorphous deposition on the
walls is evident. The dark region is the Ni catalyst particle.

comparable to those CNTs grown by our thermal CVD. A finer
diameter control can also be achieved by adjustment of heater
temperature and substrate biasing [20].
MWCNT length is controlled by the duration of the growth.
Since PECVD growth is much slower than thermal CVD, the
relatively short tubes produced by PECVD are structurally
stable enough to remain vertically aligned, an essential trait for
many sensing architectures.
In summary, CNTs can be readily grown as SWCNTs,
DWCNTs, MWCNTs, vertically aligned forests, and patterned
arrays of microtowers. The properties and versatile growth
control of CVD grown CNTs makes them readily usable for
sensor application.
III. BORON NITRIDE NANOTUBES
A. Overview
Another nanomaterial with sensing potential is boron nitride
nanotubes (BNNTs). BNNTs are similar to CNTs in that they
are chemically inert. First grown in 1995 [21], BNNTs possess
uniform electronic properties: a wide band gap of 5.5 eV regardless of diameter and chirality [22]. In addition, BNNTs are
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resistant to oxidation up to 800 C [23], possibly up to 1100 C
[24], and have excellent piezoelectricity [25], [26] and potential hydrogen storage capability [27]. Carbon doping of BNNTs
can change the electronic structure, thereby allowing band gap
tuning of BNNTs [28]. These properties make BNNTs well recognized as a complement to CNTs in future nanotechnology and
are already under intense investigation.
Zhi et al., for example, has performed investigation into
modifying BNNTs for applications. In order to make BNNTs
soluble in organic liquids, functionalization was needed.
CVD grown BNNTs were wrapped noncovalently with the
conjugated polymer poly[ -phenylenevinylene- -(2,5-dioctoxy- -phenylenevinylene)] (PmPV). This wrapping was
accomplished by dissolving PmPV in a solution of BNNTs and
chloroform and sonicating for 2 hours at room temperature.
The resulting tubes were shortened by the sonication but were
soluble in many organic solvents. The strong adhesion of the
interactions between
wrapping is due to noncovalent
polymer and BNNT and does not affect the band gap [29].
Further work by Zhi investigated covalent functionalization
of BNNTs. The approach was based on reactions between the
COCl group on stearoyl chloride and the amino groups on the
BNNTs. Fourier transform infrared (FTIR) spectra revealed
significant differences in the electronic states of the original
and functionalized tubes. Cathodoluminescence (CL) and ultraviolet/visible absorption spectra indicated that the long alkyl
chains may induce drastic band structure changes [30].
Zhi et al. continued their investigation by immobilizing proteins on the BNNTs. Immobilization took place by mixing dispersed BNNTs in a dilute protein solution for many hours. After
120 hours, the protein ferritin was confirmed immobilized, and
the ferritin density had no dependence on BNNT size. Immobilization time was drastically reduced by first functionalizing the
BNNTs with 1-pyrenebutyric acid N-hydroxysuccinimide ester,
lowering the necessary mixing time to 24 hours [31].
Computational study of the effects of covalent bonding
on BNNT sidewalls indicates that the band gap decreases as
the number of concentrations become two- and six-fold. The
six-fold case, in fact, shows no discernable energy gap. This
opens the possibility of functionalizing BNNTs to metallic
states, meaning smooth tuning of the BNNT band gap may be
possible [32].
B. Growth
While BNNTs show a lot of promise and their use in sensor
technology is underway, there is still a long way to go. One of the
continuously biggest obstacles is synthesis of pure BNNTs in
bulk quantities. For the past ten years, BNNTs have been grown
through arc discharge [33], [34], laser ablation [35], [36], substitution reactions from carbon nanotubes [37], ball-milling [38],
and CVD processes [39], [40]. All the preceding methods re1100 C and the products are domiquire high temperatures
nated by impurities such as amorphous boron nitride powder and
catalyst particles. Post treatment of the product is always necessary to extract the useable BNNTs. Recently, our group reported
the synthesis of BNNTs directly on substrate at 600 C by employing a plasma-enhanced pulsed-laser deposition (PE-PLD)
technique [41].
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Fig. 6. SEM images of BNNT bundles grown directly on a substrate.

The PE-PLD system is composed of an ultra-high vacuum
stainless steel chamber and a fourth harmonic generation of a
Nd:YAG laser. The process begins with depositing a 12.5 nm Fe
film atop an oxidized silicon substrate at room temperature by
PLD in vacuum; the thickness is controlled by an in situ monitoring system. The Fe coated substrates are then installed on
a heater and sealed inside the vacuum chamber at a base pressure of 2 10 mbar. The substrates are heated and maintained at 600 C by a pyrolytic BN heater. Plasma is generated on the substrate surface for 10 minutes by an RF generator
(13.56 MHz) that is capacitively coupled to the steel substrate
holder, inducing a negative dc voltage on the substrate. During
these 10 minutes, Fe nanoparticles are produced on the substrate
surface. BNNT deposition is initiated by focusing the laser beam
on a high purity hexagonal BN target causing the BN vapor to
propagate toward the substrate positioned near the target surface [41].
SEM reveals the BNNTs grown tend to form vertical bundles, as shown in Fig. 6. As clearly indicated by the bases of
these bundles, multiple BNNTs are held together at their tips.
TEM was used to indicate the microstructure of BNNTs; long,
straight, tubular structures were detected (Fig. 7). As shown,
some of these BNNTs are still held together but can be easily
dispersed by sonication. The PE-PLD produced tubes are made
of highly ordered hexagonal phase shells with intershell spacings of 0.33 nm. Furthermore, Fe particles are not found on these
BNNTs, indicating a base growth mode.
High purity synthesis of BNNTs directly on substrate has
been achieved by PE-PLD at low temperature (600 C). These
results encourage future sensor work with BNNTs.
IV. ZINC OXIDE NANOTUBES
A. Overview
Nanotubes composed of oxide and nitride materials are particularly interesting not only due to their tubular structure, but
also their hydrophilic natures and wide energy band gaps. Nanotubes of these varieties have led to exciting applications including photochemical cells [42], nanofluidic transistors [43],
and DNA sensors [44], all of which have been demonstrated.
The DNA sensors using silica nanotubes are based on the FET

Fig. 7. TEM images of PE-PLD grown BNNTs revealing these tubes are highly
ordered hexagonal BN shells.

architecture and, theory indicates, could prove sensitive enough
to detect single biomolecules, something even the mature CNT
technology cannot provide.
TiO [42], GaN [45], silica [46], and ZnO [47], [48] nanotubes have been synthesized by using a multi-step process with
templates or by hydrothermal techniques. Of these materials,
ZnO nanotubes (ZnONTs) stand out as having multifunctional
properties for optical, electronic, and piezoelectric applications.
ZnONTs are expected to accomplish the uses of other ZnO nantostructures for applications at the cutting edge of nanoscale.
B. Growth
A high crystallinity of materials is what leads to optimum
physical properties and performance. Thus, growth techniques
for single crystal ZnO nanotubes are of the utmost importance.
We have experimentally proven the direct growth of single
crystal ZnO nanotubes without the use of multiple processes,
catalysts, or templates [49]. Direct growth of ZnO nanotubes
can be explained by the theory of nucleation and vapor–solid
crystal growth. According to the theory of nucleation, the
probability of nuclei formation is highest at locations with a
maximum number of nearest neighbors. For a flat 2-D growth
surface, higher binding energies for growth species occur at
the edges [50]. For ZnO it is well known that the -axis growth
rate is relatively faster [51], [52]. At decreased growth temperature, the nucleation probability and surface migration will
be suppressed [50]. Therefore, if the growth temperatures are
low enough to suppress migration along the 2-D surface of the
-plane but high enough to sustain the growth along the -axis,
the condensation and growth will be limited at the edges of the
-plane of the ZnO and form ZnO nanotubes.
Utilizing this model, we performed a series of experiments to
first start the growth of the -surfaces of ZnO nanorods and then
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Fig. 9. TEM image of a ZnO nanotube with hollow tubular structure.

Fig. 8. (a) Experimental setup used in the thermal CVD growth technique.
(b) ZnO nanotubes as-grown on substrate number 4.

decrease the growth temperatures for the formation of the nanotubes. We used a simple thermal CVD technique to grow ZnO
nanotubes in a horizontal quartz tube vacuum chamber furnace.
Precursor material, a mixture of ZnO and graphite powder, was
contained in an alumina boat and placed at the closed end of
a small quartz tube as shown in Fig. 8(a). A series of oxidized
silicon substrates (numbered from positions 1 to 4) were placed
downstream from the mixture in the small quartz tube which was
then inserted into the vacuum chamber such that the closed end
was at the center of the furnace. The temperature of the furnace
was ramped up to 1100 C in vacuum, introducing oxygen into
the chamber when the temperature reached 350 C. The temperature was held at 1100 C for 30 minutes and the heater was
turned off to allow cooling to 600 C–700 C in 30 minutes.
Experiments were completed by further cooling the system to
room temperature by opening the heating panel of the furnace.
According to a calibration experiment, when the furnace center
is at 1100 C, the temperatures of substrates from positions 1 to
4 are about 700 C, 600 C, 500 C, and 420 C, respectively.
After the completion of the experiment, all samples were examined by SEM.
In all the above experiments, we observed that no coating was
formed on the substrate at position 1. ZnO nanorods with sharp
tips were grown on substrates at positions 2 and 3. We detected
ZnONTs only on substrates at position 4 as shown in Fig. 8(b).
The diameters of these nanotubes range from 100 to 500 nm
near the opened tips. Some of these nanotubes have a single
tubular channel as predicted by theory, though some have multiple channels. Formation of these multichannel nanotubes can
be explained by defects on the initial growth surfaces. Steps or
vacancies may be formed at locations beyond the edges during
the process of nucleation and growth. Growth along the c-axis is

accompanied by these processes and thus transforms the single
channel nanotubes to multichannel structures.
X-ray diffraction, Raman spectroscopy, and photoluminescence indicate that these ZnONTs maintain the same crystal
structures of wurtzite ZnO crystals with lattice constants of
nm and
nm. Fig. 9 shows the hollow tubular
tip of a ZnO nanotube by low-resolution TEM. High-resolution
TEM images (not shown) indicate that these ZnO nanotubes are
single crystals with the growth direction aligned to the -axis of
ZnO with lattice spacing of 0.526 nm [49].
We have demonstrated a promising route for growth of single
crystal ZnONTs without catalysts or templates by simple conventional thermal CVD techniques. As predicted by the theory
of nucleation and vapor–solid crystal growth, ZnO nanotubes
were grown on the c-surfaces of ZnO nanorods. In theory, we
can minimize the height of these nanorod bases to form nanotubes with longer tubular sections. With further refinement of
growth techniques, the ease and control of growth of ZnO nanotubes will make them a continually more promising tool for
sensing applications.
V. CONCLUSION
Progress in the growth of nanostructures is vitally important
to optimize their application, and we have made strides toward
more controllable growth. CNTs are a relatively mature nanotube technology with easy and controllable growth leading to
a large variety of applications. BNNTs, similar to CNTs but
more robust and with their own unique electronic properties, are
a promising candidate for sensing. Traditionally, the difficulty
of BNNT growth has led to their limited application. However,
we have introduced high density growth methods requiring
no purification which should help expand their application.
ZnO materials stand out because of their hydrophilic natures
and wide energy band gaps. We have demonstrated ZnONTs
can be grown in single crystals by conventional thermal CVD
methods without the use of catalyst or multistep processes. As
the growth condition and parameters become better understood
and the growth is refined, they will find more use in novel
sensing applications.

928

IEEE SENSORS JOURNAL, VOL. 8, NO. 6, JUNE 2008

REFERENCES
[1] S. Iijima, “Helical microtubules of graphitic carbon,” Nature, vol. 354,
pp. 56–58, Nov. 1991.
[2] Carbon Nanotubes: Synthesis, Structure, Properties and Applications,
M. S. Dresselhaus and G. Dresselhaus, Eds.. Berlin, Germany:
Springer-Verlag, 2001, pp. 1–9.
[3] P. J. F. Harris, Carbon Nanotubes and Related Structures, 1st ed.
Cambridge, U.K.: Cambridge Univ. Press, 2002, pp. 1–15.
[4] S. S. Wong, E. Joselevich, A. T. Woolley, C. L. Cheung, and C. M.
Lieber, “Covalently functionalized nanotubes as nanometer-sized
probes in chemistry and biology,” Nature, vol. 394, pp. 52–55, Jul.
1998.
[5] Y. Lin, F. Lu, Y. Tu, and Z. Ren, “Glucose biosensors based on carbon
nanotube nanoelectrode ensembles,” Nano Lett., vol. 4, no. 1, pp.
191–195, Feb. 2004.
[6] K. Besteman, J. Lee, F. G. M. Wiertz, H. A. Heering, and C. Dekker,
“Enzyme-coated carbon nanotubes as single-molecule biosensors,”
Nano Lett., vol. 3, no. 6, pp. 727–730, 2003.
[7] N. W. S. Kam and H. Dai, “Carbon nanotubes as intracellular protein
transporters: Generality and biological functions,” J. Amer. Chem. Soc.,
vol. 127, pp. 6021–6026, 2005.
[8] N. W. S. Kam, M. O’Connell, J. A. Wisdom, and H. Dai, “Carbon
nanotubes as multifunctional transporters and near-infrared agents
for selective cancer cell destruction,” PNAS, vol. 102, no. 33, pp.
11600–11605, 2005.
[9] N. W. S. Kam, Z. Liu, and H. Dai, “Carbon nanotubes as intracellular transporters for proteins and DNA: An investigation of the uptake
mechanism and pathway,” Angew. Chem. Int. Ed., vol. 44, pp. 577–581,
2006.
[10] R. Singh et al., “Tissue biodistribution and blood clearance rates of
intravenously administered carbon nanotube radiotracers,” Proc. Natl.
Acad. Sci. USA, vol. 103, no. 9, pp. 3357–3362, Feb. 2006.
[11] R. S. Wagner and W. C. Ellis, “Vapor-liquid-solid mechanism of single
crystal growth,” Appl. Phys. Lett., vol. 4, no. 5, pp. 89–90, Mar. 1964.
[12] V. Kayastha, Y. K. Yap, S. Dimovski, and Y. Gogotsi, “Controlling dissociative adsorption for effective growth of carbon nanotubes,” Appl.
Phys. Lett., vol. 85, no. 15, pp. 3265–3267, Oct. 2004.
[13] G. D. Lee, S. Han, J. Yu, and J. Ihm, “Catalytic decomposition of acetylene on Fe(001): A first principles study,” Phys. Rev. B, vol. 66, p.
081403, Aug. 2002.
[14] V. K. Kayastha, Y. K. Yap, Z. Pan, I. N. Ivanov, A. A. Puretzky, and
D. B. Geohegan, “High-density vertically aligned multiwalled carbon
nanotubes with tubular structures,” Appl. Phys. Lett., vol. 86, pp.
253105–253107, 2005.
[15] H. Dai et al., “Single-wall nanotubes produced by metal-catalyzed disproportionation of carbon monoxide,” Chem. Phys. Lett., vol. 260, pp.
471–475, 1996.
[16] J. Kong, A. M. Cassell, and H. Dai, “Chemical vapor deposition of
methane for single-walled carbon nanotubes,” Chem. Phys. Lett., vol.
292, pp. 567–574, 1998.
[17] V. K. Kayastha, S. Wu, J. Moscatello, and Y. K. Yap, “Synthesis of
vertically aligned single- and double-walled carbon nanotubes without
etching agents,” J. Phys. Chem. C, vol. 111, pp. 10158–10161, 2007.
[18] A. Jorio et al., “Structural (n, m) determination of isolated single-wall
carbon nanotubes by resonant Raman cattering,” Phys. Rev. Lett., vol.
86, pp. 1118–1121, Feb. 2001.
[19] T. Hirao, K. Ito, H. Furuta, Y. K. Yap, T. Ikuno, S. Honda, Y. Mori,
T. Sasaki, and K. Oura, “Formation of vertically aligned carbon nanotubes by dual-RF-plasma chemical vapor deposition,” vol. 40, pp.
L631–L634, Jun. 2001.
[20] J. Menda, B. Ulmen, L. K. Vanga, V. K. Kayastha, Y. K. Yap, Z. Pan,
I. N. Ivanov, A. A. Puretzky, and D. B. Geohegan, “Structural control
of vertically aligned multiwalled carbon nanotubes by radio-frequency
plasmas,” Appl. Phys. Lett., vol. 87, p. 173106, 2005.
[21] N. G. Chopra et al., “Boron nitride nanotubes,” Science, vol. 269, no.
5226, pp. 966–967, Aug. 1995.
[22] A. Rubio, J. L. Corkill, and M. L. Cohen, “Theory of graphitic
boron nitride nanotubes,” Phys. Rev. B, vol. 49, pp. 5081–5084,
Feb. 1994.
[23] Y. Chen, J. Zou, S. J. Campbell, and G. Le Caer, “Boron nitride nanotubes: Pronounced resistance to oxidation,” Appl. Phys. Lett., vol. 84,
no. 13, pp. 2430–2432, Mar. 2004.
[24] C. Zhi, Y. Bando, C. Tang, R. Xie, T. Sekiguchi, and D. Goldberg,
“Perfectly dissolved boron nitride nanotubes due to polymer wrapping
supporting materials,” J. Amer. Chem. Soc., vol. 127, pp. 15996–15997,
2005.

[25] E. J. Mele and P. Král, “Electric polarization of heteropolar nanotubes
as a geometric phase,” Phys. Rev. Lett., vol. 88, no. 5, p. 056803, Feb.
2002.
[26] S. M. Nakhmanson, A. Calzolari, V. Meunier, J. Bernholc, and M. B.
Nardelli, “Spontaneous polarization and piezoelectricity in boron nitride nanotubes,” Phys. Rev. B, vol. 67, p. 235406, Jun. 2003.
[27] S. H. Jhi and Y. K. Kwon, “Hydrogrn adsorption on boron nitride nanotubes: A path to room-temperature hydrogen storage,” Phys. Rev. B,
vol. 69, p. 245407, Jun. 2004.
[28] M. Terrones et al., “Pure and doped boron nitride nanotubes,” Materials
Today, vol. 10, no. 5, pp. 30–38, May 2007.
[29] C. Zhi, Y. Bando, C. Tang, R. Xie, T. Sekiguchi, and D. Goldberg, “Perfectly dissolved boron nitride nanotubes due to polymer wrapping,” J.
Amer. Chem. Soc., vol. 127, pp. 15996–15997, 2005.
[30] C. Zhi, Y. Bando, C. Tang, S. Honda, K. Sato, H. Kuwahara, and
D. Goldberg, “Covalent functionalization: Towards soluble multiwalled boron nitride nanotubes,” Angew. Chem. Int. Ed., vol. 44, pp.
7932–7935, 2005.
[31] C. Zhi, Y. Bando, C. Tang, and D. Goldberg, “Immobilization of proteins on boron nitride nanotubes,” J. Amer. Chem. Soc., vol. 127, pp.
17144–17145, 2005.
[32] C. Zhi, Y. Bando, C. Tang, and D. Goldberg, “Engineering of electronic structure of boron-nitride nanotubes by covalent functionalization,” Phys. Rev. B, vol. 74, p. 153413, 2006.
[33] M. Terrones et al., “Metal particle catalysed production of nanoscale
BN structures,” Chem. Phys. Lett., vol. 259, pp. 568–573, Sep. 1996.
[34] A. Loiseau, F. Willaime, N. Demoncy, G. Hug, and H. Pascard,
“Boron nitride nanotubes with reduced numbers of layers synthesized
by arc discharge,” Phys. Rev. Lett., vol. 76, no. 25, pp. 4737–4740,
Jun. 1996.
[35] D. P. Yu et al., “Synthesis of boron nitride nanotubes by means of excimer laser ablation at high temperature,” Appl. Phys. Lett., vol. 72, no.
16, pp. 1966–1968, Apr. 1998.
[36] R. S. Lee et al., “Catalyst-free synthesis of boron nitride single-wall
nanotubes with a preferred zig-zag configuration,” Phys. Rev. B, vol.
64, p. 121405, Sep. 2001.
[37] W. Han, Y. Bando, K. Kurashima, and T. Sato, “Synthesis of boron
nitride nanotubes from carbon nanotubes by a substitution reaction,”
Appl. Phys. Lett., vol. 73, no. 21, pp. 3085–3087, Nov. 1998.
[38] Y. Chen, L. T. Chadderton, J. F. Gerald, and J. S. Williams, “A solidstate process for formation of boron nitride nanotubes,” , vol. 74, no.
20, pp. 2960–2962, May 1999.
[39] O. R. Lourie et al., “CVD growth of boron nitride nanotubes,” Chem.
Mater., vol. 12, pp. 1808–1810, Jul. 2000.
[40] C. Zhi, Y. Bando, C. Tan, and D. Goldberg, “Effective precursor for
high yield synthesis of pure BN nanotubes,” Solid State Commun., vol.
135, pp. 67–70, 2005.
[41] J. Wang et al., “Low temperature growth of boron nitride nanotubes on
substrates,” Nano Lett., vol. 5, no. 12, pp. 2528–2532, Dec. 2005.
[42] G. K. Mor, K. Shankar, M. Paulose, O. K. Varghese, and C. A. Grimes,
“Enhanced photocleavage of water using titania nanotube arrays,”
Nano. Lett., vol. 5, pp. 191–195, 2005.
[43] R. Karnik et al., “Electrostatic control of ions and molecules in nanofluidic transistors,” Nano. Lett., vol. 5, pp. 943–948, 2005.
[44] R. Fan et al., “DNA translocation in inorganic nanotubes,” Nano. Lett.,
vol. 5, pp. 1633–1637, 2005.
[45] J. Goldberger et al., “Single-crystal gallium nitride nanotubes,” Nature,
vol. 422, pp. 599–602, 2003.
[46] R. Fan et al., “Fabrication of silica nanotube arrays from vertical silicon
nanowire templates,” J. Amer. Chem. Soc., vol. 125, pp. 5254–5255,
2003.
[47] Y. Sun et al., “Synthesis of aligned arrays of ultrathin ZnO nanotubes
on a Si wafer coated with a thin ZnO film,” Adv. Mater., vol. 17, pp.
2477–2481, 2005.
[48] G. S. Wu et al., “Controlled synthesis of ZnO nanowires or nanotubes
via sol-gel template process,” Solid State Commun., vol. 134, pp.
485–489, 2005.
[49] S. L. Mensah, V. K. Kayastha, I. N. Ivanov, D. B. Geohegan, and Y. K.
Yap, “Formation of single crystalling ZnO nanotubes without catalysts
and templates,” Appl. Phys. Lett., vol. 90, p. 113108, March 2007.
[50] Laboratory Manual on Crystal Growth, I. Tarjan and M. Matrai, Eds.
Budapest, Romania: Akadémiai Kiadó, 1972, pp. 29–30.
[51] Y. Li, G. W. Meng, L. D. Zhang, and F. Phillip, “Ordered semiconductor ZnO nanowire arrays and their photoluminescence properties,”
Appl. Phys. Lett., vol. 76, pp. 2011–2013, 2000.
[52] M. H. Huang, “Catalytic growth of zinc oxide nanowires by vapor
transport,” Adv. Mater., vol. 13, pp. 113–116, 2001.

MOSCATELLO et al.: CONTROLLED GROWTH OF CARBON, BORON NITRIDE, AND ZINC OXIDE NANOTUBES

Jason P. Moscatello received the B.S. degree from the College of New Jersey,
in 2000, and the M.S. degree from the College of William and Mary, in 2002.
He is currently working toward the Ph.D. degree at Michigan Technological
University, Houghton.

Jiesheng Wang received the Ph.D. degree from Michigan Technological
University (MTU), Houghton, in 2007. He is currently a Postdoctoral Researcher in Dr. Yap’s research group at MTU.

Benjamin Ulmen received the B.S. and M.S. degrees from Michigan
Technological University, Houghton.

Samuel L. Mensah received the M.S. degree from Michigan Technological
University, Houghton, in 2006. He is currently working toward the Ph.D. degree at the same university.

Ming Xie received the B.S. degree from Beijing Institute of Technology,
China, in 2004. He is currently working toward the Ph.D. degree at Michigan
Technological University, Houghton.

Shun Wu received the M.S. degree from Michigan Technological University,
Houghton, in 2008.

Archana Pandey received the M.S. and M.Tech. degrees from Banara Hindu
University, India, in 2002 and 2004, respectively. She is currently working toward the Ph.D. degree at Michigan Technological University, Houghton.

929

Chee Huei Lee received the M.S. degree from the University of Malaya,
Malaysia, in 2004. He is currently working toward the Ph.D. degree at
Michigan Technological University, Houghton.

Abhishek Prasad received the B.Tech. and M.Tech. degrees from Banara Hindu
University, India, in 2002 and 2004, respectively. He is currently working toward the Ph.D. degree at Michigan Technological University, Houghton.

Vijaya K. Kayastha received the Ph.D. degree from Michigan Technological University (MTU), Houghton, in 2006. He is currently a Postdoctoral
Researcher in Dr. Yap’s research group at MTU.

Yoke Khin Yap received the Ph.D. degree in electrical engineering from Osaka
University, Japan, in 1999.
He is an Associate Professor of physics at Michigan Technological University
(MTU), Houghton. He was a Research Fellow of the Japanese Society for the
Promotion of Science (JSPS) at Osaka University before joining MTU in 2002.
He is currently serving as the Chair (user group) and the advisory board member
of the Center for Nanophase Materials Sciences (CNMS) at Oak Ridge National
Laboratory.
Dr. Yap received the National Science Foundation (NSF) CAREER award in
2005. He was one of the U.S. representatives to the U.S.-China Nanotechnology
workshop (NSF headquarters) in 2006, and the 2007 Indo-U.S. Shared Vision
Workshop on Soft, Quantum and Nano Computing, Agra, India. He is also a
board member of the Osaka University North America Alumni Association, and
an editorial board member of Research Letters in Nanotechnology. He was a
“Monbusho” Scholar as awarded by the Japan Ministry of Education, Culture,
Sports, Science, and Technology.

