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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, nan-
otubes 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
potential.
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nanotechnology.

I. INTRODUCTION

THE 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 ßowing 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.
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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 me-
chanical 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, CNTsÕ ßexibility, high aspect ratio, and ex-
tremely small diameter make them perfect modiÞed probes for
chemical atomic force microscope (AFM) studies. Wonget al.
shortened multiwalled carbon nanotubes (MWCNTs) by oxi-
dation, simultaneously forming carboxyl groups at the opened
ends. Carboxyl groups can be used to further functionalize the
tips and are readily modiÞed in many ways, leading to large
sensing possibilities. Mounting these modiÞed 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 mono-
layer (SAM) substrate, demonstrating a measured phase differ-
ence 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 Þrst electrodepositing
Ni catalyst particles and then using a plasma-enhanced (PE)
chemicalÐvapor 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
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Fig. 1. MWCNTs grown at 700C by the thermal CVD technique. (a) MWCNT microtowers. (b) Transmission electron micrograph of a MWCNTÕs sidewalls
and channel. (c) Wall of a single MWCNT highlighting the high level of graphitic order.

Field effect transistor (FET) architectures are another pos-
sibility for high sensitivity sensors. Bestemanet 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 FETÕs gate. Next,
enzymes were immobilized on the SWCNTs surface through
use of a linking molecule. Only 50 immobilized GOmolecules
were necessary to induce a measurable conductance change in
a single SWCNT [6].

Further, the GOfunctionalized 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 ex-
ample, CNTs can be used as a shuttle for intracellular transport.
Kam et al. demonstrated that SWCNTs of various functional-
ities underwent cellular uptake by an endocytosis mechanism.
If the CNTs were properly functionalized, they would chem-
ically target cancerous cells, allowing detection and targeted
destruction [7]Ð[9].

In vivo toxicity studies of functionalized CNTs (fCNTs)
performed by Singhet al. demonstrated that water soluble
fCNTs are signiÞcantly less toxic than nonfunctionalized tubes,
indicating safe use [10]. In the study, CNTs functionalized
with diethylentriaminepentaacetic dianhydride and complexed
with In for tracing were injected into mice. The fCNTs
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 speciÞc
qualities, be it high crystallinity, particular length, diameter,
pattern of growth, number of walls, conducting or semicon-
ducting, 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 sufÞcient
details on the precursor decomposition on the catalyst nanopar-
ticles, 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 Þlms are deposited on the substrate.
Second, the catalyst-coated substrate is annealed at high
temperature to transform the continuous Fe Þlm into the Fe
nanoparticles that act as the nucleation sites during nanotube
growth. The Þnal 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 Þlm and acetylene as
carbon precursor. The acetylene was mixed with carrier gases
such as Ar, H, or . As shown in Fig. 1(a), high density,
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 cat-
alyst particle size (typically 1Ð3 nm), high formation energy to
overcome the strain of the small diameter, and a limited supply
of carbon atoms. To fulÞll these requirements, the growth is
conducted at higher temperatures 900 C and more stable
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 700C [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 45during 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 45during 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 170m
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 andis the
diameter of the nanotubes. The SWCNTsÕ 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 16m 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). Amor-
phous 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 nanoÞber due to
their relatively disordered structures. Controlled growth of these
CNTs can be achieved by plasma-enhanced chemicalÐvapor de-
position (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 water-
cooled electrodes each with an RF plasma source generating
its own plasma. The top plasma provides control over the pri-
mary carbon source gas decomposition, while the bottom pro-
vides 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 ßow into the chamber is achieved
through the use of a mass ßow controller.

MWCNT diameter can be controlled by the adjustment of
several parameters, most importantly catalyst thickness. The
thickness of the Ni Þlms 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 diame-
ters 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. 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
Þlm atop an oxidized silicon substrate at room temperature by
PLD in vacuum; the thickness is controlled by anin situ mon-
itoring system. The Fe coated substrates are then installed on
a heater and sealed inside the vacuum chamber at a base pres-
sure of 2 10 mbar. The substrates are heated and main-
tained at 600 C by a pyrolytic BN heater. Plasma is gener-
ated 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 sur-
face [41].

SEM reveals the BNNTs grown tend to form vertical bun-
dles, 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 spac-
ings 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 (600C). These
results encourage future sensor work with BNNTs.

IV. ZINC OXIDE NANOTUBES

A. Overview

Nanotubes composed of oxide and nitride materials are par-
ticularly interesting not only due to their tubular structure, but
also their hydrophilic natures and wide energy band gaps. Nan-
otubes of these varieties have led to exciting applications in-
cluding photochemical cells [42], nanoßuidic 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] nan-
otubes 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 nan-
tostructures 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 vaporÐsolid
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 ßat 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 tem-
perature, 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
Þrst start the growth of the-surfaces of ZnO nanorods and then
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