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Abstract
Purpose – The development of chemical sensors based on nanostructures, such as nanotubes or nanowires, depends on the capability to reproducibly
control the processing of the sensor. Alignment and consistent electrical contact of nanostructures on a microsensor platform is challenging. This can be
accomplished using labor-intensive approaches, specialized processing technology, or growth of nanostructures in situ. However, the use of standard
microfabrication techniques for fabricating nanostructured microsensors is problematic. The purpose of this paper is to address this challenge using
standard photoresist processing combined with dielectrophoresis.
Design/methodology/approach – Nanostructures are suspended in photoresist and aligned between opposing sawtooth electrode patterns using an
alternating current (AC) electric field (dielectrophoresis). The use of photoresist processing techniques allow the burying of the nanostructures between
layers of metal, thus improving the electrical contact of the nanostructures to the microsensor platform.
Findings – This approach is demonstrated for both multi-walled carbon nanotubes and tin oxide nanowires. Preliminary data show the electrical
continuity of the sensor structure as well as the response to various gases.
Research limitations/implications – It is concluded that this approach demonstrates a foundation for a new tool for the fabrication of microsensors
using nanostructures, and can be expanded towards enabling the combination of common microfabrication techniques with nanostructured sensor
development.
Originality/value – This approach is intended to address the significant barriers of deposition control, contact robustness, and simplified processing to
realizing the potential of nanotechnology as applied to sensors.
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2005, 2007). This technology includes the use of techniques such
as sol-gel processing, which can be easily integrated into both
batch fabrication and microprocessing techniques,
i.e. Microelectromechanical systems (MEMS) technology.
Based on the dramatic improvements in sensor performance
demonstrated by moving from macrograined to nanograined
material, investigations are under way to determine if similar
gains in sensor performance can be achieved by use of
nanostructures, e.g. nanotubes, nanowires, nanorods, and
nanoribbons. Nanostructures have fundamentally different

Introduction
The use of nanocrystalline materials, i.e. materials with grain size
on the order of nanometers (nm), to improve sensor sensitivity,
stability, and response time has been ongoing for a number of
years and has reached a high level of maturity, including
reproducible fabrication of nanocrystalline materials and their
integration into operational sensor structures (Hunter et al.,
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structural properties than nanocrystalline grains, which could
enable improved sensor performance (Hunter et al., 2006, 2008;
Vander Wal et al., 2009a, b).
Semiconducting material used for sensing has a donoracceptor relationship between the surface charge layer and the
bulk material. In ground state, the surface of the sensing
material is populated with electrons (n-type semiconductor)
or depopulated of electrons (p-type semiconductor) in
comparison to the bulk of the sensing material. As gas
analytes of interest adsorb onto the sensor surface, they draw
excess electrons to the surface or donate electrons to the
depleted layer beneath. This fluid electron density accounts
for the measurable changes in the conductance (measured as
current) of the sensing material as it is exposed to an analyte
(Vander Wal et al., 2009a; Comini et al., 2009; Franke et al.,
2006; Rothschild and Komem, 2004; Kennedy et al., 2003).
The key advantage of nanomaterial use is that the
nanostrctured material is much smaller in volume than it
would be in a bulk sensor of similar material. It is believed
that lower exposure will cause a smaller change in localized
electron density and a measurable difference in the
conductance, making a more sensitive sensor.
However, the ability to fabricate operational sensors
from nanostructures is significantly less mature than MEMS
sensors using nanocrystalline materials or thin films. The
fabrication procedures, properties, and possible advantages of
nanostructured sensors are just beginning to be explored.
A major issue associated with sensor fabrication using
nanostructures is the controlled integration of these
nanostructures into the sensor platform in a time-efficient,
cost-effective manner, as well as maintaining controlled
electrical contact between the nanomaterial and sensor
structure. The ability to mass produce sensors in a
reproducible way is currently limited with nanostructured
materials such as nanowires.
For a number of years, the standard method of deposition
of nanostructures onto a sensing structure has been to
disperse them in a suspension and deposit the suspension on a
substrate (Comini et al., 2002; Fan and Lu, 2006;
Ponzoni et al., 2005). An example of this approach is shown
in Figure 1 using multi-walled carbon nanotubes
(MWCNTs). The deposition process has very limited
alignment of the material with respect to the electrodes and
the resulting sensor structure and device contacts are random
and uncontrolled, rather than reproducible and uniform.
While such an approach has advantages in simplicity, it would
be difficult to reproduce the sensor structure, understand the
fundamental sensing performance of the base sensing
materials beyond a statistical average, or mass produce
sensors with uniformly controlled properties.
Rather, in order to control nanostructured sensors, it is
suggested that some control of the microtechnology interface
with the nanostructures is necessary. In effect, no matter how
good the sensing material, if one cannot make contact with it
or reproducibly integrate it into a sensor structure, its sensing
applicability on a broad scale is limited. Concurrent control of
micro-and nano-technology is desired in order to achieve
reliable interfaces with nanostructures. This control has
previously been limited and has not taken full advantage of
the opportunities in standard microfabrication technology.
There have been a number of attempts to address this issue.
The vast majority of papers have dealt with the synthesis of
nanostructures with an evolution towards applications and

demonstration of parameters. This trend moves away from
the very basic and practical issues regarding integration,
particularly in the context of existing microfabrication
techniques. The basic ability to control the orientation and
alignment of nanostructures on microdevices is still in an early
stage of development although various groups have made
significant progress for a range of materials. Approaches to
address these issues have included attempting to align
nanostructures with atomic force microscopes or laser
tweezers (Subramanian et al., 2005). These are laborintensive approaches, and not highly viable for mass
fabrication. This has been performed separate from
standard microfabrication processing. In other cases,
through random alignment, nanostructures have been
buried under metallic contacts on microstructures
(Tselev et al., 2004). Other work has involved the growth of
materials in situ followed by deposition of electrodes
(Hwang et al., 2006). Most work has involved high end
processing technologies such as electron beam lithography
with nanodimensioned linewidths to form contacts to
nanowires (Mohney et al., 2005). The use of these
techniques are outside of standard microfabrication
techniques of larger linewidth resolution.
The use of the Langmuir-Blodgett method to align
nanostructures followed by contacts formed using
microfabrication techniques has shown significant progress
(Jin et al., 2004; Whang et al., 2003; Tao et al., 2003).
Another alternative method involves printing approaches
(Fan et al., 2008; McAlpine et al., 2007). For example, a
deposition technique referred to as superlattice nanowire
pattern transfer (SNAP) has shown excellent progress in
demonstrating nanowire arrays of various metals and silicon,
even on flexible substrates (McAlpine et al., 2007). SNAP
creates nanowires from commonly deposited metals or thin
film materials deposited onto a substrate with transfer
printing used to relocate the array to the desired device
substrate followed by conventional microfabrication
techniques. However, the alignment is not part of standard
photoresist processing and the range of materials to which the
approach applies is limited.
Other work has involved using hydrodynamics (Huang et al.,
2001) or dielectrophoresis (DEP) or to align nanostructures
on an existing microplatform. For detailed studies on DEP,
see Hunter et al. (2006, 2008), Huang et al. (2001),
Smith et al. (2000), Kumar et al. (2005, 2010), Morgan and
Green (1997), Chang and Petit (2005), Diehl et al. (2002),
Krupke et al. (2003)), which discuss DEP as well as its use in
alignment of nanomaterials. To summarize, DEP uses
dispersion media such as dimethylformamide (DMF) to
align nanomaterials on metal contacts. The alignment of
nanomaterials between electrodes is dependent on forces
resulting from an induced dipole interaction, which is
frequency dependent, with the electric field; hydrodynamic
drag forces dictated by rod aspect ratio, fluid viscosity, and
temperature; and the induced torque as the rod rotates out of
line to the electric field. Nanorod dimensions affect all of
these factors. The emphasis of this previous work was on the
nanomaterial alignment on the metal contacts. This work did
not bury the electrodes with a top metal layer to insure good
electrical contact of the nanostructures to the underlying
electrodes. The DEP was also performed on existing electrode
patterns and was not a step in a multistep photoresist-based
microfabrication process.
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Figure 1 Dispersed MWCNT deposited on an interdigitated finger sensor structure (finger spacing , 10 mm) examined at lower and higher
magnification (left and right hand side, respectively)

Note: Notice the random, uncontrolled nature of the resulting deposition
Source: Hunter et al. (2006)
consists of a buried metal contact that is formed during standard
microprocessing. This approach is intended to give a better
understanding of the properties of nanostructures by
fabricating reproducible structures. It can also allow
nanostructured microsensors to be mass-produced and thus
be applied in a broader range of applications. The sensors can be
produced using multiple parallel nanostructures, or depending
upon the lithographic patternation, provide parallel processing
for a number of individual sensor units, or both.
The following discusses this fabrication approach and then
shows prototype structures and preliminary data. Overall, the
purpose of this paper is not to thoroughly investigate the
properties of the resulting sensors or to give final specifications
associated with this fabrication approach. Rather, this paper is
intended to demonstrate this basic concept, and provide
adequate data to document the approach and its feasibility.
A brief description of this approach is given in Madou (1997);
this present paper is meant to more completely describe the
approach and provide multiple examples of its implementation.
This technique is intended to provide a new tool for the
fabrication of microsensors using nanostructures. It is
concluded that, while controlled use of nanostructures in a
sensing structure is still a formidable challenge, this approach
may be a helpful step towards realizing such an objective.

Spurring such work is that optimization of sensor materials,
control of sensor structures, and ease of processing in one
single approach is limited. Unordered material deposition
onto a sensor structure, or device contact with materials
randomly orientated on the surface may not optimize sensor
properties. High end processing approaches may limit the
commercial viability of the resulting system. Optimization of
sensor properties may not simultaneously lend itself to
techniques such as transfer printing, e.g. SNAP. In summary,
these approaches do not simultaneously:
.
offer standard microprocessing techniques involving
linewidths over a micron (mm) of resolution;
.
concurrently align and form microsensors using
nanostructures with few processing steps;
.
control electrical contacts insuring connection with buried
electrodes; and
.
individually address processing of nanostructures for a
range materials, e.g. both carbon and metal oxide
nanostructures.
Thus, one objective of future research is to develop and
employ sensor materials optimized for the application, control
their deposition, and be assured of repeatable contacts to the
microsensor while using standard microprocessing techniques
with repeatable results.
This paper describes an effort to introduce standard
microfabrication techniques into the field of nanotechnology
sensors. That is, the use of photolithography using
commercially available photoresist, with line widths greater
than 1 mm, and using multiple steps to produce a complete
sensor structure (for an overview of microfabrication
techniques, see Hunter et al. (2008)). The fabrication of
nanostructured microsensors using standard photolithography
with line widths greater than 1 mm is demonstrated. In order to
accomplish this, standard microfabrication techniques are
combined with DEP to achieve alignment of the
nanostructures. The result is that the nanostructures are
aligned between opposing sawtooth electrode contacts of a
microsensor. The interface of the nanostructures to the contacts

Experimental
Both MWCNTs and metal oxide nanorods are used in the
fabrication of proof-of-concept sensor structures. The
diameter of the MWCNTs typically range from 100-250 nm
with lengths typically ranging from 10 to 40 m. The
MWCNTs are grown at 7508C in a gas flow of humid
carbon monoxide, hydrogen, ethylene, and carbon dioxide.
The iron catalyst is removed from the MWCNTs by
subsequent annealing at 1,7008C. This post-treatment also
removes defects in the sidewalls of the tubes (Evans et al.,
2010; Andrews et al., 1999). With loose surface carbon
removed or returned to the ideal tube structure, the
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1

MWCNTs have more uniform and reproducible exposed
carbon planes and edges. Control of the character of these
physisorption sites on the MWCNTs allows for predictability
of analyte interaction with the tubes in preference to
muddling charge transfer effects that could occur at nonideal defect sites or interactions with leftover catalyst.
The metal oxide nanostructures discussed in this work are
synthesized by a thermal evaporation-condensation approach as
previously described (Hunter et al., 2006). The tin (IV) oxide
(SnO2) nanostructures are fabricated beginning with
evaporating tin (II) oxide from a ceramic growth boat within a
small flow of argon plus 5 percent oxygen in a tube furnace
heated to 700-1,0008C. Under these conditions, the vapor
phase oxide self-assembles into coherent rods that are tens of
microns in length. Without the presence of a catalyst, growth
proceeds by a self-catalyzed vapor-solid mechanism with the
feed boat providing heteroepitaxial nucleation sites. After
cooling, the oxide materials are collected from the growth boat
for deposition upon the sensor pattern. The diameter of the
metal oxide nanowires ranges from 40 to 300 nm with lengths
ranging 10-100 m. Some material lengths are much shorter.
These will be selected out by the spacing between the electrodes.
A small minority is also much larger, ranging up to 500 m.
The sensor fabrication approach integrates standard
microfabrication
techniques
with
the
alignment
of nanostructures as Figure 2 shows graphically. The
fundamental steps in this approach are the following:

2

3

4

Define a (bottom) metal electrode pattern using
microfabrication techniques on a substrate, e.g. polished
alumina. We utilized an opposing pattern of sawtooth
design in order to achieve an appreciable electric field
gradient, used to align the nanostructures at specified
locations in the device. For further discussion on various
electrode geometries (Andrews et al., 2002).
Add nanostructures to standard photoresist with sufficient
concentration to form a dilute suspension within the
photoresist. The concentration of the nanostructures in
suspension will need to be controlled to allow bridging of
the nanostructures across the electrodes without
formation of clumps. Apply the photoresist suspension
to the microstructure.
Before the photoresist suspension has solidified (within
30 min), apply an alternating electric field across the
electrodes. That is, perform DEP on the nanostructures
within the photoresist suspension. This aligns the
nanostructures on the wafer between the electric fieldfocusing points of the electrode using standard
microfabrication processing materials. Nanostructures
that are long enough will bridge the electrode gap
between the sawteeth. Maintaining proper thickness and
fluidity of the photoresist by controlling time and density
is an important step in this process.
Disperse suspension using spin coating techniques to
form a film with a thickness between 6,500 and 7,500 Å

Figure 2 A visual representation of the deposition process
1) Bottom Electrodes

4) Aligned Nanostructures
within Photoresist

2) Photoresist with
Nanostructures

5) Expose Photoresist for
Contact Deposition

3) Dielectrophoresis

6) Top Contacts via
Photoresist Liftoff

Notes: (1) Deposit opposing sawtooth electrode patterns on a substrate using standard
photolithographic techniques; (2) coat the electrodes with a photoresist mixture containing
nanostructures; (3-4) using the sawtooth electrodes, DEP is performed to align the nanostructures;
(5) expose the electrodes while the nanostructures are held in place with photoresist; (6) deposit the
top metallic layer over the bottom sawtooth electrode pattern leaving nanostructures buried in the
electrodes and complete photoresist removal
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Thus, this processing and alignment is performed while the
solution is near original specific gravity and viscosity.
In order to achieve alignment for the broadest range of
nanowire lengths, 10 V AC at a frequency of 20 MHz is
applied. However, the frequency at which the alignment
improved appeared to vary with nanostructure length. For
example, for SnO2 nanowires 10 mm or longer, a frequency of
20 Hz appears to improve the alignment, while for 5 and 4 mm
nanowires, the preferred frequencies are 20 kHz and 2 MHz,
respectively. This frequency-size dependence has also been
seen in other DEP alignment work, for example, references
(Huang et al., 2001; Smith et al., 2000; Kumar et al., 2005,
2010; Morgan and Green, 1997). However, what is notably
different in this paper’s approach compared to previous work
is the use of DEP within the photoresist itself, rather than a
suspension media such as DMF, as part of a series of
microfabrication steps.
If desired, multiple repetitions of these photoresist/DEP
steps may be performed in order to increase the density of the
resulting aligned nanowires. This is accomplished with a
gentle solvent rinse before step 4 which still leaves
nanostructures on the surface and whose density is often
maintained and increased by a repetition of steps 2-3. After
the nanostructures are aligned across the electrode gap, the
photoresist is soft baked, and is then selectively exposed to
allow deposition of the top electrode pattern. The overall
structure is shown in Figure 2, step 6.
This approach has been used to fabricate both MWCNTs
and metal oxide sensors of different electrode material
combinations. The ability to fabricate sensors with different
electrode combinations is advantageous in optimizing the
sensor structure to take into account possible interactions
between the electrode materials and the nanostructure, or the
application environment of the sensor, e.g. high temperature
application environments may require noble metal electrodes
to avoid degradation. Several electrode combinations have
been deposited to demonstrate this approach. For the
MWCNT sensor described in this work, a bottom platinum
(Pt) electrode is sputtered with a thickness of 1,800 Å, the
MWCNTs are then aligned, and a top electrode metal layer of
titanium (Ti) of 500 Å is then deposited burying the
MWCNT ends between the bottom and top electrodes. The
resulting MWCNT sensor is shown in Figure 3 and has a
sawtooth gap of 10 mm. There were three repetitions of the
photoresist/DEP steps resulting in 31 of 40 sawtooth contacts
containing bridging MWCNT.
In the case of the metal oxide sensors, copper (Cu) or Pt
was deposited as the bottom layer followed by a top overlayer
of Pt or Ti. The overall approach can combine different
electrode materials for the top and bottom electrodes to, for
example, improve adherence to the substrate or electrical
contact with the nanostructures. An alternate structure covers
the electrodes with a single, rectangular top layer reducing
challenges associated with alignment between the bottom and
top electrodes. Example sensor structures of both approaches
for the metal oxide sensors are shown in Figures 4 and 5 with
5 mm spacing between the sawtooth tips. Figure 4 shows
another microsensor structure with metal oxide (SnO2)
fabricated with four repetitions of the photoresist/DEP steps
resulting in 32 of 40 sawtooth contacts containing bridging
SnO2 nanowires. The bottom layer is 2,500 Å Cu and the top
layer 500 Å Ti. Figure 5 is a microsensor structure with SnO2
fabricated with a single photoresist/DEP step resulting in 20

(as measured using a stylus profilometer) on the wafer.
This film contains aligned nanostructures across the
interelectrode gap.
Expose the photoresist to uncover the bottom electrode
layer (previously deposited upon the substrate) to allow
the deposition of a second layer of electrodes on top of the
ends of the nanostructures. Longer nanostructures, which
are already aligned across the electrode, will be held in
place by the photoresist but be exposed on top of the
bottom metal electrode at both ends as the photoresist is
developed in those regions.
Deposit a second (top) layer of metal directly over the first
layer using standard deposition techniques. This step buries
the ends of the bridging nanostructures between two layers
of metal. Finish processing by completing development of
the wafer and removal of residual photoresist using solvents
and gentle agitation. This top metal layer can either
reproduce and overlap the bottom sawtooth electrode, or be
a rectangular pattern blanketing the bottom electrode layer
as seen in the dotted pattern in Figure 2.

The result is nanostructures bridging the gap with buried
electrical contacts on both electrodes. A single deposition of
photoresist/nanostructures can form a sensor with bridged
nanostructures. Multiple coatings of photoresist and
alignments (steps 2-3) can also be used to control the
density of the nanostructures bridging the electrodes. In our
experience, subsequent rounds of photoresist deposition and
DEP alignment increase the density of nanostructures across
the sawteeth. When the desired nanostructure density is
achieved across the sawteeth, steps 5 and 6 can be used to
complete fabrication of the sensor.
Proof of concept demonstrations of this approach with
MWCNTs and metal oxide nanowire sensing materials were
fabricated. For the sensors, an alumina (Al2O3) substrate of
2 min. maximum surface finish (Burke, 2003) was used as a
sensor substrate. Standard commercial grade photoresist
(Alumina substrate, 625 mm thickness, ADS995, n.d.) and
lithography (Suehiro et al., 2003) were used to form a
sawtooth pattern as shown in Figure 2. A bottom electrode
pattern was sputter-deposited to a thickness of 1,800-2,500 Å.
The width of each sawtooth was approximately 10 mm across
from base wall to sawtooth tip and there was approximately
5-10 mm spacing between the tips of the sawtooth points. In
the sensors fabricated in this work, the sensor pattern shown
in Figure 2 was 4 £ 2 mm with 40 sawtooth electrodes in the
pattern used to localize the electric field to better control the
dielectrophoretic positioning of the nanostructures.
Nanostructures are mixed in a photoresist suspension to
form a mixture consisting of 0.03 g/15 ml. The mixture is then
applied to the existing sawtooth electrode pattern and DEP is
used to align the nanomaterials so as to bridge the electrodes.
In this process, an AC voltage is applied across the electrodes
using a standard function generator. This alignment takes
place while the photoresist is still fluid. The specific gravity of
the photoresist used is typically 1.01, which will result in a
film thickness of approximately 5,000 Å. Given that our
thickness is close to this value, specific gravity of our mixture
is estimated to be only slightly higher. The approach here is to
operate in within the parameter range standardly used
for microfabrication processing; if the photoresist
becomes too viscous, the ability to spin coat is limited.
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Figure 3 SEM images of dispersed MWCNTs deposited on a sensor structure using the photoresist processing technique discussed in Figure 2
(a)

(b)

(c)

Notes: (a) image of controlled bridging across several pairs of sawteeth; (b) a higher magnification
view of a single set of opposing sawteeth with multiple MWCNTs bridging; (c) a higher
magnification view of a single set of opposing sawteeth with a single MWCNT bridging
out of 40 sawteeth contacts containing bridging nanowires.
The bottom layer is platinum oxide (PtOx)/Pt (2,500 Å), and
the top layer is Pt (500 Å).
Structural characterization of the nanostructures was
performed with transmission electron microscopy and
surface morphology was examined with scanning electron
microscopy (SEM) prior to processing. Energy dispersive
X-ray spectroscopy (EDS) was used to confirm the elemental
compositions of the substrate, top and bottom electrode layers
and sensing material, and most importantly verify the removal
of residual photoresist, as shown in Figure 6.
The sensors were tested in a chamber with the sensor
temperature controlled on a heater stage and electrical contact
made with probes. Gases were introduced into the chamber at a
total flow rate of 4,000 standard cubic centimeters per minute.
Different concentrations of gases were introduced at sample
temperatures of up to 4008C. The response of the sensor was
measured by current output at a constant voltage. The test
temperature and applied voltage were varied.

metal oxide nanorod-based sensors have been fabricated with
this technique using the procedures described above.
Evaluation of nanostructures on the microsensor platform
was undertaken to verify that:
.
The targeted nanostructures of both MWCNT and metal
oxides have been deposited across the sawtooth electrodes.
.
Electrical connectivity has been established across the
sawtooth electrodes.
.
The sensors do respond to a changing chemical
environment and respond as chemical sensors.
This evaluation is described in the following and is meant to
establish that this fabrication technique can indeed be used to
align and establish electrical contact with nanostructures
forming an operational chemical sensor.
Figure 3 shows SEM images of the sawtooth sensor with
MWCNT bridging the electrodes for several sawtooth pairs.
In contrast to Figure 1, control of the nanotube alignment is
seen to have significantly improved and bridging of the
contacts by the nanotubes is concentrated at the small gaps
between the teeth of the pattern. A higher magnification
image of this bridging is shown in Figure 3(b) with multiple
nanotubes bridging the electrodes. Figure 3(c) shows a higher
magnification image of a different location on the microsensor
with a single MWCNT bridging the electrodes. Overall,
the number of MWCNT bridging each sawtooth prepared

Results
The result of the fabrication approach described above is an
array of aligned nanostructures on a microplatform produced
by standard microfabrication techniques. Both MWCNT and
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Figure 4 Dispersed SnO2 nanowires deposited on a sensor with buried nanostructure electrode contacts
(a)

(b)

(c)

Notes: (a) Image of bridging across several pairs of sawteeth; (b) a higher magnification view of a
single set of opposing sawteeth with multiple oxide nanowires bridging; (c) a higher magnification
view of a single set of opposing sawteeth with a single oxide nanowire bridging
with this photoresist suspension density varies over the sensor
structure but are small in number (between 1 and 11) with an
average of 4.
Figure 4 shows microsensors processed using the approach
described above with metal oxide nanowires (SnO2) within
the photoresist suspension. Figure 4(a) shows metal oxide
nanowires bridging the electrodes in two locations, illustrating
the capability to use this technique with metal oxide
nanowires as well as with MWCNTs. As is the case for the
MWCNT microsensor shown in Figure 3, an array of
nanostructures is arranged across the microsensor with
nanowires bridging the electrodes in defined locations with
buried contacts. Figure 4(a) shows three electrodes spanning
the three types of results for this microsensor: the leftmost
sawtooth has a single SnO2 nanowire bridging; the center
sawtooth has three SnO2 nanowires bridging; and the
rightmost sawtooth has no nanowires. Overall, the number
of SnO2 nanowires bridging each sawtooth prepared with this
photoresist suspension density is between zero and ten with
an average of 4.
Figure 4(b) and (c) provide higher magnification images of
the metal oxide nanowire sensor. Figure 4(b) shows several
metal oxide nanowires bridging the sawteeth while Figure 4(c)
shows a single nanowire bridging the sawtooth.
Examining Figure 4(b) and (c), burial of the nanowires

under the metal contact is observed. The electrical contact
between the sawteeth in Figure 4 are typically straighter and
more direct than those seen with the MWCNT in Figure 3,
due to the overall linear morphology of the starting metal
oxide nanowires. Figures 4(b) and (c) also highlight one of the
challenges associated with this technique due to the nature of
the solution: the alignment of top and bottom electrodes is
slightly mismatched so that the top metal does not directly
overlap the bottom electrode. This is evidenced by the curling
top metal contacts and the offset parallel metal patterns in
Figure 4(b) and (c). Slight misalignment of the second
photoresist processing step can lead to a misalignment of the
top and bottom electrodes either exposing the bottom layer,
as seen in the lower contact of Figure 4(b), or leaving an
overhanging film as seen in the upper contact of Figure 4(c).
Overall, this does not affect the ability to bury the electrical
contacts for some of the nanowires, but it may reduce the
efficiency of the process by leaving other nanowires unsecured
by the top layer of metal.
Figure 5 shows an alternate approach to applying the top layer
of the metal contact, which helps address this misalignment
issue. This approach covers the bottom electrode with a
rectangular top layer (noted with the rectangular dotted pattern
in Figure 2, step 6), rather than a second sawtooth pattern
on the top. The use of the rectangular top layer approach still
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Figure 5 Dispersed SnO2 nanowires deposited on a sensor structure with a rectangular top layer rather than a sawtooth pattern
(a)

(c)

(b)

Notes: (a) Image of metal oxide nanowires bridging across several pairs of sawteeth; (b) a higher
magnification view from Figure 5(a) of a single set of opposing sawteeth with a single oxide nano
wire bridging; the diameter of this nanowire is less than 100 nm; (c) a higher magnification view
from Figure 5(a) of a single set of opposing sawteeth with multiple oxide nanowires bridging; the
particle evident in Figure 5(c) is an artifact from the SnO2 nanorod growth run, and while visually
noticable does not contribute to the sensor since it does not bridge between the electrodes
In other words, EDS suggests the successful fabrication of a
sensor which has metal electrodes with buried carbon
nanotube contacts and bridging carbon nanotubes across
the electrodes. Similarly, EDS examination of the electrodes
in Figure 4 (not shown) finds metal in the region of the
electrodes, oxide nanowires bridging between the electrodes,
and no metal between the electrodes. Further, most
importantly, it is concluded there is no residual photoresist
bridging the electrodes or providing electrical contract. This
conclusion is further supported by preparing a blank sample
using the same procedure but with no nanostructures within
the photoresist. This reference sensor does not show electrical
continuity or response to changing gas environments.
Figure 7 shows the current vs time (I-t) response at 1 V of
the MWCNT sensor shown in Figure 3 to various gases at
room temperature. The sensor is exposed to air, nitrogen, 0.5
percent hydrogen in nitrogen (hydrogen/nitrogen), followed
by air for 5 min time intervals. The process is then repeated
for propylene (C3H6) in nitrogen (propylene/nitrogen). The
data in Figure 7(a) shows that the sensor establishes a baseline
in air with minimal response to nitrogen, and a decrease in

allows the same type of bridging across the electrodes and
reduces the effects of misalignment while increasing the yield of
the nanowires bridging the entire sensor. A number of sensors of
this type have been fabricated with similar properties both in
structure and overall sensor response. Figure 5(a) shows metal
oxide nanowires bridging the electrodes in three locations. One
feature of this approach is that more nanowires seem to be
captured in the sensor structure; while still localized in the region
of the electrodes, the top layer can now bury nanowires of a
variety of orientations. Figure 5(b) and (c) are higher
magnification images of the metal oxide nanowire sensor with
the rectangular top layer. Figure 5(a) shows a nanowire with a
very straight, single nanowire connection. Figure 5(b) shows
nanowires bridging across two sawteeth, but at varying angles
across the gap.
EDS has been performed to qualitatively verify the chemical
composition of each component of the structure in Figure 3 as
shown in Figure 6. The electrodes are shown to be metallic,
the bridging nanotubes are seen to indeed be carbon, and the
areas surrounding the nanotubes are the original Al2O3
substrate with no remaining metal between the electrodes.
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Figure 6 EDS performed on structures to verify the bridging of the
MWCNT across the contacts and both “sandwiching” metals at the
electrode, as well as the absence of residual photoresist

a minimal response to nitrogen, and a strong increase in
current upon exposure to propylene/nitrogen, but notably
smaller than that for hydrogen/nitrogen. Comparison with
Figure 7 shows a significant contrast between the response of
the two sensors, as may be expected given the chemical
differences between carbon and oxide materials.
Further, previous work examined the behavior of SnO2
nanowires prepared in the same manner: aligned with DEP on
Pt electrodes, but without a top layer to form buried electrical
contacts between the nanostructures and the electrodes. This
sensor showed a diminished response at 4008C compared to
lower temperatures, perhaps due to a degradation of the
electrical contacts (Hunter et al., 2008). In contrast, Figure 8
shows a continued strong response at 4008C, and comparison
with data at 3008C for the same sensor (not shown) suggests
there is not a decrease in sensor response as the temperature
is increased from 3008C to 4008C. While further research is
needed to compare the relative response between sensors with
buried and unburied electrical contacts, this work may
suggest the possibility of improved sensor performance
through the use of this fabrication technique.
Figure 8(b) shows the associated I-V curves demonstrating
the continuity of the sensor electrical contact and significant
differences between the I-V curves for air, hydrogen/nitrogen,
and propylene/nitrogen. The absolute value of the current vs
voltage is plotted for voltages from 25 to 5 V. The current for
hydrogen/nitrogen is the largest with nearly two orders of
magnitude of response compared with a near order of
magnitude response to propylene/nitrogen above the air
baseline consistent across the voltage range. The I-V curves
also show an asymmetry between the positive and negative
voltages, with larger current at negative bias. Asymmetry in
I-V curves is also noted for nanostructures with unburied
electrical contacts (Hunter et al., 2008) and these effects will
be explored in future work.
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Notes: (a) MWCNT and the Al2O3 substrate are seen
between the electrodes; (b) the electrode is seen to be Pt
(bottom metal layer) and Ti (top metal layer) sandwiching the
bridging MWCNT

Discussion
The preceding sections describe an approach that is a
beginning step towards the fabrication of chemical sensors
using nanostructures and microfabrication techniques. This
basic approach, which uses microfabrication processing with
aligned nanostructures on microsensors, has been successfully
demonstrated. Continuity across the electrodes has been
demonstrated and surface analysis shows that the approach
yields metal at the electrodes, with alumina and bridged
nanostructures between the electrodes. Separate tests show
that the circuit is discontinuous if the nanostructures are not
bridging the electrodes. Furthermore, both the MWCNTs
and metal oxide sensors operated as chemical sensors and
responded to chemical changes in environment.
There are several advantages to this approach. A key
advantage of this sawtooth electrode configuration is that it
permits DEP to align and spatially localize the nanostructures,
both organic and inorganic. This process permits spatially
localized deposition of nanowires while at the same time
mitigating the effect of partial or intermittent contact effects
with the contact electrodes. Through control of photoresist
density and nanostructure concentration/dispersion, differing
densities of nanostructures can be obtained. Single or multiple
nanostructures can be deposited across the electrode gaps in a
given sensor, as demonstrated in the examples above. As noted,
the length of the nanostructures deposited across the electrode

current (p-type response) upon exposure to hydrogen. There
is no response to propylene/nitrogen. The effective resistance
of the sensor at 1 V is seen to be on the order of magnitude of
1,000V. Figure 7(b) shows the current vs voltage response of
the sensor from the range of 2 5 to 5 V. The sensor response is
seen to be predominantly ohmic below 1 V with deviations
from that behavior above 2 V. While detailed examination of
the properties of the sensors prepared in the manner
described above will be a topic of future papers, the data in
Figure 7 shows continuity of the electric connection and a
basic response of the sensor to changing environments.
Figure 8(a) shows the I-t response at 1 V at 4008C of a
SnO2 sensor of the type shown in Figure 5 to air, nitrogen,
hydrogen/nitrogen, air, nitrogen, propylene/nitrogen, and air
in the same sequence as in Figure 7. A strong response of the
SnO2 sensor to hydrogen and propylene at this temperature is
noted, with two and three orders of magnitude larger current
than the air baseline upon hydrogen/nitrogen and propylene/
nitrogen exposure, respectively. The data in Figure 8(a) shows
that the sensor establishes a baseline in air with minimal
response to nitrogen, and a strong increase in current upon
exposure to hydrogen/nitrogen (consistent with n-type
response). After the exposure to hydrogen/nitrogen,
there is a small change in the baseline, followed by
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Figure 7 The response of the MWCNT sensor of the type shown in
Figure 3 at 288C

Figure 8 The response of a SnO2 nanowire sensor of the type shown in
Figure 5 at 4008C
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showing the electrical continuity of the structure
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Notes: (a) The current (mA) in logarithmic scale vs time (min) at
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respectively, the sensor shows a significant response to hydrogen/
nitrogen and propylene/nitrogen; (b) the absolute value of the
current (mA) in logarithmic scale vs voltage (V) for – 5 to 5 V at
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in nitrogen, the figure shows a notable response to hydrogen and
propylene, with an asymmetric response from positive to negative
voltage

gap can be affected by the AC frequency used to align the
nanostructures. Therein, this approach allows for the possibility
of reproducible manipulation of nanomaterials at a single point
or over an array of devices.
A second advantage of this approach is the possibility of
improved electrical contacts. Each nanostructure has two
buried electrical contacts that are isolatable upon deposition
separated by an alumina insulator. This is particularly
important for minimizing the variability of necessary electrical
interface connections. Through burying the nanostructures in a
sandwich of metallic contacts, reproducible and reliable
contacts to the nanostructures can be produced. The
robustness of these contacts provides a clear advantage in
operating at higher temperatures. Reliable electrical contact
increases the potential for reproducible sensor devices using
nanostructures.
The most notable advantage of this approach is that it
permits incorporation of nanomaterials into standard
photolithographic processing procedures. It does not require
highly expensive equipment beyond standard clean
room processing facilities. Removal of the devices from a clean

room environment is not necessary and alignment of the
nanostructures by hand does not take place. This deposition is
performed in a continuous set of microfabrication steps without
removal from the cleanroom. This process not only preserves
the as-grown nanostructure features but also brings them into
contact with a microstructure for improved measurements and
integration into existing microplatforms. This integration
process allows the inclusion of “intact” nanorods where their
aspect ratio is preserved. Further, the use of nanostructure/
photoresist compound is compatible with other mechanical
fabrication methods, including drop coating, spin coating, dip
coating, and jet printing. In effect, the combination of including
nanostructures in a processing solution, and then using the
solution in standard processing with the addition of
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electromechanical nanostructure alignment, has a range
of processing implications.
It is suggested that this technique of integrating and aligning
nanostructures with microfabrication methods can lead
to a standardized approach to chemical sensor processing
using nanostructures. This procedure will allow a better
understanding of the properties of nanostructures by
fabricating reproducible structures and electrical contacts.
It can also allow nanostructured microsensors to be massproduced and thus applied in broader applications. In a more
mature design of this approach, an array of paired patterns on a
given wafer will be electrically connected so that a field applied
across one set of teeth is simultaneously applied to the full array
of multiple sensor paired contact patterns on the wafer. This is
considered to be a matter of scale, not a change in the
fundamental principle. Further refinement of the DEP and
photoresist suspension are planned to increase and to better
control the yield of the bridging for each paired contact pattern.
Work is also ongoing to understand the sensing properties of the
nanostructured sensor produced.
This approach is intended to address the significant barriers
of deposition control, contact robustness, and simplified
processing to realize the potential of nanotechnology as
applied to sensors. The resulting sensors can be used in
applications where presently microsensors are used, but the
use of nanostructured materials can improve sensor system
capabilities. However, significant work remains towards
improving the process and realizing the potential of
nanostructures for applications such as chemical sensing.
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