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TEMPLATED NANOSTRUCTURE SENSORS
AND METHODS OF MANUFACTURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 61/614,583 filed on Mar. 23, 2012.

ORIGIN OF THE INVENTION

The mvention described herein was made by an employee
of the United States Government and may be manufactured
and used by or for the United States Government for United
States Government purposes without the payment of any
royalties thereon or therefore.

DESCRIPTION

Chemical sensors are used in a wide variety of applica-
tions, including environmental monitoring, fire detection,
emissions monitoring, and health monitoring. The fabrica-
tion of chemical sensors involving nanostructured materials
holds the potential for the development of sensor systems
with unique properties and improved performance. Semi-
conducting metal oxides like tin oxide (SnO,) have been
shown to respond to relevant chemical species such as
oxygen (0O,), carbon monoxide (CO), ethanol (C,H.OH),
nitric oxides (NO,), propylene (C,H,), and hydrogen (H,).
There are a number of advantages to improving the capa-
bilities of sensor matenals such as metal oxides. For
example, gas sensors based on polycrystalline tin oxide offer
advantages over current technologies for detecting reducing
gases, such as low cost, long lifetime, and high selectivity
and sensitivity. The sensing mechanism 1n semiconducting
metal oxides relies on perturbations 1n surface conductivity
induced by chemical reactions between target gases and
oxygen species adsorbed onto the surface. For n-type semi-
conductors like SnO,, the adsorption of oxygen creates
surface-acceptor sites that immobilize conduction band elec-
trons from the near surface region creating a depletion layer.
Reducing gases such as CO remove surface bound oxygen
atoms releasing the immobilized electrons, thereby decreas-
ing the thickness of the depletion layer and hence increasing
its conductivity. In contrast, oxidizing gases (e.g. NO,)
turther immobilize the conduction band electrons from the
near surface region by creating additional surface-acceptor
sites. This increases the thickness of the depletion layer and
consequently, the conductivity decreases (in other words,
resistance increases).

Moreover, the sensitivity of the sensing layer increases
with decreasing grain size, therefore nanocrystalline metal
oxides films exhibit high sensitivity. However, the process-
ing and fabrication of nanostructures, such as nanotubes,
nanowires, or other more complex geometries based on
nanosystems, for sensor applications presently 1s limited in
the ability to control the structural and morphological prop-
erties. In addition, one of the main drawbacks of semicon-
ductor metal oxide based sensors is their high working
temperature; the optimum operating temperature 1s usually
at least 350-450° C. In general, we have found 1t 1s desirable
to produce sensors which are small in size, easy to batch
tabricate, are low 1n cost, and have low power consumption.
We also sought to decrease the operational temperature of
existing gas sensor systems to allow lower temperature
operation as well as increased sensitivity and selectivity.
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The accompanying drawings, which are incorporated 1n
and constitute a part of the specification, illustrate various

example systems, methods, and so on that illustrates various
example embodiments of aspects of the invention. It will be
appreciated that the illustrated element boundaries (e.g.,
boxes, groups ol boxes, or other shapes) in the figures
represent one example of the boundaries. One of ordinary
skill 1in the art will appreciate that one element may be
designed as multiple elements or that multiple elements may
be designed as one element. An element shown as an internal
component of another element may be implemented as an
external component and vice versa. Furthermore, elements
may not be drawn to scale.

DESCRIPTION OF DRAWINGS

FIG. 1 1s a top plan view of a sensor according to an aspect
of the disclosure.

FIG. 2 1s a scanning electron microscope image of a
mICrosensor.

FIG. 3 1s a scanning electron microscope image of a
templated SnO, nanorod between opposing electrode peaks.

FIG. 4 1s a transmission electron microscope image of a
carbon nanorod covered 1n a metal oxide.

FIG. SA 1s a transmission electron microscope 1mage of a
templated SnO, nanorod.

FIG. 5B 1s a high resolution transmission electron micro-
scope 1mage of a templated SnO, nanorod.

FIGS. 6 A-6D are sequential figures showing aspects of
sensor fabrication.

FIGS. 7TA-7F are comparison charts of templated sensor
performance at varying temperatures.

FIGS. 8A-8B are comparison charts of sensor perfor-
mance.

FIG. 9 1s a chart of sensor performance.

FIG. 10 1s chart comparing sensor performance at varying,
temperatures.

FIGS. 11-17 are charts showing sensor performance at
varying temperatures.

As used herein, the term “templated” or “templated nano-
structure” 1s 1ntended to describe a resulting nanostructure
formed from an initial template that has a morphological
structure that 1s then coated by a higher temperature mate-
rial. The 1nitial template 1s sacrificed leaving essentially only
the higher temperature material imprinted with the morpho-
logical structure of the template.

One example we considered was the sensitive detection of
methane, which 1s a colorless and odorless flammable gas
that occurs abundantly in nature as the chief constituent of
natural gas. Methane gas 1s highly volatile and when mixed
with air can cause explosions at higher concentrations due to
its ready flammability. Thus, the development of a reliable
and cost eflective methane gas sensor was a promising
problem for timely detection of 1ts conspicuous presence in
the environment around us. However, detection of methane
at room temperature using a number of techniques 1s a
particularly diflicult challenge because 1t 1s a stable mol-
ecule. Efforts have been made to detect methane at room
temperature using material systems such as single walled
carbon nanotubes and mult1 walled carbon nano tubes (MW-
CN'Ts) loaded with a catalyst such as palladium (Pd), and a
Batron phosphorus-silicon microsensor, but they lack the
temperature range and durability of materials such as metal
oxides or metals.

A room temperature methane microsensor based on tem-
plated SnO, nanorods has been developed. The sensor may
be fabricated by combining microfabrication techniques
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with the alignment of the nanostructures such as described
in the U.S. patent application Ser. No. 13/036,887 entitled
“Processing of Nanostructured Devices using Microfabrica-
tion Techniques” assigned to the assignee of the present
disclosure and incorporated herein by reference and used 1n
the following description of the sensor element (but not
sensor material(s)) fabrication. The templated SnO, nan-
orods may be synthesized using carbon nanotubes as tem-
plates. As will be more fully described below, we have here
described a sensor that operated at room temperature and
detection of 0.25% methane 1n air. Furthermore, the umique-
ness of this templated SnO, nanorod sensor includes the fact
that 1t has a wide operating temperature range for CH,
detection (25-500° C.), in contrast with the other material
systems described above. Although tested on methane,
hydrogen and propylene, the microsensor 1s expected to
perform 1n other gaseous environments imncluding those with
hydrocarbon gases, carbon monoxide, nitrogen oxides,
nitrogen tetraoxide, flourines, chlorines, ammonia, hydra-
zine, formaldehyde and in aqueous environments. More-
over, other templates beyond carbon nanotubes may be
substituted to achieve the desired template features of the
remaining nanotubes and corresponding sensitivity. These
include, but are not limited to, biological materials such as
plants, cells, filtration materials, organic substrates, and
other materials whose basic structure holds biological
advantages, but have a limited temperature range before
undergoing decomposition. Other approaches have used a
basic template approach. For example, sacrificial fibers can
be coated with a metal to achieve modified sensor surface
areas, or ceramic surfaces can serve as a basic structure for
ctching, growth, or modification to produce metal structures.
However, these approaches are not based inherently on
imprinting the crystal structure or imherent morphological
properties of the substrate for improved sensing capabilities.
Further, other oxide materials known for their gas sensing
capabilities beyond tin oxide may be considered for the
application of this approach. These include, but are not
limited to tungsten oxide, titanium dioxide, indium oxide,
indium tin oxide, zirconia, zinc oxide, copper oxide and 1ron
oxide. Further, this approach may also be extended into
metals that are known for their gas sensing capabilities.
These include, but are not limited to, platinum, palladium,
nickel, gold, ruthenium, silver, and 1ridium.

In one aspect, existing nanostructures such as carbon
nanotubes have a material structure which can be used
advantageously 1n order to provide new sensor systems. In
a method of manufacturing, a user may start with a nano-
structure template such as a carbon nanotube. This template
can then be coated by a metal or oxide material with higher
temperature capabilities. Upon heating 1n air, the carbon
nanotube template 1s burned off leaving only the metal or
metal oxide coating that retains the form of the carbon
nanotube template. The resulting structure has a combina-
tion of the crystal patterns and surtace morphology of the
carbon nanotube, combined with the material durability and
high temperature sensing properties of the metal or metal
oxide. Further, because of its porosity, both the interior and
the exterior of this sensing structure are available for gas
species detection. This 1n eflect increases the surface area
available for sensing.

The limited capability to control the structural and mor-
phological properties of nanostructures constraints their use
in the processing and fabrication for sensor applications. For
example, fabrication of sensors based on metals or metal
oxides typically takes place 1n a growth process that yields
a single or multi-grained structure with a structure deter-
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mined by the crystallographic properties of the oxide. The
surface area and morphology of such metals or metal oxides

are notably different than that of, for example, other mate-
rials such as carbon nanotubes. In contrast, carbon nano-
tubes are noted for their large surface area and reactivity due
in part to the crystal structure and resultant morphology. In
principle, there could be notable advantages in producing
metal or metal oxide nanostructures with a surface area and
morphology similar to that of carbon nanotubes. However,
it 1s considerably challenging to fabricate metal or metal
oxide nanostructures with the same advantageous surface
area and morphology, and potentially sensing properties, as
carbon nanotubes. In eflfect, given the challenges 1n growing
metal oxides and other materials such as metals, controlling
and designing the matenal structure and morphology 1is
problematic. One fundamental problem being addressed 1s
improving the control of the structural and morphological
properties of metal oxide and metal nanostructures in order
to produce 1mproved sensor systems.

In one example shown at FIGS. 1-3, a room temperature
methane (CH,) microsensor 100 based on templated tin
oxide nanotubes 110 has been developed. The sensor 100
was fabricated mtegrating microfabrication techniques with
the alignment and connection of the nanostructures between
opposed tips 122, 124 of electrodes, 132, 134. As more
completely discussed below, templated tin oxide nanorods
110 were fabricated using carbon nanotubes as templates.
The sensor 100 has been operated at a room temperature and
detection of 0.25% methane 1n air demonstrated. The room
temperature methane microsensor has the advantages of low
power consumption, no heating requirement, and only using
a detector (not shown) for changes in the sensor, such as
clectrical changes 1n resistance or conductance between
clectrode pads 142, 144. The sensor 1s small 1n size, simple
to batch fabricate and high 1n sensor yield, extremely low
cost, and easy to use. Again, while tested on methane (CH,),
the microsensor 1s expected to perform i1n other gaseous
environments and 1 aqueous environments. Moreover,
other templates beyond carbon nanotubes may be substituted
to achieve the desired template features of the remaiming
metal or metal oxide nanotubes. Finally, while the nanotube
alignment between opposing saw-tooth elements of elec-
trodes 1s 1llustrated, many other configurations are possible
where the template nanotubes provide a connection between
opposed electrodes. In one embodiment, 1t 1s the change 1n
material properties enabling enhanced sensing capabilities
that 1s desirable as opposed to a specific fabrication
approach which makes contact with these nano structured
materials.

Example

In one example, fabrication of a microsensor included
four major steps: 1) synthesis of templated metal or metal
oxide nanostructures using a sacrificial template; 2) depo-
sition of electrodes onto an alumina substrate; 3) alignment
of the nanostructures between the electrodes and 4) depo-
sition of the top electrodes to bury the aligned nanostruc-
tures.

Templated SnO, nanorods were synthesized using multi-
walled carbon nanotubes (MWCNT) as templates. First, 1.0
g of MWCNT obtained commercially from NanoLab was
refluxed 1n 100 mL of 7.0 M HNO, for 12 hours at 120° C.
to remove any impurities from the nanotubes and to create
oxygen-containing functional groups on the nanotube sur-
face that act as sites for the subsequent SnO, coating. 1.0 g
of SnCl,.2H,0O was dissolved 1n 40 mL of deionized water




US 10,294,099 Bl

S

and 0.25 mL of 38% HCI was added. Next, 10 mg of the
purified MWCNT was added and the solution was sonicated
for 20 minutes. Afterwards, the solution was stirred at room
temperature for 2 hours and then rinsed with deionized water
until the solution was neutral. At this point, SnO,/MWCNT
hybrid nanostructures are obtained. FIG. 4 illustrates a
MWCNT covered with SnO, nanoparticles, 400. The SnO./
MWCNT hybrid nanostructures were then calcinated at 350°
C. for 3 hours and then heated at 700° C. for 5 minutes to
burn off the MWCNT. FIG. 5A shows the templated SnQO,
nanostructures, 500, formed as nanorods. FIG. 5B shows a
high resolution transmission electron microscope (HRTEM)
image of the nanocrystals i the templated SnO, nanorod
with the lattice spacing corresponding to the rutile structure
of SnQO.,,.

After obtaining the templated SnO, nanorods, the chal-
lenge 1s to integrate the nanostructures mto a micro/macro
sensor. Usually doing this mnvolves repeatability issues as
well as poor control of the density of the nanomaterial. The
basic ability to control the orientation and alignment of
nanostructures on microstructures 1s still 1n an early stage of
development although various groups have made significant
progress on a range ol maternials. In our example, this has
been overcome by fabricating the sensors using microfab-
rication techniques combined with the alignment of the
nanostructures using dielectrophoresis (DEP). As 1llustrated
in FIG. 6, alumina substrates were patterned with a sawtooth
clectrode pattern with contact pads through photolithogra-
phy and 2500 A of platinum was deposited by sputter
deposition, FIG. 6A. The templated SnO, nanorods are
added to a photoresist solution 602 which 1s coated onto the
substrate with the patterned electrodes, FIG. 6B. Dielectro-
phoresis 1s then used by applying an alternate current, 604,
with a frequency of 10 MHz and 10 V peak to peak, through
the contact pads 1n the substrate to align the templated SnQO,
nanorods 606 between the sawtooth patterned electrodes,
FIGS. 6C and 6D. Afterwards, a top platinum electrode 1s
patterned through photolithography and sputter deposited on
top of the bottom platinum electrode. This way the tem-
plated SnO, nanorods are buried between the bottom and top
clectrodes.

The methane microsensor described has a variety of
advantages over other room temperature methane sensors 1n
the simple synthesis of the sensing material with a stable
metal oxide material, and over ligh temperature methane
sensors 1n many aspects, especially i power consumption
(no heating, only an amperometer 1s needed). Other advan-
tages include mimature size, low weight and cost, and
convenience of use. This particular sensor example has other
desirable attributes. First, 1s the use of microfabrication
processes to Ifabricate microsized sensor electrodes. The
application of photolithography and sputtering processing to
tabricate sensor electrodes enables the sensor to have small
sizes. The electrodes shown 1 FIGS. 2 and 3 comprise
sawtooth patterned electrodes which would be very diflicult
to make with other processes. The electrodes are batch
tabricated with low cost, high yield, and robust structure.
However, one attribute 1s the use of templated SnO, nan-
orods and the design of the sensor structure that yields
unique sensor properties.

The templated SnO, nanorods that were used as the
sensing material are composed of a network of SnO, nanoc-
rystals. When the SnO, crystallite size 1s comparable to or
less than 2 L (~6 nm), where L 1s the depth of the depletion
layer, the sensitivity can be greatly increased because the
sensitivity of the sensor’s transducer function 1s proportional
to the surface to volume ratio of the sensor material. The size
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of the nanocrystals on the templated SnO, nanorods was
measured to be on average ~5.0 nm.

When the templated SnO, nanorods described are used as
the sensing material, because of their porous nature as
illustrated 1n FIG. 5A, they become more sensitive than
non-templated Sn0O, nanorods, nanobelts, nanocrystalline
thin films or other nanostructures because gas molecules can
freely pass into and out of the templated nanorod through the

pores and interact with the outer as well as the inner surface
of the nanorod. As a consequence, there 1s a larger effective
arca and the sensitivity at room temperature 1s greatly
increased. However, the increase 1n active surface area and
consequently, gas diffusion does not necessarily translate
into a proportional increase in sensitivity. There are other
factors mvolved in the transduction of the analyte gas/
surface reactions mto an electrical conductance change: 1)
clectrode/SnO, nanotube contact, 2) nanocrystal organiza-
tion within the SnO,, nanotube and 3) electrical and surface
properties of the electrodes.

Furthermore, by having sawtooth patterned electrodes on
the sensor structure, the use of DEP to align the nanostruc-
tures becomes more feasible. DEP exploits the dielectric
difference between the solvent and the nanostructures 1n the
solvent to induce temporary dipoles that align with the
imposed electric field. Because of the geometry of the
clectrodes, the electric field 1s greater at the tips of the
sawtooth patterned electrodes which accounts for the prei-
crential alignment of the nanotubes between the tips of
opposing sawtooth electrodes. The approach used also
allows for the ability to bury the nanostructure by perform-
ing a second electrode deposition on top of the aligned
nanostructure, as described previously, allowing improved
clectrical contact.

A set of comparison tests were conducted comparing five
different types of sensors:

Sensors formed from multiwall carbon nanotubes (listed
as MWCNT).

Sensors formed from single wall carbon nanotubes (listed
as SWCNT).

Sensors formed from hybrid multiwall carbon nanotubes
coated 1n SnQ.,,.

Sensors formed from hybrid single wall carbon nanotubes
coated 1 SnQO,.

Sensors formed from templated SnO., nanotubes.

All sensors were tested for 0.5% H, and 0.5% CH, 1n air at
25° C., 100° C., 200° C. and 300° C. As can be seen from
in Table 1 the templated SnO, nanotube sensors had
improved sensitivity 1n all testing conditions for both gasses.
The values given in the table are the ratio of the sensor
response to the reactant gas to that of its response 1n air.

TABLE 1

Sensor
Structure target 25° C. 100° C. 200° C. 300° C.
SWOCNT H, 1.225 N-M 1.066 1.095

CH, N-M N-M 1.021 1.042
MWCNT H, 1.0037 N-M N-M N-M

CH, N-R N-R N-R N-R
SnO>,/MWCNT H, 1.089 N-M N-M N-M

CH, N-R N-R 1.001 1.001
SnO-/SWCNT H, 1.27 N-M 1.023 1.098

CH, N-M N-R 1.022 1.026
Templated SnO, H, 4,27 6.69 2.38 17.15
Nanotube CH, 1.34 1.18 1.24 3.65

N-M = Not measurable
N-R = No response
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The sensor can be tested using the amperometric mode, by
applying a voltage between the electrodes and measuring the
current between them. In one example, FIG. 7 shows Cur-
rent vs. Time curves were taken at diflerent operating
temperatures (25-500° C.) for sensors using templated SnQO,
nanorods as the sensing material for response to 0.25% CH,
at the different temperatures where all measurements were
taken with an applied voltage of 1.0 V and using air as the
baseline gas. Shaded areas indicate “exposure” and corre-
spond to the times of CH, gas exposure. As 1t can be seen,
the templated SnO, nanorod sensor showed a measurable
response to 0.25% CH, at room temperature (FIG. 7A) and
continued response throughout the test up to 500° C. (FIG.
7F). In addition, as it can be appreciated i FIG. 7, the
baseline at the different temperatures remains reasonably
stable throughout the tests.

FIG. 8 shows a comparison test of a templated, porous
SnO, nanorod sensor (FIG. 8A) and an alternative sensor
structure using solid (non-templated) SnO, nanobelts with-
out using the carbon nanotube-SnO, 1mprinting approach
(FIG. 8B). Both Figures show Current vs. Time curves for
0.25% CH, 1 air at 25° C. and 1.0V. As can be seen, the
non-templated sensor does not appear to show a usable
response to CH, at room temperature.

FI1G. 9 shows a sensor response curve to 0.25% CH,, 1n air
at 25° C. and 1.0V after approximately 190 hours of con-
tinuous testing of the templated SnO., nanorod sensor,
cycling back and forth between the diflerent temperatures.
The curve shows an improved response to CH, at room
temperature with little change 1n the baseline when com-
pared with the previous results, thus establishing the sen-
sor’s long-term stability.

FIG. 10 shows a templated SnO., nanotube sensor perfor-
mance over time spaced exposures to 0.5% H, (during
minutes 5-10) and 0.5% CH, (during minutes 18-26) 1n air
at temperatures varying from 25° C. to 400° C.

FIGS. 11 and 12 show a templated SnO, nanotube sensor
performance over time spaced exposures to C,H, sensor in
air at temperatures varying from 25° C. to 400° C. at varying
scales.

FIGS. 13 and 17 show the templated SnO, nanotube
sensor performance of FIGS. 11 and 12 over time spaced
exposures to C;H, sensor 1n air at temperatures varying from
25° C. to 400° C. at varying scales.

While the systems, methods, and so on have been illus-
trated by describing examples, and while the examples have
been described 1n considerable detail, it 1s not the intention
of the applicants to restrict or in any way limit the scope of
the appended claims to such detail. It 1s, of course, not
possible to describe every conceivable combination of com-
ponents or methodologies for purposes of describing the
systems, methods, and so on provided herein. Specific
applications include toxic gas monitoring, explosive gas
monitoring, detection of biological agents, and detection of
biological molecules of interest such as cells, viruses, or
proteins. A range ol species are of interest to the scientific
community and industry. One example can be found at
http://www.nasa.gov/centers/johnson/pd1/485930main_S-
MACsGuidelines.pdf Additional advantages and modifica-
tions will readily appear to those skilled in the art. Therefore,
the mvention, 1n 1ts broader aspects, 1s not limited to the
specific details, the representative apparatus, and 1llustrative
examples shown and described. Accordingly, departures
may be made from such details without departing from the
spirit or scope of the applicants’ general inventive concept.
Thus, this application 1s intended to embrace alterations,
modifications, and variations that fall within the scope of the
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appended claims. Furthermore, the preceding description 1s
not meant to limit the scope of the invention. Rather, the
scope of the mvention 1s to be determined by the appended
claims and their equivalents. For example, although we
describe sacrificing the “template” with lhigh temperatures,
one could also sacrifice with pressure or chemical solutions
resulting 1n the templated nanostructure described. More-
over, other templates may be identified and selected for
sensitivity to other desirable substances to test for 1n an air
or liquid environment. Accordingly, the preceding descrip-
tion 1s not meant to limit the scope of the mvention. Rather,
the scope of the invention 1s to be determined by the
appended claims and their equivalents.

As used herein, “connection” or “connected” means both
directly, that 1s, without other 1intervening elements or com-
ponents, as well as indirectly, that 1s, with another compo-
nent or components arranged between the 1tems 1dentified or
described as being connected. To the extent that the term
“includes” or “including” 1s employed in the detailed
description or the claims, 1t 1s mntended to be inclusive 1n a
manner similar to the term “comprising” as that term 1s
interpreted when employed as a transitional word 1n a claim.
Furthermore, to the extent that the term “or” 1s employed 1n
the claims (e.g., A or B) 1t 1s mtended to mean “A or B or
both”. When the applicants intend to indicate “only A or B
but not both™ then the term “only A or B but not both™ will
be employed. Similarly, when the applicants intend to indi-
cate “one and only one” of A, B, or C, the applicants will
employ the phrase “one and only one”. Thus, use of the term
“or” herein 1s the inclusive, and not the exclusive use. See,
Bryan A. Garner, A Dictionary of Modern Legal Usage 624
(2d. Ed. 1993).

The mvention claimed 1s:

1. A method of manufacturing a templated nanostructure
microsensor, the method comprising:

providing a carbon-based template material with morpho-

logical properties usable 1n sensing a detectable mate-
rial;

coating the carbon-based template material with a pre-

cipitate coating forming a combined structure such that
the morphological properties of the carbon-based tem-
plate material are imprinted 1n an interior surface of a
precipitate coating having a crystallite size, wherein the
precipitate coating comprises a metal oxide precipitate,
the metal oxide selected from the group consisting of:
tin tungsten oxide, titanium dioxide, mdium oxide,
indium tin oxide, zirconia, zinc oxide, copper oxide and
iron oxide;

heat treating the combined structure 1 an environment

containing oxygen such that the carbon-based template
material 1s sacrificed leaving the precipitate coating
having the interior surface imprinted with the morpho-
logical properties;

connecting physically spaced electrodes with nanostruc-

tures of the precipitate coating; and
depositing an upper electrode onto the physically spaced
clectrodes to bury points of contact between the physi-
cally spaced electrodes and the nanostructures;

wherein the morphological properties imprinted on the
interior surface of the precipitate coating are used as a
sensor via a depletion layer of the precipitate coating,
wherein the crystallite size 1s less than twice a depth of
the depletion layer of the precipitate coating.

2. The method as set forth in claim 1, further comprising,
detecting a change in an electrical property between the
connected physically spaced electrodes at a temperature 1n

the range of 25° C. and 600° C.
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3. The method as set forth 1n claim 2, where the change
in the electrical property indicates presence of the detectable
material.

4. The method as set forth 1n claim 3, where the detectable
material comprises hydrocarbon-based molecules, hydra-
zine, formaldehyde, oxidizers, nitrogen oxides, nitrogen
tetraoxides, flourines, chlorines, and ammonia.

5. The method as set forth 1n claim 3, where the detectable
material comprises biological molecules 1n an aqueous solu-
tion.

6. The method as set forth in claim 1, wherein the
physically spaced electrodes are patterned and aligned with
one another.

7. The method as set forth 1n claim 6, further comprising,
prior to depositing the upper electrode, aligning the nano-
structures with patterns of the physically spaced electrodes
via application of an electric field to the physically spaced
clectrodes.

8. The method as set forth in claim 7, wherein the patterns
of the physically spaced electrodes comprise sawtooth pat-
terns and the nanostructures are aligned between tips of the
sawtooth patterns.

9. The method as set forth in claam 1, wherein the
detectable material 1s a reducing gas.

10. The method as set forth in claim 1, wherein the
carbon-based template comprises multiwall carbon nano-
tubes.

11. The method as set forth in claam 1, wherein the
carbon-based template comprises single wall carbon nano-
tubes.

12. The method as set forth in claim 1, wherein the
crystallite size 1s approximately 5 nanometers.
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13. A method of manufacturing a templated nanostructure
microsensor, the method comprising:

providing a carbon-based template material having a
surface area usable 1n sensing a detectable material;

coating the carbon-based template material with a pre-
cipitate coating having a crystallite size, thereby form-
ing a combined structure such that the surface area of
the carbon-based template material 1s 1dentically
imprinted 1n the precipitate coating, wherein the pre-
cipitate coating comprises a metal oxide precipitate, the
metal oxide selected from the group consisting of: tin
oxide, tungsten oxide, titanium dioxide, indium oxide,
indium tin oxide, zirconia, zinc oxide, copper oxide and
iron oxide;

heat treating the combined structure in an environment
containing oxygen such that the carbon-based template
material 1s sacrificed leaving the precipitate coating
having the identical surface area imprint of the carbon-
based template material;

connecting separate electrodes with nanostructures of the
precipitate coating; and

depositing an upper electrode onto the separate electrodes

to bury points ol contact between the separate elec-
trodes and the nanostructures,

wherein the 1dentical surface area imprint of the carbon-
based template material 1s used as a sensor via a
depletion layer of the precipitate coating, wherein the
crystallite size 1s less than twice a depth of the depletion
layer of the precipitate coating.
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