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CARBON NANOTUBE TEMPERATURE AND
PRESSURE SENSORS

This invention was made with government support under
contract no. DE-AC05-000R22725 awarded by the U.S.
Department of Energy. The government has certain rights in
the invention.

FIELD OF THE INVENTION

The present invention generally relates to sensors com-
posed of nanoscale structures, such as carbon nanotubes.

BACKGROUND OF THE INVENTION

Materials technology has had a profound impact on the
evolution of human civilization. In the 21°* century, people are
developing smart materials and smart sensors. Typically,
materials employed for temperature and pressure sensing
applications, such as polymers, exhibit both responses simul-
taneously, making it difficult to determine whether a change
in temperature, pressure or both has occurred. More specifi-
cally, because temperature and pressure sensors composed of
polymeric sensing elements respond simultaneously to both
pressure and temperature it is difficult to determine what
external environment has been applied to the sensor.

SUMMARY OF THE INVENTION

In one embodiment a sensor is provided that includes a first
sensor element for measuring temperature and a second sen-
sor element for measuring pressure. Broadly, the sensor
includes a substrate, a first sensor element present on a first
portion of the substrate composed of a first plurality nano-
structures having a fixed number of electrical junctions,
wherein changes in resistance or capacitance of the electri-
cally interconnected carbon nanotubes is correlated to tem-
perature measurements that are independent of pressure, and
a second sensor element composed of a second plurality of
nanostructures in which the number of junctions between the
second plurality of nanostructures varies with changes in
pressure that is applied to the second sensor element wherein
resistance or capacitance changes in response to changes in
the number of junctions between the second plurality of car-
bon nanotubes is correlated to a pressure measurement.

In one embodiment, a method of measuring temperature is
provided that is independent of pressure. Broadly, the method
may include providing a sensor element composed of a plu-
rality of electrically interconnected nanostructures having a
fixed number of junctions between each of the electrically
interconnected nanostructures, applying a current through the
electrically interconnected nanostructures, measuring elec-
trical properties of the electrically interconnected nanostruc-
tures in response to an application of temperature to the
sensor element, and correlating the electrical properties of the
electrically interconnected nanostructures to temperature.

In one embodiment, a temperature sensor is provided that
may be employed in the above described method of measur-
ing temperature. Broadly, the temperature sensor may include
a sensor element including a plurality of electrically intercon-
nected carbon nanotubes having a fixed number of junctions
between each of the electrically interconnected nanotubes, at
least one electrical contact to the sensor element in electrical
communication with the plurality of electrically intercon-
nected carbon nanotubes, and a power source in connection
with the at least one electrical contact providing a substan-
tially constant current to the plurality of electrically intercon-
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nected carbon nanotubes, wherein resistance or capacitance
of the electrically interconnected carbon nanotubes is corre-
lated to temperature.

In another aspect, a temperature sensor is provided in
which at least two carbon nanotubes are utilized in a thermo-
couple arrangement. Broadly, the temperature sensor
includes a thermocouple body including a first carbon nano-
tube and a second carbon nanotube, the first carbon nanotube
and the second carbon nanotubes having a junction at a first
end of the thermocouple body, wherein the first carbon nano-
tube and the second carbon nanotube have dissimilar electri-
cal properties, and a voltmeter in electrical communication
with the first carbon nanotube and the second carbon nano-
tube, wherein the application of temperature to the first end of
the thermocouple body produces a current in a circuit com-
posed of the first carbon nanotube and the second carbon
nanotube that is proportional to a temperature that is applied
to the junction at the first end of the thermocouple body.

In another aspect, a method of measuring pressure is pro-
vided. Broadly, the method of measuring pressure includes
providing a sensor element including a plurality of nanostruc-
tures; applying a current or voltage through the plurality of
nanostructures; measuring electrical properties of the plural-
ity of nanostructures in response to an application of pressure
that increases or decreases a number of junctions in the plu-
rality of nanostructures in the sensor element; and correlating
the electrical properties of the plurality of nanostructures to
pressure.

In one embodiment, a pressure sensor is provided that may
be employed in the above-described method. Broadly, the
pressure sensor includes a sensor element comprised of a
plurality of vertically aligned carbon nanotubes fixed to a
substrate, at least one electrical contact to the vertically
aligned carbon nanotubes carbon nanotubes, and a power
source in connection with the at least one electrical contact
providing a substantially constant current to the plurality of
vertically aligned carbon nanotubes carbon nanotubes,
wherein resistance or capacitance of the electrically intercon-
nected carbon nanotubes is correlated to pressure.

In another embodiment, a pressure sensor is provided that
includes a plurality of flexible membranes each including
electrically interconnected nanostructures, and a power
source to the electrically interconnected nanostructures,
wherein an external force applied to the pressure sensor
deforms at least one of the plurality of flexible membranes
into contact with an adjacent flexible membrane of the plu-
rality of flexible membranes, in which changes in the electri-
cal properties of the plurality of flexible membranes that
results from the external force is correlated to a pressure value
for the external force.

In another aspect, the present invention provides a sensor
that includes a sensor element including a plurality of elec-
trically interconnected nanostructures, a power supply to the
plurality of electrically interconnected nanostructures,
wherein the connectivity of the power supply to the electri-
cally interconnected nanostructures provides a circuit, and a
resonator in electrical communication with the circuit, in
which electrical properties to the electrically interconnected
nanostructures are varied by application of temperature or
pressure to the pad, wherein changes in the electrical proper-
ties result in an impedance change in the circuit that produces
a frequency response in the resonator, wherein the frequency
response of the resonator is correlated to temperature or pres-
sure.

BRIEF DESCRIPTION OF THE DRAWINGS

The following detailed description, given by way of
example and is not intended to limit the invention solely
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thereto, will best be appreciated in conjunction with the
accompanying drawings, wherein like reference numerals
denote like elements and parts, in which:

FIG. 1 is a photograph depicting a perspective view of one
embodiment of a temperature sensor, in accordance with the
present invention.

FIG. 2 pictorially depicts one embodiment of a network of
electrically interconnected carbon nanotubes as used in
accordance with the present invention.

FIG. 3 is a plot depicting the temperature dependent resis-
tivity characteristics of at least one embodiment of a network
of carbon nanotubes as used in accordance with the present
invention.

FIG. 4 depicts a side view of a temperature sensor com-
posed of a thermocouple body that includes at least two
carbon nanotubes, in accordance with one embodiment of the
present invention.

FIGS. 5A and 5B depict side cross-sectional views of one
embodiment of a pressure sensor composed of a plurality of
nanostructures, such as carbon nanotubes, extending from a
polymer containing skin, in accordance with the present
invention.

FIGS. 6A-6C depict side cross-sectional views of one
embodiment of a pressure sensor composed of a plurality of
nanostructures, such as carbon nanotubes, contained within a
polymer skin, in accordance with the present invention.

FIGS. 7A-7C depict side cross-sectional views of one
embodiment of a pressure sensor that includes a layered
arrangement of nanostructures, such as carbon nanotubes, in
accordance with the present invention.

FIG. 8 depicts a side cross-sectional view of a sensor
including separate sensor elements for independent measure-
ments of pressure and temperature, in accordance with the
present invention.

FIGS. 9A, 9B, and 9C are plots depicting the linearity of
the temperature dependent resistivity characteristics of at
least one temperature sensor incorporating a sensor element
having carbon nanotubes present therein, as used in accor-
dance with the present invention.

FIGS. 10A, 10B, and 10C are plots depicting the effect of
pressure on the temperature sensing abilities of the sensor that
provided the data illustrated in FIGS. 9A-9C.

FIGS. 11A-11B are plots of a change in voltage (delta
voltage (V)) as a function of time that illustrates the pressure
sensing performance of a pressure sensor composed of verti-
cally aligned carbon nanotubes, as used in accordance with
the present invention.

FIGS. 12A-12C are illustrations of a pressure sensor used
to provide the plots depicted in FIGS. 11A-11B, in which the
pressure sensor is composed of a plurality of vertically
aligned carbon nanotubes extending from a first electrode to
a second electrode, in accordance with the present invention.

FIGS. 13A, 13B, and 13C are plots depicting the effect of
temperature on the pressure sensing abilities of a pressure
sensor including vertically aligned carbon nanotubes, in
accordance with the present invention.

FIGS. 14A-14C depict the frequency response of a sensor
being subjected to temperature changes, wherein the sensor
includes a sensor element having carbon nanostructures
present therein, in accordance with one embodiment of the
present invention.

FIGS. 14D and 14F are plots that illustrate the impedance
response of a mat of single wall carbon nanotubes to changes
in temperature.

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to the application of carbon
nanotubes to temperature and pressure sensors, wherein the
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nature of the interconnection of the carbon nanotubes dictates
the sensing characteristics of the sensor. The electrical prop-
erties, e.g., resistance, of carbon nanotubes have been deter-
mined to have a linear response to changes in temperature. In
one example, by fixing the number of junctions between
adjacent carbon nanotubes, the electrical pathway by which
current travels through a plurality of electrically intercon-
nected carbon nanotubes is held constant. By fixing the num-
ber electrical pathways through the plurality of electrically
interconnected carbon nanotubes, the linearity of the electri-
cal property response of the carbon nanotubes to variations in
temperature may be realized so that temperature is measured
independent of pressure.

In other embodiments of the present invention, the number
of junctions may be varied in response to pressure. More
specifically, when the number of junctions between adjacent
carbon nanotubes that provide a plurality of electrically inter-
connected carbon nanotubes is not fixed, the application of
pressure can increase the number of junctions to provide for
an increase in the number of electrical pathways by which
current travels through the electrically interconnected carbon
nanotubes. Because, the decrease in resistance that results
from the increased number of electrical pathways is at least
one order of magnitude greater than the linear response of the
electrical properties of the carbon nanotubes to temperature,
the pressure may be measured independent of temperature.

Using the above principles, and by controlling the junction
behavior between electrically interconnected carbon nano-
tubes, sensor elements may be provided in which temperature
is measured independent of pressure and pressure is mea-
sured independent of temperature. Further, sensors can be
provided that include a combination of temperature and pres-
sure sensor elements, in which temperature sensor elements
measure temperature independent of pressure, and pressure
sensor elements measure pressure independent of tempera-
ture.

Detailed embodiments of the present invention are dis-
closed herein; however, it is to be understood that the dis-
closed embodiments are merely illustrative of the invention
that may be embodied in various and alternative forms. In
addition, each of the examples given in connection with the
various embodiments of the invention are intended to be
illustrative, and not restrictive. Further, the figures are not
necessarily to scale, some features may be exaggerated to
show details of particular components. Therefore, specific
structural and functional details disclosed herein are not to be
interpreted as limiting, but merely as a representative basis for
teaching one skilled in the art to variously employ the present
invention.

When describing the inventive structures and methods, the
following terms have the following meanings, unless other-
wise indicated.

Asused herein a “sensor element” is the portion of a sensor
that is exposed to a pressure or temperature to be measured.

As used herein a “nanostructure” is an object having at
least one dimension between molecular and microscopic (mi-
crometer-sized) dimension.

“Nanotube” as used herein is meant to denote one form of
nanostructure having an aspect ratio of length to width greater
than 10. The term “nanotube” includes single wall and multi-
wall nanotubes unless specifically specified as distinct. In one
embodiment, a carbon nanotube is at least one graphene layer
wrapped into a cylinder. In one embodiment, a single wall
carbon nanotube is a graphene rolled up into a seamless
cylinder with diameter of the order of a nanometer. A multi-
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wall carbon nanotube is a plurality of graphene sheets rolled
up into a seamless cylinder with diameter of the order of a
nanometer.

“Electrical contact” means the electrically conductive con-
nection from the plurality of electrically interconnected nano-
tubes to the circuit from which electrical properties are mea-
sured.

“Electrically interconnected” as used in conjunction with
nanostructures means an electrically conductive pathway that
is composed of at least two nanostructures that are engaged in
electrical communication.

“Junction” with respect to nanostructures, e.g., nanotubes,
means a point at which two nanostructures can transfer elec-
trical charge from a first nanostructure to a second nanostruc-
ture in a plurality of electrically interconnected nanostruc-
tures.

“Electrically conductive”, “electrical communication”,
and/or “electrically communicating” as used through the
present disclosure means a material having a room tempera-
ture conductivity of greater than 10~*(Q2-m)~*.

“Linear” as used to describe the response in the electrical
properties of the sensor element (having electrically intercon-
nected carbon nanotubes therein) to changes in temperature
means that a plot of the electrical properties of the sensor
element, e.g., resistance or current, verses the temperature
applied to the sensor element has a linear slope.

The term “independent” as used to describe the relation-
ship between temperature and pressure in a sensor element
that is measuring temperature means that there is substan-
tially no change in the linear response of the electrical prop-
erties of the sensing element to changes in temperature by the
application of pressure, so long as the application of pressure
does not change the number of points of interconnection
between the electrically interconnected carbon nanotubes in
the sensor element.

A “matrix” is a medium between nanostructures that may
be composed of a gas, liquid or solid.

For purposes of the description hereinafter, the terms
“upper”, “lower”, “right”, “left, “vertical”, “horizontal”,
“top”, “bottom”, “beneath”, “underlying”, “below”, “overly-
ing” and derivatives thereof shall relate to the invention, as it
is oriented in the drawing figures.

References in the specification to “one embodiment”, “an
embodiment”, “an example embodiment”, etc., indicate that
the embodiment described may include a particular feature,
structure, or characteristic, but every embodiment may not
necessarily include the particular feature, structure, or char-
acteristic. Moreover, such phrases are not necessarily refer-
ring to the same embodiment. Further, when a particular
feature, structure, or characteristic is described in connection
with an embodiment, it is submitted that it is within the
knowledge of one skilled in the art to affect such feature,
structure, or characteristic in connection with other embodi-
ments whether or not explicitly described.

The present invention embodies the use of nanostructures,
e.g., carbon nanotubes, such as nanotube mats, nanotube
arrays, and composites thereof, as temperature and pressure
sensors. In some examples, configurations of nanostructures,
e.g., carbon nanotubes, such as nanotube mats, exhibit tem-
perature sensing abilities, e.g., resistance as a function of
temperature (resistance vs. temperature), with little to no
pressure dependence, i.e., insensitive to pressure, so that tem-
perature may be measured and sensed independent of pres-
sure. In other embodiments, configurations of nanostructures
are described that exhibit pressure sensing abilities, e.g., pres-
sure as a function of temperature (pressure vs. temperature),
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with little to no temperature dependence, i.e., insensitive to
temperature, so that pressure may be measured and sensed
independent of temperature.

Although the following description is directed to tempera-
ture and pressure sensors having sensor elements composed
of carbon nanotubes, the present invention is not limited
thereto, as other nanostructures have been contemplated and
are within the scope of the present invention. For example, the
nanostructures that may be utilized in the sensor structures of
the present invention include, but are not limited to: nanorib-
bons, such as carbon or ZnO nanoribbons; nanorods, such as
ZnO nanorods doped with F, N, or In,O; nanorods doped with
Sn; or nanocylinders, such as single walled nanotubes, double
wall nanotubes, few wall nanotubes, or multi-wall nanotubes.
In one embodiment, the material of the nanostructures could
be carbon and/or a metal oxide that is doped to increase
conductivity, for example doped with small molecules or
metal ions. Additionally, nanowires, nanotubes and nanopar-
ticles have been considered as suitable materials to provide
the temperature and pressure sensors that are disclosed
herein.

FIG. 1 is a photograph depicting one embodiment of a
temperature sensor 100 having at least one sensor element 10
that includes nanostructures present therein. The temperature
sensor 100 may include a sensor element 10 that in one
embodiment is provided by a plurality of electrically inter-
connected carbon nanotubes having a fixed number of junc-
tions between each of the electrically interconnected carbon
nanotubes. In one embodiment, the plurality of electrically
connected carbon nanotubes are fixed to a rigid substrate 5.
The temperature sensor 100 may further include at least one
electrical contact 12 to the sensor element 10 in electrical
communication with the plurality of electrically intercon-
nected carbon nanotubes. A power source 16 may also be
present that is in connection with the at least one electrical
contact 12 to provide a substantially constant current to the
plurality of electrically interconnected carbon nanotubes. In
one embodiment, in which the sensor element 10 is applied to
an exterior temperature or pressure, the resistance or capaci-
tance of the electrically interconnected carbon nanotubes is
correlated to temperature, hence providing a measurement for
the exterior temperature.

In one embodiment, the electrically interconnected carbon
nanotubes that are incorporated within the sensor element 10
are comprised of a mat of single or multi-wall carbon nano-
tubes. In one example, the electrically interconnected carbon
nanotubes are provided by single wall carbon nanotube mats,
as depicted in FIG. 2. In some instances, due to the mecha-
nisms of charge conduction in carbon nanotubes 21, and the
geometry of their networks, the resistance of nanotube net-
works display a linear temperature dependent phenomena.
Typically, a single wall carbon nanotube mat is provided in
the form of a thin electrically conductive film on a substrate 5,
that in some instances may be transparent, which provides the
sensor element 10. As depicted in FIG. 2, single wall carbon
nanotube networks 20 are principally bundles 22 and junc-
tions 23. Each bundle 22 may include a plurality of substan-
tially parallel carbon nanotubes 21. Current flows along the
bundle 22 of pseudo metallic segments, i.e., carbon nanotubes
21, and hops to another bundle 22 at the junctions 23 between
the bundles 22. Current hoping is a fluctuation induced tun-
neling between metallic regions, i.e., bundle 22 of carbon
nanotubes 21, across thin barriers, i.e., matrix that is present
between the bundles 22 of carbon nanotubes 21 at the junc-
tions 23.

It has been determined that the electrical resistivity of
circuits formed using the above described carbon nanotube
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networks varies with changes in temperature. More specifi-
cally, in one embodiment, when a change in temperature is
applied to a circuit that has been formed using a network of
electrically interconnected carbon nanotubes a change in the
resistivity of that circuit may be measure. For example, an
oriented film of multiwall nanotubes may have a resistivity
that is measured along the longest axis of the carbon nanotube
of approximately 20 m€2*cm or less at a temperature of 300K,
which has been measured to increase gradually in a linear
manner with increasing temperature. By linear it is meant that
when the resistivity is plotted as a function of temperature the
slope of the line will be substantially equal to y=m(x)+b.

In one embodiment, the electrically interconnected carbon
nanotubes have a temperature dependent resistivity that is
defined by:

p(D=aT+pexp(T/(T+T)))

wherein p is the resistance in ohms/cm?, T is the tempera-
ture, o and p, are temperature independent constants which
incorporate geometric factors of the sample, T,is the tempera-
ture corresponding to thermal voltage fluctuations which
increase energy of electronic states above the activation
energy, and T/T, is the ratio defining the tunneling in the
absence of thermal fluctuations. The expression T repre-
sents the metallic conductivity, i.e., the conductivity of the
carbon nanotubes 21, and the expression p, exp(T/(T+T,))
represents the barrier hoping conductivity that is measured at
the nanotube bundle junctions 23 or nanotube defects.

Using the above temperature dependent resistivity charac-
teristics of the electrically interconnected carbon nanotubes,
atemperature sensor 100 may be provided in which a current
is passed through a circuit containing the electrically inter-
connected carbon nanotubes, wherein changes in the resistiv-
ity that are measured from the electrically interconnected
carbon nanotubes can be correlated to temperature. FIG. 3
depicts a plot indicated by reference number 4 of one embodi-
ment of the linearity that may be provided by a temperature
sensor including a sensor element 10 composed of a plurality
ofelectrically interconnected carbon nanotubes. The linearity
of the relationship between resistance and temperature is
maintained so long as the temperature does not affect the
interconnectivity of the carbon nanotubes. For example,
when the interconnectivity of the carbon nanotubes is dictated
by a supporting material, such as a rigid substrate 5, the
linearity of the relationship between resistance and tempera-
ture is maintained so long as the temperature does not degrade
the structural integrity of the supporting material. In one
embodiment, the linearity of the relationship between resis-
tivity and temperature of the sensor element 10 of the tem-
perature sensor 100 is maintained at temperatures as great as
about 550° K. In one embodiment, the linearity of the rela-
tionship between resistivity and temperature of the sensor
element 10 of the temperature sensor 100 is maintained at
temperatures ranging from about 0° K to about 500° K, typi-
cally ranging from about 150° K to about 300° K.

One feature of carbon nanotube that contributes to the
linear electrical property response to the application of tem-
perature is that carbon nanotubes have a zero thermal expan-
sion coefficient. Therefore, because the application of tem-
perature does not result in a dimensional change of'the carbon
nanotubes, the junctions between the electrically intercon-
nected carbon nanotubes are not affected by temperature
variations.

In one aspect of the invention, due to the fixed number of
junctions 23 between the plurality of electrically intercon-
nected carbon nanotubes 21 in the sensor element 10, the
temperature response that may be measured through electri-
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cal resistivity is independent of pressure. More specifically,
because the electrically interconnected carbon nanotubes 21
have a fixed number of junctions 23, the electrically conduc-
tive pathways though the electrically interconnected carbon
nanotubes 21 are not varied by changes in pressure. In
embodiments of the invention in which the number of junc-
tions 23 are not fixed, pressure changes can vary the number
of junctions 23, which in turn changes the number of electri-
cal pathways through the plurality of electrically intercon-
nected carbon nanotubes 21, hence changing the resistivity of
the plurality of electrically interconnected carbon nanotubes
21. Therefore, fixing the number of junctions 23 in the plu-
rality of electrically interconnected carbon nanotubes 21
eliminates or at least minimizes the changes in electrical
properties that typically result from pressure changes applied
to the sensor element 10. Because the number of junctions 23
of the electrically interconnected carbon nanotubes 21 are
fixed, the linear electrical property response of the plurality of
electrically interconnected carbon nanotubes 21 to tempera-
ture can be measured without variation that results from the
application of pressure, hence providing a sensor element 10
for measuring temperature that is insensitive to pressure. The
thickness of the sensor element 10 of electrically intercon-
nected carbon nanotubes is another factor that may contribute
to the pressure independence of the temperature reading by
providing a substantially fixed array of electrically intercon-
nected carbon nanotubes. For example, a single layer of elec-
trically interconnected carbon nanotubes on a substrate
would be less susceptible to variations in electrical properties
that result from pressure applications than multiple layers of
electrically interconnected carbon nanotubes to the applica-
tion of pressure, because a sensor element having a single
layer of carbon nanotubes would eliminate the possibility of
junctions formed by compressing the carbon nanotubes ofthe
multiple layers into electrical contact in a manner that would
increase the number of junctions between the carbon nano-
tubes. In one embodiment, the fixed nature of the bundles of
carbon nanotubes may be aided by the introduction of a rigid
matrix, such as a polymer having a shear modulus 0£0.01 GPa
at 300° K or greater, wherein in some examples the matrix
material may have a shear modulus of 0.1 GPa at 300° K or
greater.

The application of pressure to the sensor element 10 of a
pressure independent temperature sensor 100 may result in a
change in the value of the resistance for the electrically inter-
connected carbon nanotubes 21 that is no greater than varia-
tions in the resistance that occurs from experimental error,
i.e., measurement error. Measurement error for the resistance
may result from contact resistance within the measurement
device or contact resistance from the measurement device to
the sensor element 10. Variations from measurement error for
the resistance of the sensor element 10 may be about 15.0% or
less of the resistance being measured, more typically being
less than 10.0%, and in some instances as low as 5.0% or less.
Therefore, the application of pressure to the sensor element
10 of a pressure independent temperature sensor 100 may
result in a change in the value of the resistance for the elec-
trically interconnected carbon nanotubes 21 that is not greater
than 10%. In an even further embodiment, the electrical prop-
erties of the sensing element that are correlated to a tempera-
ture value are not varied by a value greater than 5% by the
application of a pressure. In yet another embodiment, the
electrical properties of the sensing element that are correlated
to a temperature value are not varied by a value greater than
0.5% by the application of a pressure.

In one embodiment, the thickness of the sensor element 10
may be greater than 20 nm. In one example, the thickness of
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the sensor element 10 of the electrically interconnected nano-
tubes 21 is no greater than 100 nm. In another embodiment,
the thickness of the sensing element 10 that includes the pad
11 of the electrically connected nanotubes 21 ranges from
about 20 nm to about 50 nm. In an even further embodiment,
the thickness of the sensing element 10 of the electrically
connected nanotubes 21 is less than 20 nm.

The carbon nanotubes 21 that provide the sensing element
10 typically have a high purity, i.e., have a low incidence of
impurities. In one embodiment, the carbon nanotubes may
have a high purity on the order of about 95% to about 99%
carbon. In an even further embodiment, the carbon nanotubes
have a high purity on the order of about 99% or greater.

The electrically interconnected carbon nanotubes having a
fixed number of junctions may be provided by mat of carbon
nanotubes, such as a mat of single wall carbon nanotubes. In
one embodiment, a mat of single wall carbon nanotubes may
be provided by laser vaporization. In one embodiment, the
single wall carbon nanotubes are formed using laser vapor-
ization in combination with a catalyst, such as a metal cata-
lyst. In one embodiment, the catalyst is supported on a sub-
strate, such as a graphite substrate, or the catalyst may be
floating metal catalyst particles. In one embodiment, the
metal catalyst may be composed of Fe, Ni, Co, Rh, Y oralloys
and combinations thereof.

In one embodiment, laser vaporization includes a laser
beam that impinges on a carbon (also referred to as graphite)
target, such as a volume of a carbon containing feedstock gas,
e.g., methane or carbon monoxide. In one embodiment, the
laser used to vaporize the carbon target is a pulsed laser or is
a continuous laser, wherein the carbon target is present in an
oven at a temperature on the order of about 1200° C. In one
embodiment, a pulsed laser has a light intensity on the order
of about 100 kW/cm?, wherein a continuous laser has a light
intensity on the order of about 12 kW/cm?. In one embodi-
ment, the oven is filled with helium or argon gas in order to
keep the pressure at 500 Torr.

In one embodiment, vapor plumes form, expand and cool.
As the vaporized species cools, carbon molecules and atoms
quickly condense to form larger clusters, which may include
fullerenes. In one embodiment, the catalysts also begin to
condense and attach to carbon clusters and prevent their clos-
ing into cage structures. Catalysts may open cage structures
when they attach to them. In one embodiment, from these
initial clusters, tubular molecules grow into single-wall car-
bon nanotubes until the catalyst particles become too large, or
until conditions have cooled sufficiently that carbon no longer
can diffuse through or over the surface of the catalyst par-
ticles. In one embodiment, the single-wall carbon nanotubes
formed in this case are bundled together by van der waals
forces to provide the network similar to that depicted in FIG.
2.

The diameter of a single wall nanotube, as used in accor-
dance with the present invention, typically ranges from about
1 nanometer to about 50 nanometers. In another embodiment,
the diameter of a single wall nanotube ranges from about 1.2
nanometers to about 1.6 nanometers. In one embodiment the
length of a single wall nanotube, as used in accordance with
the present invention ranges from about 50 nanometers to
about 10 microns. In another embodiment, the length of a
single wall nanotube ranges from about 10 microns to about
20 millimeters. In one embodiment, the nanotubes used in
accordance with the present invention have an aspect ratio of
length to diameter on the order of approximately 200:1.

The carbon nanotubes produced by laser vaporization are
typically formed in bundles. A bundle is a plurality of inter-
connected carbon nanotubes. In one example, a bundle of
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nanotubes contains on the order of 10,000 nanotubes or less.
In another example, a bundle of nanotubes typically includes
on the order of approximately 50 to approximately 5000
nanotubes. In one embodiment, a bundle of nanotubes has a
diameter on the order of about 0.9 nm or greater.

The nanotubes comprise a majority of carbon typically
being of high purity. In other examples, the nanotubes include
a carbon content ranging from being greater than 50%,
wherein a purification process is utilized to provide carbon
nanotubes having of high purity, such as greater than 90%
carbon. In one embodiment, the carbon nanotubes may be
purified by a process that includes an acid treatment followed
by an oxidation. In one embodiment, the acid treatment may
include treatment and oxidation steps are provided by a dilute
HNO,; reflux/air oxidation procedure.

In a following process step, the carbon nanotubes may be
doped to adjust the conductivity of the carbon nanotubes. In
one embodiment, n-type and p-type doping of carbon nano-
tubes is desirable to tune the conductivity of the carbon nano-
tubes for sensor applications. P-type denotes that the nano-
tube includes an excess of holes, i.e., positive charge carriers,
wherein the nanotube may be doped with dopants to provide
the excess of holes. N-type denotes that the nanotube includes
an excess of electrons, i.e., negative charge carriers, wherein
the nanotube may be doped with dopants to provide an excess
of electrons.

In one embodiment, the carbon nanotubes become p-type
following growth once exposed to the ambient air, wherein
oxygen molecules are absorbed onto the carbon nanotube
surface and through surface interactions alter the nanotube’s
electrical state rendering the nanotubes p-type conductivity.
In another embodiment, exposure of the nanotube to potas-
sium atoms may result in absorption of the potassium to the
carbon nanotube, which dopes that region of the nanotube
n-type. In a further embodiment, exposure of the carbon
nanotube to fluorinated carboxylic acids and sulfonic acids
produces a p-type conductivity carbon nanotube.

The nanotubes may be doped during production; purifica-
tion processing, and/or post-processing. In one embodiment,
the nanotubes may be doped during synthesis or by post
processing through the use of gases, liquids, or solids, such as
polymers, such as the polymers used in the polymer matrix.
For example, post-growth doping nanotubes may be accom-
plished via deposition of dopant from vapor, liquid of solid
phase in controlled atmosphere, vacuum or air. In one
embodiment, deposition of dopants from vapor includes
vapor gas absorption onto the carbon nanotubes. In one
embodiment, deposition of dopants from liquid includes lig-
uid dipping followed by a post treatment that may include
heating and/or cooling. Examples of dopants may include,
but at not limited to: nitric acid, thionyl chloride (SOCl,),
triethylamine (Et;N), pyridine (C;HSN), orthodichloroben-
zene or combinations thereof.

Although the above description is related to bundles of
single or multi-wall carbon nanotubes, embodiments have
been contemplated in which vertically aligned carbon nano-
tubes have been utilized in temperature sensors, so long as the
vertically aligned carbon nanotubes are fixed in a rigid matrix
so that the number of junctions that provide the electrical
pathway though the sensor element 10 may be fixed.

Referring to FIG. 1, the sensor element 10 that is provided
by the plurality of electrically interconnected carbon nano-
tubes is typically fixed to a rigid substrate 5. Rigid as used to
describe the substrate 5 to which the electrically intercon-
nected carbon nanotubes is fixed means that the substrate 5
has a shear modulus of 0.01 GPa at 300° K or greater. In one
embodiment, the substrate 5 has a shear modulus ranging
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from 0.01 GPa to 478 GPa. In an even further embodiment,
the substrate 5 has a shear modulus ranging from 1 GPato 100
GPa. The rigid substrate 5 is typically composed of a glass,
plastic, metal, or semiconductor material.

In one embodiment, the plurality of electrically intercon-
nected carbon nanotubes may be positioned on the substrate 5
using a variety of deposition techniques that may include, but
are not limited to: filtration of nanotubes from solutions onto
filter paper and transferal to the substrate 5, spray deposition
of solvated or suspended nanotubes, inkjetting, electro-
phoretic deposition onto substrates, electrospinning or a com-
bination thereof.

In some embodiments, the plurality of electrically inter-
connected carbon nanotubes may be disposed within a matrix
that may include, but is not limited to: insulating or conduc-
tive polymers, ceramics, metal powders and combinations
thereof. The matrix may be employed to enhance or restrict
conduction between the nanotubes themselves in the inter-
connected network. In one embodiment, the matrix may be
composed of a polymer selected from the group including:
but not limited to: poly(phenylene vinylene), polythiophenes,
polypyridines, poly(pyridyl vinylenes), polyphenylenes and
copolymers of these materials. In one embodiment, the poly-
mer of the matrix may be a conjugated polymer. Conjugated
polymers have a framework of alternating single and double
carbon-carbon and/or carbon-nitrogen bonds or carbon-sul-
furbonds. Single bonds are referred to as o-bonds, and double
bonds contain a o-bond and a z-bond. Conjugated polymers
have a o-bond backbone of overlapping sp> hybrid orbitals.
The remaining out-of-plane p,), orbitals on the carbon (or
nitrogen) atoms overlap with neighboring p, orbitals to give
nt-bonds. When the sensor element 10 that is composed of the
plurality of electrically interconnected carbon nanotubes fur-
ther includes a polymer matrix, the nanotubes may be depos-
ited atop the substrate 5 using spray deposition followed by
spray deposition of the polymer matrix.

Still referring to FIG. 1, the at least one electrical contact 12
to the plurality of electrically interconnected carbon nano-
tubes is typically composed of a metal, such as a metal foil,
that provides for electrical communication between the
power source 16, e.g., a battery, and the electrically intercon-
nected carbon nanotubes. In one embodiment, the metal that
provides the electrical contact 12 may be gold, copper, alu-
minum, silver, platinum and alloys thereof. In one example,
the electrical contact 12 is provided by evaporating gold to a
thickness of approximately 1000 A onto a portion of the
electrically interconnected carbon nanotubes, wherein cop-
per wires may be subsequently attached to the electrical con-
tact 12 using silver epoxy. It is noted that the material of the
electrical contact 12 should not be limited solely to metal, as
any electrically conductive material is suitable.

The power source to the sensor element 10 including the
electrically interconnected carbon nanotubes can be an AC or
DC power supply. In the embodiments of the invention in
which the power source is a DC power supply, measurements
of the resistance of the electrically interconnected carbon
nanotubes are correlated to the temperature. In the embodi-
ments of the invention in which the power source comprises
an AC power supply, the capacitance of the electrically inter-
connected carbon nanotubes is measured and correlated to
temperature. The power supply typically provides a constant
value to provide a current through the electrically intercon-
nected carbon nanotubes from which the voltage can be mea-
sured and in turn the resistance then determined.

In one embodiment, the above temperature sensor 100 is
utilized in a method of measuring temperature that includes
providing a sensor element 10 composed of a plurality of
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electrically interconnected carbon nanotubes 21 having a
fixed number of junctions 23 between each of the electrically
interconnected carbon nanotubes 21, applying a current
through the electrically interconnected carbon nanotubes 21,
measuring electrical properties of the electrically intercon-
nected carbon nanotubes 21 in response to an application of
temperature to the sensor element 10, and correlating the
electrical properties of the electrically interconnected carbon
nanotubes 21 to temperature. The electrical properties of the
electrically interconnected carbon nanotubes 21 may be resis-
tance or capacitance. The correlation of resistance or capaci-
tance to temperature may be conducted using a computer.

In another aspect of the invention, carbon nanotubes may
be configured to provide a temperature sensor having a ther-
mocouple type arrangement. More specifically, in one
embodiment, two dissimilar carbon nanotubes 200a, 2005 are
positioned to have at least one junction 210, as depicted by
FIG. 4. In one embodiment, the temperature sensor includes
athermocouple body having a first carbon nanotube 2004 and
a second carbon nanotube 2005, wherein the first carbon
nanotube 2004 and the second carbon nanotube 2005 inter-
connect at a junction 210 that is present at a first end of the
thermocouple body, which is to be applied to the temperature
to be measured. The first carbon nanotube 200a and the sec-
ond carbon nanotube 200 have dissimilar electrical proper-
ties. A voltmeter 230 may be provided in electrical commu-
nication with the first carbon nanotube 2004 and the second
carbon nanotube 2005, wherein the application of tempera-
ture to the first end of the thermocouple body produces a
current in a circuit composed of the first carbon nanotube
200q and the second carbon nanotube 2005 that is propor-
tional to the temperature.

An electric current flows in a closed circuit 300 of the two
dissimilar carbon nanotubes 2004, 2005 (hereafter referred to
as a nanotube thermocouple circuit) when the junction 210
between the interconnected first carbon nanotube 200a and
the second carbon nanotube 2005 at the first end of the ther-
mocouple body is subjected to a temperature change. In the
nanotube thermocouple circuit, the current continues to flow
as long as the junction 210 of the two dissimilar carbon
nanotubes 200a, 2005 is at a different temperature than the
remaining portion of the first and second carbon nanotubes
200a, 2005. The magnitude and direction of the current
depends on the temperature difference between the junction
210 and the remaining portion of the first and second carbon
nanotubes 200a, 2005, and the properties of the first and
second carbon nanotubes 200a, 2005. This effect is similar to
the Seebeck effect that is utilized in temperature sensing
using metal based thermocouples.

Any two dissimilar carbon nanotubes 200a, 20056 can be
used and the nanotube thermocouple circuit will generate a
low voltage output that is proportional to the temperature
difference between the junction 210 and the remaining por-
tion of the first and second carbon nanotubes 200a, 2005. The
term “dissimilar” as used to describe the carbon nanotubes
utilized to provide the thermocouple type arrangement means
that the electrical properties of the carbon nanotubes 200a,
2005 in response to temperature change are not the same. In
one embodiment, increasing or decreasing the number of
defects that are present in the carbon nanotubes varies the
electrical properties of the carbon nanotube so that a first
carbon nanotube 2004 is dissimilar from the second carbon
nanotube 2005. Reducing the number of defects increases the
conductivity of the carbon nanotubes. Therefore, the carbon
nanotube having the reduced number of defects will have a
lower resistance than the carbon nanotube having the greater
number of defects. A carbon nanotube having a lesser degree
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of defects will have a lower resistance, and therefore be
dissimilar than carbon nanotube having a greater degree of
defects.

The number of defects that are present in a carbon nanotube
may be decreased though an annealing process. Examples of
annealing processes that can reduce the defects in the carbon
nanotubes include annealing with pure methanol at 100° C.
for a time period of approximately four hours; annealing at
1250° C. for four hours; and annealing at 2800° C. for four
hours. Dissimilar carbon nanotubes may also be provided by
different dopant types and concentrations within the carbon
nanotubes and/or by different heat treatments of the carbon
nanotubes.

For example, in one embodiment, dissimilar carbon nano-
tubes may be produced by varying the degree of oxygen
adsorption that is present on the surface of the carbon nano-
tubes. For example, the concentration of oxygen that is
adsorbed on the surface of the first carbon nanotube 200a may
be reduced relative to the second carbon nanotube 20056 by
annealing the first carbon nanotube 2004 in an argon contain-
ing atmosphere, wherein the anneal temperature may range
from 100° C. to 1250° C.

One example of carbon nanotubes that are suitable for the
first carbon nanotube 2004 of the thermocouple body include
carbon nanotubes doped with orthodichlorobenzene
(ODCB). One example of carbon nanotubes that are suitable
for the second carbon nanotube 2005 of the thermocouple
body include carbon nanotubes doped with thionyl chloride
(or thionyl dichloride, SOCL,).

The junction 210 may be provided by physical contact
between the first carbon nanotube 200a and the second car-
bon nanotube 2005. In one example, the junction 210 may
further comprises a conductive weldment between the first
carbon nanotube 200a and the second carbon nanotube 2005
that is provided by electron beam or laser welding.

Electrical contacts 12 to each of the first and second carbon
nanotubes 2004, 2005 are present opposite the junction 210.
The electrical contacts 12 to the first and second carbon
nanotubes 200qa, 2005 of the thermocouple body are similar in
function and composition as the electrical contacts 12 that are
described above with reference to FIGS. 1-3.

A conventional voltmeter 230 may be electrically con-
nected to the electrical contacts 12 to provide a circuit. Using
the above described nanotube thermocouple circuit, tempera-
tures ranging from about —200° C. to about +1200° C. may be
measured with voltage increments corresponding to tempera-
ture changes on the order of about 41 uV/° C. In one embodi-
ment, thermoelectric power generated by the carbon nano-
tubes 200qa, 2005 that provide the temperature sensor having
the thermocouple arrangement may be used a power source.

FIGS. 5A-6C depict embodiments of a pressure sensor
110a, 1105, composed of a plurality of nanostructures, such
as vertically aligned carbon nanotubes 15. In one example,
the pressure sensor 110 includes a flexible sensor element 28
composed of a plurality of vertically aligned carbon nano-
tubes 15, at least one electrical contact 12 to the vertically
aligned carbon nanotubes 15, and a power source (not shown)
in connection with the at least one electrical contact 12 that
provides a substantially constant current to the plurality of
vertically aligned carbon nanotubes 15, wherein the resis-
tance or the capacitance of the plurality of vertically aligned
carbon nanotubes 15 is correlated to pressure.

In one embodiment, pressure sensitivity of the pressure
sensor 110q is provided by flexibility of the vertically aligned
carbon nanotubes 15 that are arranged in parallel and extend
from a substantially rigid substrate 5, as depicted in FIG. SA.
In this configuration, the vertically aligned carbon nanotubes
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15 of the pressure sensor 110a resemble hairs in their sensi-
tivity to pressure changes. The deformation of the vertically
aligned carbon nanotubes 15 changes the resistivity of the
carbon nanotube array significantly. For example, referring to
FIG. 5B, deformation of vertically aligned carbon nanotubes
15 may result in contact between the adjacent vertically
aligned carbon nanotubes 15, i.e., increased junctions
between the adjacent vertically aligned carbon nanotubes 15,
wherein contact between the adjacent vertically aligned car-
bon nanotubes 15 decreases the electrical resistance of the
nanotube array. Deforming the vertically aligned carbon
nanotubes 15 provides contact between adjacent nanotubes
36, which increases the number of electrically conductive
paths between the electrodes 12, hence providing for lower
resistance of the nanotube array. The pressure sensor 110a
depicted in FIGS. 5A-5B is capable of measuring pressures
less than the minimum pressure that can be sensed by human
fingers, which is on the order of approximately 20 g/cm?. For
example, the pressure sensor 110a depicted in FIGS. 5A-5B
may measure pressure values as low as 5 g/cm?.

In one embodiment, the pressure sensor 110a may measure
pressure values ranging from about 5 g/cm? to about 4000
g/cm?. In another embodiment, the pressure sensor 110a may
measure pressure values ranging from about 10 g/cm?® to
about 1000 g/cm®. In a further embodiment, the pressure
sensor 110a may measure pressure values ranging from about
50 g/cm? to about 550 g/cm?. In an even further embodiment,
the pressure sensor 110a may measure pressure values rang-
ing from about 100 g/cm? to about 150 g/cm?. It is noted that
the above described ranges are provided for illustrative pur-
poses and are not intended to limit the invention specifically
thereto. For example, the pressure sensor 110a can measure
any pressure, so long as the pressure does not diminish the
structural integrity of the pressure sensor. By diminishing the
structural integrity of the pressure sensor 110aq it is meant that
the pressure would sever the electrical connection of the
vertically aligned carbon nanotubes 15 from the substrate 5.

Typically, the substrate 5 depicted in the embodiments of
the invention that are consistent with FIGS. 5A and 5B is a
rigid substrate, such as a polymeric substrate having a shear
modulus greater than about 1.0 GPa. In another example, in
which the substrate 5 is composed of a metal, the shear
modulus of the substrate 5 is typically greater than 5.0 GPa. In
yet another example, in which the substrate 5 is composed of
a ceramic, the shear modulus is greater than about 20.0 GPa.

It is noted that the above described dimensions and pres-
sures are provided for illustrative purposes only, since the
range of pressures being measured by the structures described
above may be modified by increasing or decreasing the
dimensions separating the adjacent nanotubes 36 of the array
of vertically aligned carbon nanotubes 15.

Referring to FIGS. 6A-6C, in another embodiment, pres-
sure sensitivity of the pressure sensor 1105 is provided by
flexibility of the vertically aligned carbon nanotubes 15 that
are contained within a flexible substrate 29. The flexible
substrate 29 typically is composed of a thermoplastic poly-
mer having a shear modulus of 1.0 GPa or less, but in some
instances the flexible substrate 29 may be a thermoset poly-
mer having a shear modulus on the order of approximately 1.5
GPa. Examples of polymers suitable for the flexible substrate
29 include parylene C, polyamide, polyimide, polybutadiene
elastomer, polycarbonate, polyethylene (HDPE), polypropy-
lene, polyurethane elastomer, and polyvinyl chloride.

Typically, the flexible substrate 29 has a shear modulus of
less than about 1.5 GPa, typically ranging from about 1.0 GPa
to about 0.5 GPa, and in some instances being as low as about
0.0005 GPa. FIG. 6A depicts a plurality of vertically aligned
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carbon nanotubes 15 that are present between a first skin 30
(also referred to as first surface) and a second skin 35 (also
referred to as a second surface), prior to the application of an
external pressure.

FIG. 6B depicts the application of a first pressure P1, e.g.,
moderate pressure, to the first skin 30 results in deformation
of vertically aligned carbon nanotubes 15. In some embodi-
ments, deformation of the first skin 30 and the vertically
aligned carbon nanotubes 15 contained within the flexible
substrate 29 that results in contact between the adjacent ver-
tically aligned carbon nanotubes 15, wherein contact between
the adjacent vertically aligned carbon nanotubes 15 decreases
the electrical resistance of the nanotube array. In one embodi-
ment, by deforming the vertically aligned carbon nanotubes
15 in a manner that provides contact between adjacent nano-
tubes, i.e., increases the junctions between the carbon nano-
tubes, the number of electrically conductive paths between
the electrodes 12 is increased, hence providing for lower
resistance of the nanotube array. Typically, the pressure
applied to the pressure sensor 1105 depicted in FIG. 6B may
range from about 5 g/cm? to about 1000 g/cm?, more typically
ranging from about 10 g/cm?® to about 150 g/cm?, and even
more typically ranging from about 50 g/cm? to about 100
g/em?.

FIG. 6C depicts the application of a second pressure P2,
e.g., high pressure, that is greater than the pressure that is
applied to the sensor 1105 depicted in FIG. 6B. Typically, the
increased pressure applied to the first skin 30 further deforms
the first skin 30, the vertically aligned carbon nanotubes 15
within the flexible substrate 29 and the second skin 35,
wherein the increased deformation of the vertically aligned
carbon nanotubes 15 further increases the contact between
adjacent nanotubes, which in turn increases the number of
electrically conductive paths between the electrodes 12,
hence providing for lower resistance of the nanotube array.
Typically, the pressure applied to the pressure sensor 1105
depicted in FIG. 6C may range from about 150 g/cm? to about
4,000 g/cm?, more typically ranging from about 150 g/cm? to
about 1,000 g/cm?, and even more typically ranging from
about 550 g/cm? to about 1000 g/cm?.

It is noted that the above described dimensions and pres-
sures are provided for illustrative purposes only, since the
range of pressures being measured by the structures described
above may be modified by increasing or decreasing the
dimensions separating the adjacent nanotubes of the verti-
cally aligned carbon nanotubes 15 and/or by increasing or
decreasing the shears modulus of the first skin 30 and/or
second skin 35.

In one embodiment, the vertically-aligned nanotube arrays
(VANTAs) that are utilized in the pressure sensors 100a, 1005
that are depicted in FIGS. 5A-6C can be synthesized by
thermal chemical vapor deposition of hydrocarbon feed-
stocks onto substrates that are patterned with metal catalyst
films. Broadly, in one embodiment, thermal chemical vapor
deposition synthesis is achieved by providing a carbon source
in a gas phase and using an energy source, such as plasma or
resistively heated coil, to transfer energy to a gaseous carbon
molecule. Examples of chemical vapor deposition processes
suitable for forming carbon nanotubes include, but are not
limited to: plasma enhanced chemical vapor deposition
(PECVD), thermal chemical vapor deposition (CVD), vapor
phase growth, aero gel supported chemical vapor (CVD) and
laser assisted chemical vapor deposition (CVD).

The patterned metal catalyst films are composed of a single
layer or multilayers of thin metal films that are deposited by
electron beam evaporation, sputtering, or chemical vapor
deposition. In one embodiment, the metal catalyst film may
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include a transition metal including but not limited to Ni, Fe,
or Co. In one embodiment, following deposition the metal
catalyst film is patterned using photolithography and etch
processes. The metal catalyst film may be patterned to pro-
vide dots patterns, pillars, stripes, and/or functional struc-
tures, such as sensor structures.

In one embodiment, the patterned metal catalyst film
includes a buffer layer, e.g., Al, which is in contact with the
substrate, and a metal catalyst, e.g., 0.2-1.0 nm of Fe formed
atop the buffer layer. In one embodiment, the patterned metal
catalyst film includes another metal layer, such as 0.2 nm of
Mo.

The substrate including the pattered metal catalyst film is
then placed inside a tube furnace and the temperature is raised
under hydrogen and argon gas flow at various partial pres-
sures. In one embodiment, hydrocarbon feedstocks may
include other gases, such as acetylene with hydrogen and
argon, or ethanol with hydrogen and argon, or methanol with
hydrogen and argon, are passed over the patterned metal
catalyst in a thermal chemical vapor deposition process,
wherein carbon nanotubes grow from the patterned metal
catalyst film. Following chemical vapor deposition, the
method of forming vertically-aligned carbon nanotubes 15
may further include infiltration of the arrays with a polymer
solution, followed by exfoliation of the film containing the
vertically-aligned carbon nanotubes 15 by dissolution, peel-
ing, and then physical exfoliation. In one embodiment, the
carbon nanotubes produced in forming the vertically-aligned
carbon nanotubes 15 may or may not be single wall carbon
nanotubes (SWNTs).

In one embodiment, the vertically-aligned carbon nano-
tubes 15 may be infiltrated with polymer to maintain their
alignment prior to the application of external pressure. Con-
trary to a network of carbon nanotubes, in which adjacent
nanotubes are in electrical communication to provide a con-
ductive path through the polymer matrix, adjacent vertically-
aligned carbon nanotubes are parallel to one another. In one
embodiment of the present invention, vertically-aligned car-
bon nanotubes 15 may be grown up to several millimeters in
height or grown with limited heights of only one hundred
nanometers with an accuracy of about 20 nm.

Referring to FIG. 5A-6C, the at least one electrical contact
12 to the vertically aligned carbon nanotubes 15 is typically
composed of a metal, such as a metal foil, that provides for
electrical communication between the power source (not
shown), e.g., battery, and the electrically interconnected car-
bon nanotubes. In one embodiment, the metal that provides
the electrical contact may be copper, aluminum, silver, plati-
num, and alloys thereof. It is noted that the material of the
electrical contact 12 should not be limited solely to metal, as
any electrically conductive material is suitable.

In one embodiment, the power source to vertically aligned
carbon nanotubes 15 is an AC or DC power supply. In the
embodiments of the invention in which the power source is a
DC power supply, measurements of the resistance of the
electrically interconnected carbon nanotubes are correlated to
the temperature. In the embodiments of the invention in
which the power source comprises an AC power supply, the
impedance of the electrically interconnected carbon nano-
tubes is measured and correlated to temperature. The power
supply typically provides a constant value to provide a current
through the electrically interconnected carbon nanotubes
from which the voltage can be measured and in turn the
resistance then determined. The correlation of resistance or
impedance to temperature may be calibrated and calibration
coefficients may used to correlate measured values to tem-
perature.
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FIGS. 7A-7C depict another embodiment of a pressure
sensor 110¢, in which pressure sensitivity of the sensor is
provided by a plurality of flexible membranes positioned in a
layered arrangement, wherein each flexible membrane is
composed of electrically interconnected carbon nanotubes
that are present on or within a flexible matrix. In one embodi-
ment, the first plurality 41 of flexible membranes and the
second plurality 42 of flexible membranes are encased in a
flexible substrate 29, i.e., flexible matrix. In one embodiment,
each of the flexible membranes including the electrically
interconnected carbon nanotubes has a shear modulus of less
than about 5.0 GPa, typically ranging from about 1.0 GPa to
about 5.0 GPa, and in some instances being less than 1.0 GPa.

FIG. 7A depicts one embodiment of a pressure sensor 110¢
including a lower pressure sensor 50 composed of a first
plurality 41 of flexible membranes and a high pressure sensor
55 composed of a second plurality 42 of flexible membranes,
in which each flexible membrane includes electrically inter-
connected carbon nanotubes present therein. In one embodi-
ment, the lower pressure sensor 50 is suitable for detecting
pressures less than 50 g/cm?, and the high pressure sensor 55
is suitable for detecting pressures of about 100 g/cm® or
greater. In one embodiment, the electrically interconnected
nanotubes that are present in the flexible membranes are
single wall carbon nanotubes (SWNT).

FIG. 7B depicts the application of a first pressure P, e.g.,
moderate pressure, to the first flexible membrane 38 of the
first plurality 41 of flexible membranes that results in defor-
mation of the first flexible membrane 38 into electrical con-
tact with the second flexible membrane 39 of the first plurality
41 of flexible membranes. In one embodiment, the first flex-
ible membrane 38 is separated from the second flexible mem-
brane 39 by distance ranging from about 5 nm to about 100
nm prior to the application of the pressure. Although the first
pressure P, produces electrical connectivity between the flex-
ible membranes of the low pressure sensor 50, it is noted that
the first pressure P, does not substantially deform the flexible
membranes of the high pressure sensor 55. In some embodi-
ments, contact between the adjacent first flexible membrane
38 and the second flexible membrane 39 decreases the elec-
trical resistance of the circuit containing the first and second
flexible membranes 38, 39 of the lower pressure sensor 50.

FIG. 7C depicts the application of a second pressure P,,
e.g., high pressure, to the first flexible membrane 38 of the
first plurality 41 of flexible membranes that results in defor-
mation of the first flexible membrane 43 into electrical con-
tact with the second flexible membrane 44 of the second
plurality 42 of the flexible membranes. In one embodiment,
the first flexible membrane 43 is separated from the second
flexible membrane 44 of the second plurality 42 of the flexible
membranes by distance ranging from about 5 nm to about 100
nm.

It is noted that the above described dimensions and pres-
sures are provided for illustrative purposes only, since the
range of pressures being measured by the structures described
above may be modified by increasing or decreasing the
dimensions between the flexible membranes and by increas-
ing or decreasing the shear modulus of the flexible mem-
branes.

Referring to the pressure sensor 110¢ depicted in FIGS.
7TA-7C, in one embodiment the flexible membranes are com-
posed of electrically interconnected single wall nanotubes
that are deposited on a flexible substrate. In one example, the
carbon nanotubes can be electrospun or extruded. The pro-
duction of the carbon nanotubes may be produced using the
methods described above with reference to FIGS. 1-3. In one
example, spray deposition of a mat of electrically intercon-
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nected nanotubes is followed by the spray deposition of a
matrix or skin of a flexible material, such as a polymer,
wherein the sequence of spray deposited materials provides
the layered structure that is depicted in FIGS. 7A-7C. The
pressure sensor depicted in FIG. 7A-7C may have electrical
contacts 12 and power supplied similar to those described in
reference to FIGS. 5A-6C.

In each of the embodiments depicted in FIGS. 5A-7C, the
pressure sensor may measure pressure independent of tem-
perature. The term “independent” as used to describe the
relationship between temperature and pressure in a sensor
element that is measuring pressure means that the electrical
properties of the sensing element that are correlated to a
pressure value are not varied by a value greater than 15% by
the application of a temperature. In one embodiment, the
electrical properties of the sensing element that are correlated
to a pressure value are not varied by a value greater than 10%
by the application of a temperature. In an even further
embodiment, the electrical properties of the sensing element
that are correlated to a pressure value are not varied by a value
greater than 5% by the application of a temperature. In yet
another embodiment, the electrical properties of the sensing
element that are correlated to a pressure value are not varied
by a value greater than 0.5% by the application of a tempera-
ture.

FIG. 8 depicts a sensor 1004 including separate sensor
elements 20qa, 205, i.e., separate pressure sensor elements 20a
and temperature sensor elements 205, for independent mea-
surements of pressure and temperature. In one embodiment,
the pressure sensor element 20a may include a vertically
aligned carbon nanotubes 15 as described above with refer-
ence to FIGS. 5A-7C, and illustrated in FIGS. 12A-12C. In
one embodiment, the temperature sensor element 205
includes a pad of electrically interconnected carbon nano-
tubes, as described above with reference to FIGS. 1-3.

In another aspect, the present invention provides a sensor
that includes a sensor element composed of a plurality of
electrically interconnected nanostructures, a power supply to
the plurality of electrically interconnected nanostructures,
wherein the connectivity of the power supply to the electri-
cally interconnected nanostructures provides a circuit, a reso-
nator in electrical communication with the circuit, in which
resistance to the electrically interconnected carbon nanotubes
is varied by application of temperature or pressure to the pad,
the changes in the resistance resulting in a reactive impedance
of'the circuit produces changes in a frequency response of the
resonator, and a converter that correlates the changes in the
frequency response of the resonator to temperature or pres-
sure. A resonator is a device that exhibits resonance or reso-
nant behavior, that is, it naturally oscillates at some frequen-
cies, called its resonance frequencies with greater amplitude
than others.

In one embodiment, the sensors of the present invention
allow for simultaneous readings of pressure and temperatures
while providing for wireless engagement to systems to which
the pressure and temperature readings are transmitted. More
specifically, in one example, because compression of the
nanotubes in the array vertically aligned carbon nanotubes or
mats of electrically interconnected carbon nanotubes changes
their reactive capacitance and/or DC resistance, a patterned
mat of electrically interconnected carbon nanotubes, or pat-
terned network of vertically aligned carbon nanotubes, that
forms an RF antennae may also function as the sensor element
of a temperature and/or pressure sensor. For example, when
the resistance of the film or coil that provides an RF antennae,
which is produced by patterning an array of vertically aligned
carbon nanotubes or patterning a mat of electrically intercon-
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nected carbon nanotubes, the frequency response of the RF
resonator will change and can be remotely detectable.

The embodiments of the present invention provide specific
sensing of pressure independent of temperature and specific
sensing of temperature independent of pressure. The sensors
described herein display a broad range of sensing and a high
degree of linearity.

The following examples are provided to further illustrate
aspects of the present invention and demonstrate some advan-
tages that arise therefrom. It is not intended that the invention
be limited to the specific examples disclosed.

Example 1
Linear Temperature Dependent Resistivity

Single wall carbon nanotubes were synthesized by laser
vaporization and purified by dilute HNO; reflux/air oxidation
procedure. A conjugated polymer poly(2-methoxy-5-(2'-eth-
ylhexyloxy)-1,4-phenylenevinylene) (MEHPPV) was pro-
vided having a molecular weight of 51,000 and a polydisper-
sity of 1.1 for the matrix in which the single wall nanotubes
were fixed to provide a pad of electrically interconnected
carbon nanotubes. The polymer matrix and the single wall
carbon nanotubes were mixed to formulate a composite mate-
rial that was spin cast onto a polymeric substrate to provide
the sensor element 10 of a temperature sensor 100, as
depicted in FIG. 1.

A 0.1 mA drive current was then applied to the sensor
element including the electrically interconnected carbon
nanotubes, while the sensor element was subjected to tem-
peratures ranging from about 20° K to about 350° K. The
resistance of the electrically interconnected carbon nanotubes
was measured from the temperature sensor using a two point
four wire configuration in a vacuum during the above
described application of temperature and plotted to provide
the linear temperature dependent resistivity (normalized to
resistance at 300° K) that is depicted in FIG. 9A. As illustrated
in FIG. 9A, the experimental results (resistance v. tempera-
ture) could be fitted to a linear plot (R=0.9998) illustrating the
linear temperature dependent resistivity of the temperature
sensor. The temperatures sensor sensitivity was measured to
be 1.18+0.01 uV per degree with less than a 1% error.

FIG. 9B depicts the linear temperature dependent resistiv-
ity of similarly prepared temperature sensor, in which the
substrate is composed of a glass. Similar to the temperature
sensor that includes a polymer based substrate, the tempera-
ture sensor having the glass substrate produced experimental
results that could be fitted to a linear plot (R=0.99979) illus-
trating the linear temperature dependent resistivity of the
temperature sensor.

FIG. 9C depicts the linear temperature dependent resistiv-
ity of a glass substrate having a sensor element including
carbon nanotubes doped with orthodichlorobenzene, which
illustrates that doping the carbon nanotubes does not affect
the linearity of the resistance response of the carbon nano-
tubes to changes in temperature.

In each of the above examples, the linear temperature
dependent resistivity of the temperature sensor did not appre-
ciably change when subjected to pressure variations ranging
from atmospheric pressure to 10~ mm Hg. Further, the linear
temperature dependent resistivity of the temperature sensor
did not change when subjected to static pressures as great as
200 g/5 mm.
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Example 2

Linear Temperature Dependent Resistivity
Independent of Pressure

FIGS. 10A and 10B are plots depicting the effect of static
pressure on the temperature sensing abilities of the tempera-
ture sensor that provided the data illustrated in FIG. 9A. FIG.
10A depicts there is substantially no change in the linear
response of the electrical properties of the sensing element to
changes in temperature by the application of pressure to tem-
perature sensor elements composed of single wall carbon
nanotubes in which the number of junctions between each of
the electrically interconnected nanostructures is fixed.

The temperature sensors were exposed to temperatures
ranging from 20° C. to 50° C., and static pressures ranging
from 10 g/cm? to 4,000 g/cm?. The static pressure was pro-
vided by applying a load ranging from 18 g to approximately
8,445 gto an area of the sensor element on the order approxi-
mately 2.05 cm®. While under the applied load, the tempera-
ture sensor was subjected to increasing temperature, wherein
the electrical properties, i.e, resistance of the temperature
sensor, was then measured and plotted in FIG. 10A.

The slope for the linear temperature dependent resistivity
was then plotted in FIG. 10B as a function of the static
pressure. FIG. 10B indicates a variation of less than 0.005
kOhm/° C. in the slope of the linear temperature dependent
resistivity response of the temperature sensor when being
subjected to pressures ranging from about 10 g/cm? to about
6,250 g/cm?. FIG. 10B indicates that the application of pres-
sure does not change the linear response of the electrical
properties of the sensing element to variations in temperature.
It is noted that the variation in the slope of the linear tempera-
ture dependent resistivity response of the temperature sensor
that is plotted in FIG. 10B is within the experimental error for
measuring the electrical properties of the temperature sensor,
such as the variation in the contact resistance of the measure-
ment device to the temperature sensor.

FIG. 10C depicts the effect of varying pressure, i.e.,
increasing pressure, on the temperature sensing abilities of
the temperature sensor that provided the data illustrated in
FIG. 9A. In this example, a weight is placed on the sensor
element having an area of 6.25 cm?, wherein the temperature
sensor is being subjected to a temperature of 50° C. The
resistance of the temperature sensor was then measured as the
weight being place on the sensor element was increased. At
points A and E, the sensor was loaded with 31.2 g/cm?, and at
points B, C, and D, the load was increased to 63.68 g/cm?,
170.24 g/cm? and 178.24 g/cm?. At each of these points, i.e.,
A, B, C,D, and E, the resistance measured from the tempera-
ture sensor was substantially constant. FIG. 10C indicates
that the application of pressure does not affect the electrical
property response of the sensing element to variations in
temperature.

Example 3
Pressure Sensing

FIGS. 11A and 11B are plots of a change in voltage (delta
voltage (V)) that is measured from the sensor element of a
pressure sensor as a function of time, which illustrates the
pressure sensing performance of a pressure sensor composed
of vertically aligned carbon nanotube.

FIGS. 12A-12C illustrate the pressure sensor 110e that was
used to generate the plots included in FIGS. 11A and 11B.
The pressure sensor 110e includes a bundle of vertically
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aligned carbon nanotubes 15 that is in electrical communica-
tion with metal electrodes 12 at opposing ends of the bundle
of vertically aligned carbon nanotubes 15. The electrodes 12
and connections thereto were arranged in a two point four
wire configuration. FIGS. 12A-12C illustrate a progression in
the pressure being applied to the pressure sensor 110e. FIG.
12A illustrates the bundle of vertically aligned carbon nano-
tubes 15 prior to the application of pressure. FIG. 12B illus-
trates the bundle of vertically aligned carbon nanotubes 15
being subjected to a low pressure P1, in which the number of
junctions 23 between the vertically aligned carbon nanotubes
is increased in comparison to the number of junctions 23
between the vertically aligned carbon nanotubes when not
subjected to pressure. FIG. 12C depicts the pressure sensor
110e being subjected to a higher pressure P2 (P2>P1). The
number of junctions 23 between the vertically aligned carbon
nanotubes 15 increases as the pressure is increased from a low
pressure P1, as depicted in FIG. 12B, to a high pressure P2, as
depicted in FIG. 12C. The resistivity of the bundle of carbon
nanotubes 15 decreases as the number of junctions 23
between the vertically aligned carbon nanotubes 15 increases.

Referring back to FIG. 11A, the application of pressure to
the sensor element of the pressure sensor provides a voltage
change as illustrated at points A, B, C, and D, which corre-
spond to pressure loadings of 100 g, 50 g, 20 g, and approxi-
mately 1000 g. As illustrated in FIG. 11A, as the pressure
loading increases the change in the voltage increases.

FIG. 11B depicts the electrical response of a pressure sen-
sor, as depicted in FIGS. 12A-12C, to a constant pressure and
to repeated tapping. The frequency of the repeated tapping
ranged from 0.1 tap/second to 3 taps/second. The tapping area
was about 5 mm?>.

FIG. 13A-FIG. 13C depict that pressure sensors, as
depicted in FIGS. 12A-12C, having sensor elements com-
posed of vertically aligned carbon nanotubes 15 measure
pressure independent of temperature. FIG. 13A depicts the
electrical response, i.e., resistance response, of the pressure
sensor to increasing loads at 21° C., 30° C., and 40° C.

FIG. 13B illustrates that the resistance response of the
pressure sensor when plotted as a function of the applied load,
i.e., pressure, provides a linear plot that is independent of the
temperature being applied to the pressure sensor. The data
provided in FIG. 13B was produced by a pressure sensor
composed of vertically aligned carbon nanotubes, as depicted
in FIGS. 12A-12C, being subjected to loads ranging from
about 0 g to about 850 g at temperatures of 30° C. and 40° C.
The slope of plot of the resistance as a function of the applied
load for the pressure sensor subjected to a temperature of 30°
C. is substantially the same as the plot of the slope of the
resistance as a function of the applied load for the pressure
sensor subjected to a temperature of 40° C. It is noted that the
plots illustrated on FIG. 13B are vertically offset from one
another for the purposes of more clearly depicting the data
included therein.

The slope for the linear pressure response in the electrical
properties, i.e, resistance, of the pressure sensor illustrated in
FIG. 13B was then plotted in FIG. 13C as a function of
temperature. FIG. 13C indicates a variation of less than 0.5
Ohm/° C. in the slope of the linear pressure response of the
pressure sensor when being subjected to temperatures rang-
ing from approximately 21° C. to approximately 40° C. FIG.
13C indicates that the application of temperature does not
change the linear response of the electrical properties of the
sensing element to variations in pressure. It is noted that the
variation in the linear pressure response of the electrical prop-
erties of the pressure sensor that is plotted in FIG. 13B is
within the experimental error for measuring of electrical
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properties of the pressure sensor, such as the variation in the
contact resistance of the measurement device to the pressure
sensor.

Example 4
Temperature Sensing by Impedance Measurements

Temperature sensors having wireless properties that were
produced from single wall nanotube (SWNT) mats that were
either formed into an RF antenna using inkjetting, or by using
patterning methods. The reactive capacitance and/or DC
resistance of the RF antenna formed from the SWNT mat
changes in response to temperature or pressure. This provides
the RF antenna the ability to measure and transmit a wireless
readout of pressure or temperature changes.

FIG. 14 A depicts that the frequency range in which a mat
of single wall carbon nanotubes exhibits temperature
response is from 300 kHz to 1 Hz. 300 kHz represents the
critical frequency of the mat of single wall carbon nanotubes,
and 1 Hz represents the minimum frequency of the mat of
single wall carbon nanotubes. FIG. 14A depicts the tempera-
ture response of the single carbon wall nanotube (SWNT)
mats plotted on a Nyquist plot. The y-axis of the Nyquist plot
depicted in FIG. 14A is the imaginary impedance (Z"), and
the x-axis is the real impedance (Z'). The data plotted in FIG.
14A illustrates that for frequencies ranging from the mini-
mum frequency, e.g., 1 Hz, to the maximum frequency, e.g.,
300 kHz, of the single wall carbon nanotubes there is no
overlap between the plots of the imaginary impedance (Z")
versus the real impendence (-Z"=f(Z)) that is measured from
the mat of single wall carbon nanotubes that is being sub-
jected to temperatures ranging from 20° C. to 50° C. F1G.13B
illustrates a magnified portion of the low frequency portion of
the plot that is depicted in FIG. 13 A to more clearly illustrate
that the plots of the imaginary impedance (Z") versus the real
impendence (-Z"={(7)) for the carbon nanotubes being sub-
jected to temperatures ranging from 20° C. to 50° C. do not
overlap. FIGS. 14A and 14B illustrate that the impedance
response of the carbon nanotubes can provide the basis of
temperature measurements.

FIG. 14C depicts the slope of the real impedance response
as a function of temperature (Z'=f(T)) plotted against fre-
quency. The slope of the real impedance response as a func-
tion of temperature (Z'=f(T)) was calculated from a linear
regression fit at a fixed set of frequencies. The slope of the real
impedance response remained relatively unchanged within
experimental error up to 300 kHz, which illustrates fre-
quency-independent temperature sensing in 1 Hz to 300 kHz
frequency range. Although not depicted in FIG. 13C, similar
trends are expected for frequencies less than 1 Hz. At frequen-
cies greater than 4 MHz, the single wall nanotubes do not
show temperature response.

The temperature sensor can be used in a two frequency
mixing model. The first frequency, which is smaller than
critical frequency, may include information about tempera-
ture, and the second frequency, which is greater than the
critical frequency, may include a bit (binary information) on
whether the sensor reading is correct (bit=0). For example, if
a high pressure and/or temperature, or other stimuli, damage
or destroy the sensor, a reading of a non-zero slope at high
frequency (bit=20) will indicate such a condition.

FIG. 14D illustrates the impedance response of a single
carbon wall nanotube (SWNT) mat to heating and cooling.
More specifically, FIG. 14D illustrates that the amplitude of
the impedance response is directly proportional to tempera-
ture change and is reproducible. FIG. 14E depicts the experi-
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mental temperature profile. In the experiments illustrated in
FIGS. 14D and 14E, the temperature sensor was operating a
fixed frequency of 100 KHz and an amplitude of 10 mV. The
amplitude of the impedance response is directly proportional
to the temperature change and is reproducible. Further, there
was no observable phase change shift, which illustrates that
the temperatures response of the sensor is generated by the
resistive component of the nanotube network and not the
capacitive component.

While the present invention has been particularly shown
and described with respect to the preferred embodiments
thereof, it will be understood by those skilled in the art that the
foregoing and other changes in forms of details may be made
without departing from the spirit and scope of the present
invention. It is therefore intended that the present invention
not be limited to the exact forms and details described and
illustrated, but fall within the scope of the appended claims.

What is claimed:

1. A temperature sensor comprising:

a sensor element including a plurality of bundles of elec-
trically interconnected carbon nanotubes having a fixed
number of junctions between the bundles of electrically
interconnected carbon nanotubes, wherein each bundle
of the bundles of electrically interconnected carbon
nanotubes includes a plurality of substantially parallel
carbon nanotubes, wherein current flows between adja-
cent bundles of the electrically interconnected carbon
nanotubes across the junctions;

at least one electrical contact to the sensor element in
electrical communication with the plurality of bundles
of electrically interconnected carbon nanotubes; and

apower source in connection with the atleast one electrical
contact providing a substantially constant current to the
plurality of bundles of electrically interconnected car-
bon nanotubes from which voltage can be measured and
aresistance determined, wherein the temperature sensor
measures temperature independent of pressure by cor-
relating the resistance of the bundles of electrically inter-
connected carbon nanotubes to temperature through a
linear temperature dependent resistivity that is defined
by:
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P(D=aT+pEXP(TH(T+Ts),

where p is the resistance,

T is the temperature,

a and p, are temperature independent constants,

T, is a temperature corresponding to thermal voltage fluctua-
tions that increase energy of electronic states above an acti-
vation energy, and

T/T, is a ratio defining tunneling in the absence of thermal
fluctuations.

2. The temperature sensor of claim 1, wherein the plurality
of'bundles of electrically interconnected carbon nanotubes is
fixed to a rigid substrate.

3. The temperature sensor of claim 1, wherein the bundles
of electrically interconnected carbon nanotubes are carbon
nanotubes having a purity of greater than 90%.

4. The temperature sensor of claim 2, wherein the rigid
substrate comprises a glass, plastic, metal, or semiconductor
material.

5. The temperature sensor of claim 2, wherein the rigid
substrate has a shear modulus of 1.0 Gpa or greater.

6. The temperature sensor of claim 1, wherein the bundles
of electrically interconnected carbon nanotubes are fixed in a
matrix comprising a polymer, a metal, a glass, a ceramic, a
semiconductor material or a combination thereof.

7. The temperature sensor of claim 1, wherein the power
source comprises an AC power supply, DC power supply or
generated by thermoelectric power.

8. The temperature sensor of claim 1, wherein the power
source comprises an AC power supply and the capacitance of
the bundles of electrically interconnected carbon nanotubes is
correlated to the temperature or the power source comprises a
DC power supply and the resistance of the bundles of electri-
cally interconnected carbon nanotubes is correlated to the
temperature.

9. The temperature sensor of claim 1, wherein the sensor
element has a thickness ranging from about 20 nm to about
100 nm.
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