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COLD FIELD EMISSION CATHODES USING CARBON NANOTUBES

CROSS-REFERENCE TO RELATED APPLICATIONS

The present application claims priority to Indian patent application serial no.
353/CHE/2011 filed on February 7, 2011, the entire contents of which are herein
incorporated by reference.

BACKGROUND

Unless otherwise indicated herein, the materials described in this section are not
prior art to the claims in this application and are not admitted to be prior art by
inclusion in this section.

Carbon nanotubes are used in many applications due to a unique structure that
enables strength, flexibility, and unique electrical properties. Carbon nanotubes are
allotropes of carbon that have a cylindrical fullerene structure, and may be categorized
as single-walled nanotubes (SWNT) or multi-walled nanotubes (MWNT). As the
names suggest, SWNTs are cylinders composed of a single wall, while MWNTSs
include multiple (two or more) concentric cylinders.

A strength and flexibility of carbon nanotubes results from covalent sp” bonds
formed between individual carbon atoms in the carbon nanotube. In one example,
carbon nanotubes have been shown to be as much as 100 times stronger than steel.
Electrical properties in carbon nanotubes result from a nearly one-dimensional
electronic structure, which allows electronic transport to occur ballistically with
reduced scattering of electrons. This may allow carbon nanotubes to carry higher
currents with reduced heating.

SUMMARY

Devices and methods of fabricating devices for use in cold field emission are
generally disclosed. In one example, a device may include a polycarbonate base, a
layer of carbon-filled acrylic on a portion of a first side of the polycarbonate base, a
layer of irradiated carbon-filled acrylic on a portion of a second side of the base, a
copper plate coupled to the layer of carbon-filled acrylic, and a substantially uniform
layer of randomly aligned carbon nanotubes dispersed on the layer of irradiated carbon-

filled acrylic.
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In another example, a method for manufacturing a device for use in cold field
emission is described. The method includes providing a conductive base and
dispersing carbon-filled acrylic on a portion of the conductive base to form a
conductive film. The method also may include coupling a copper plate to a first side of
the conductive film, irradiating at least a portion of a second side of the conductive
film, and dispersing a plurality carbon nanotubes on a portion of the second side of the
conductive film to form a substantially uniform layer of carbon nanotubes. The method
may further include removing excess carbon nanotubes from the portion of the second
side of the conductive film and curing the conductive film.

In another example, a method for manufacturing a device for use in cold field
emission may include providing a polycarbonate base and dispersing a mixture of
carbon and acrylic on a portion of a first side and a second side of the polycarbonate
base. The method may also include attaching a copper plate to the mixture on the first
side of the polycarbonate base, and irradiating the mixture on the second side, thereby
dissolving at least a portion of the acrylic in the mixture on the second side. The
method may further include dispersing a plurality of randomly aligned carbon
nanotubes on the irradiated mixtures to form a substantially uniform layer of CNTs, and
curing the polycarbonate base, the mixture of carbon and acrylic, the copper plate, and
the CNTs. The carbon in the irradiated mixture may form a portion of a conductive
path between the copper plate and the CNTs.

The foregoing summary is illustrative only and is not intended to be in any way
limiting. In addition to the illustrative aspects, embodiments, and features described
above, further aspects, embodiments, and features will become apparent by reference to
the figures and the following detailed description.

BRIEF DESCRIPTION OF THE FIGURES

In the figures,

Figure 1 depicts an example cold field emission cathode;

Figures 2A-2B depict example optical micrograph images of a layer of carbon-
filled acrylic (Figure 2A) and a layer of irradiated carbon-filled acrylic (Figure 2B);

Figure 3 depicts a graph showing an example relationship between a diameter of
a multi-walled carbon nanotube and its energy band gap;

Figure 4 depicts an example scanning electron microscope image of one

configuration of randomly aligned carbon nanotubes;

PCT/IB2011/051618
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Figure 5 depicts an example cold field emission cathode device;

Figure 6 is a flow chart depicting an example method for fabricating a
conductive film;

Figures 7A-7H illustrate an example method for fabricating a conductive film;

Figure 8 is a flow chart depicting an example method for fabricating a cold field
emission cathode;

Figure 9 illustrates an example cold field emission cathode;

Figures 10A-10C depict an example experimental setup for measuring electrical
properties of a cold field emission cathode; and

Figures 11A-11D depict graphs comparing example electrical properties of
various fabricated cold field emission cathodes,

all arranged in accordance with at least some embodiments of the present
disclosure.

DETAILED DESCRIPTION

In the following detailed description, reference is made to the accompanying
figures, which form a part hereof. In the figures, similar symbols typically identify
similar components, unless context dictates otherwise. The illustrative embodiments
described in the detailed description, figures, and claims are not meant to be limiting.
Other embodiments may be utilized, and other changes may be made, without departing
from the spirit or scope of the subject matter presented herein. It will be readily
understood that the aspects of the present disclosure, as generally described herein, and
illustrated in the Figures, can be arranged, substituted, combined, separated, and
designed in a wide variety of different configurations, all of which are explicitly
contemplated herein.

This disclosure is generally drawn, inter alia, to devices and methods related to
cold field emission cathodes using carbon nanotubes. Briefly stated, in one example, a
method may include providing a conductive base, dispersing carbon-filled acrylic onto
the conductive base to form a conductive film, coupling a copper plate to a first side of
the conductive film, and irradiating the conductive film. The method may further
include dispersing carbon nanotubes (CNTSs) on a second side of the conductive film to
form a substantially uniform layer of CNTs, removing excess CNTs from the second
side, and curing the conductive film. In one example, a device may include a

polycarbonate base, a layer of carbon-filled acrylic on one side of the polycarbonate
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base and a layer of irradiated carbon-filled acrylic on the other, a copper plate coupled
to the carbon-filled acrylic, and a substantially uniform layer of randomly aligned
CNTs dispersed on the irradiated carbon-filled acrylic.

Generally, field emission refers to an induced emission of electrons through
application of heat and/or an electric field. When heat is used to induce emission of
electrons, the process is referred to as thermal emission, and when an electric field is
used to induce emission of electrons, the process is referred to as cold field emission.

In cold field emission, generally, an electric field may be applied to a cathode in
a vacuum. When the electric field is applied, electrons located near the Fermi level
may escape to the vacuum level and be emitted through a process called Fowler-
Nordheim tunneling. In some examples, carbon nanotubes may be deposited in an
aligned, non-random manner on cathodes used for cold field emission. While the
alignment of the carbon nanotubes may result in desirable properties, the alignment
may be difficult to achieve. Cold field emission cathodes that use aligned carbon
nanotubes can exhibit high threshold and operating voltages, and may not operate at
desired vacuum pressure levels.

In examples described herein, cold field emission cathode devices may be
provided with randomly aligned carbon nanotubes. Example devices may exhibit lower
threshold and operating voltages as compared to devices with aligned carbon
nanotubes, and may be configured to operate at vacuum pressures on the order of about
10~ mbar, for example.

Figure 1 depicts an example cold field emission cathode device 100, arranged in
accordance with at least some embodiments of the present disclosure. The cold field
emission cathode device 100 may be referred to as a conductive film, for example. The
device 100 includes a polycarbonate base 102, a layer of carbon-filled acrylic 104, a
layer of irradiated carbon-filled acrylic 106, a copper plate 108, and a layer of randomly
aligned carbon nanotubes 110.

The polycarbonate base 102 may be, for example, a polymeric carbon film. The
polycarbonate base 102 may be electrically conductive. Alternately or additionally, the
polycarbonate base 102 may be flexible. Still alternately or additionally, the
polycarbonate base 102 may be lightweight. A thickness of the polycarbonate base 102
may vary depending on a desired application of the device 100. An example thickness

of the polycarbonate base 102 may be about 200pum. Other thicknesses are possible as
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well.

The copper plate 108 may be, for example, an ultrapure copper plate. In some
example, dimensions of the copper plate 108 may be the same as dimensions of the
polycarbonate base 102.

The layer of carbon-filled acrylic 104 and the layer of irradiated carbon-filled
acrylic 106 are shown dispersed on opposite sides of the polycarbonate base 102. In
the layer of carbon-filled acrylic 104, acrylic may be adapted to physically couple the
copper plate 108 to the polycarbonate base 102, while carbon may be adapted to
electrically couple the copper plate 108 to the polycarbonate base 102. Similarly, in the
layer of irradiated carbon-filled acrylic 106, acrylic may be adapted to physically
couple the polycarbonate base 102 to the layer of randomly aligned carbon nanotubes
110, while carbon may be adapted to electrically couple the polycarbonate base 102 to
the layer of randomly aligned carbon nanotubes 110.

The carbon-filled acrylic may be an off-the-shelf carbon-filled acrylic, or may
be prepared in a laboratory by mixing a desired amount of amorphous carbon with an
acrylic. In some example, the acrylic may be a methacrylate-based polymer, and the

carbon-filled acrylic may be free of solvents.

A thickness of the layer of carbon-filled acrylic 104 and a thickness of the layer
of irradiated carbon-filled acrylic 106 may vary depending on a desired application of
the device 100. An example thickness of one or both of the layers 104 and 106 may be
about 30um, or in ranges of about 10um to 40um, about 20um to 60um, about 25um to
100pm, or about 50pum to 200um. Other thicknesses are possible as well. In some
example, the layer of carbon-filled acrylic 104 and the irradiated layer of carbon-filled
acrylic 106 may have the same thickness. In other example, the thicknesses of the
layers 104 and 106 may be different. As an example, a thickness of the layer of
carbon-filled acrylic 104 may be the same as a thickness of the irradiated layer of
carbon-filled acrylic 106 before irradiation, but may be different from a thickness of the
irradiated layer of carbon-filled acrylic 106 after irradiation. Other examples are
possible as well.

Figures 2A — 2B depict example optical micrograph images of a layer of
carbon-filled acrylic (Figure 2A) and a layer of irradiated carbon-filled acrylic (Figure

PCT/IB2011/051618
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2B), in accordance with at least some embodiments of the present disclosure. As
shown in Figure 2A, each object represents carbon molecules, and the layer of carbon-
filled acrylic may include concentrated areas of carbon. In some examples, there may
be about 3x10* concentrated arcas of amorphous carbon (carbon “lumps™) per square
centimeter. In other examples, there may be about 1x10* to 4x10*, about 2x10* to
6x10%, or about 4x10* to 8x10* concentrated areas of amorphous carbon per square
centimeter. A higher or lower concentration of carbon is possible as well. In Figure
2A, some of the concentrated areas of carbon (about 40% to about 50%) are covered
with acrylic. Carbon “lumps” covered with acrylic are shown in Figure 2A lighter in
color. As mentioned above, the acrylic may serve to physically couple metal to a
polycarbonate base, while the carbon may serve to electrically couple metal to a
polycarbonate base.

As shown in Figure 2B, the layer of irradiated carbon-filled acrylic also
includes concentrated areas of carbon, but surfaces of the concentrated areas of carbon
are free (or substantially free) of acrylic. This is because irradiation of the layer may
cause the carbon to heat up, which in turn may cause acrylic on the surface of
concentrated areas of carbon to dissolve, leaving the concentrated areas of carbon
exposed. The dissolution of the acrylic may be desirable to improve electrical
conductivity of the layer of irradiated carbon-filled acrylic, for example. Specifically,
while the acrylic may be useful for physically coupling, the acrylic may also be
resistive, which can negatively affect performance of a cold field emission device. By
irradiating the layer to remove a portion of the acrylic, conductivity of the layer may be
increased, as well as performance of the device, for example.

Returning to Figure 1, the layer of randomly aligned carbon nanotubes 110 is
shown dispersed on the layer of irradiated carbon-filled acrylic 106. Example
dimensions of carbon nanotubes in the layer of randomly aligned carbon nanotubes 110
may be about 35nm to about 40nm in diameter and greater than about 10pum in length,
or other diameters including about 20nm to 50nm, about 50nm to 100nm, or about 10-
40nm, and also other lengths including about Sum to 20pm, about 10um to 40pm, or
about 3um to Sum. In some example, the carbon nanotubes may be multi-walled
carbon nanotubes, such as multi-walled carbon nanotubes with about 25 to about 40

walls.
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In Figure 1, the layer of carbon-filled acrylic 104 and the layer of irradiated
carbon-filled acrylic 106 are shown to be dispersed on opposite sides of the
polycarbonate base 102, and to cover an entire area of each side of the polycarbonate
base 102. However, in other examples, the layer of carbon-filled acrylic 104 and the
layer of irradiated carbon-filled acrylic 106 may be dispersed over a portion of a side of
the polycarbonate base 102, or dispersed so as to substantially cover a side of the
polycarbonate base 102. Similarly, the layer of randomly aligned carbon nanotubes
110 is shown in Figure 1 to be dispersed over an entire arca of the layer of irradiated
carbon-filled acrylic; however, the layer of randomly aligned carbon nanotubes 110
may alternatively be dispersed over a portion of the layer of irradiated carbon-filled
acrylic, for example.

During an example operation of the device 100, when a voltage is applied,
current may flow through the device 100 from the copper plate 108, through the layer
of carbon-filled acrylic 104, the polycarbonate base 102, and the layer of irradiated
carbon-filled acrylic 106 to the layer of randomly aligned carbon nanotubes 110.
Accordingly, conductivity of the carbon nanotubes may affect performance of the
device 100. The conductivity of the carbon nanotubes may depend to some extent on
their energy band gap. In general, carbon nanotubes with a smaller energy band gap
may be better conductors than carbon nanotubes with larger energy band gaps, for
example.

Figure 3 depicts a graph showing an example relationship between a diameter of
a multi-walled carbon nanotube and its energy band gap, in accordance with at least
some embodiments of the present disclosure. As shown, multi-walled carbon
nanotubes with wider diameters may exhibit smaller energy band gaps. An energy
band gap of multi-walled carbon nanotubes may vary from about Oev to about 2Zev. In
some examples, the energy band gap of the carbon nanotubes in the layer of randomly
aligned carbon nanotubes 110 in Figure 1 may range from about 0.17meV to about
0.27meV. Other energy band gaps are possible as well.

The energy band gap of a carbon nanotube is generally governed by an applied
voltage according to the Schrédinger equation:

(H,+eV )Y =E¥Y (1)

where H, is a Hamiltonian operator, e is the charge of an electron, V' is the applied

PCT/IB2011/051618
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voltage, ¥ is the wave function, and E is an energy state. The difference between the
lowest E for a conduction electron energy state (also called the bottom of the
conduction band) and the highest E for a valence electron energy state (also called the
top of the valence band) gives the energy band gap.

In a carbon nanotube, the average number of electrons, in a particular energy
state, E;, may be estimated using the Dirac distribution:

f(E) :W 2)
where E; is the particular energy state, u is the Fermi level of the carbon nanotube, £ is
the Boltzmann constant, and 7 is the absolute temperature.

The current in the carbon nanotubes is generally proportional to g S(E). As
the Dirac distribution f (E;) is a function of the energy state, E, which is in turn a
function of the applied voltage, V, the current in the carbon nanotubes is generally also
governed by the applied voltage, V.

Figure 4 depicts an example scanning eclectron microscope image of one
configuration of randomly aligned carbon nanotubes, in accordance with at least some
embodiments of the present disclosure. The carbon nanotubes are shown as long
cylinders of varying configurations. As shown, the carbon nanotubes are randomly
aligned with one another, and in some cases are on top of one another, for example.
Carbon nanotubes lighter in color are those closer to the surface, while darker carbon
nanotubes are situated below the lighter carbon nanotubes.

Figure 5 depicts an example cold field emission cathode device 500, arranged in
accordance with at least some embodiments of the present disclosure. The cold field
emission cathode device 500 is shown bent to illustrate flexibility of the device, for
example. The cold field emission cathode device 500 may have a configuration similar
to that shown and described in Figure 1. For example, a darker top side of the cold
field emission cathode device 500 includes a layer of carbon nanotubes, while a lighter
colored underside of the cold field emission cathode device 500 includes a copper plate.
Remaining layers of the cold field emission cathode device 500 are between the carbon
nanotubes and copper plate, and are not shown in Figure 5.

Figure 6 is a flow chart depicting an example method for fabricating a
conductive film, and Figures 7A — 7H illustrate an example method for fabricating a

conductive film; in accordance with at least some embodiments of the present
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disclosure. Figures 6 and 7A — 7H will be described together. The conductive film of
Figures 6 and 7A — 7H may be used as, for example, a cold field emission cathode.

The method in Figure 6 may include one or more operations, functions, or
actions as illustrated by one or more of blocks 602, 604, 606, 608, 610, 612, and/or
614. Although the blocks are illustrated in a sequential order, these blocks may also be
performed in parallel, and/or in a different order than those described herein. Also, the
various blocks may be combined into fewer blocks, divided into additional blocks,
and/or eliminated based upon the desired implementation.

As shown, the method may begin at block 602, "PROVIDE A CONDUCTIVE
BASE". For example, in Figure 7A, a conductive base 702 is shown. In some
examples, the conductive base 702 may be a polycarbonate or other flexible base.
Other conductive bases are possible as well. The conductive base may be provided to a
dispersing apparatus.

Block 602 may be followed by block 604. At block 604, the method includes
"DISPERSE CARBON-FILLED ACRYLIC ONTO A PORTION OF THE
CONDUCTIVE BASE TO FORM A CONDUCTIVE FILM". For example, in Figure
7B, a first layer of carbon-filled acrylic 704a may be dispersed using a dispersing
apparatus 708 on a first side of the conductive base 702, and a second layer of carbon-
filled acrylic 704b may be dispersed on a second side of the conductive base 702. The
first and second layer of carbon-filled acrylic 704a and 704b may be formed from the
same carbon-filled acrylic, or may be formed from different carbon-filled acrylics, such
as acrylics having different concentrations of carbon. Other examples are possible as
well. The conductive base 702 together with the first and second layers of carbon-filled
acrylic 704a and 704b may form a conductive film 706.

Dispersing the carbon-filled acrylic 704a and/or 704b onto the conductive base
702 may be performed in several ways. As an example, a dispersing apparatus 708,
such as a dispersion mill, may be used to disperse the carbon-filled acrylic 704a and/or
704b onto the conductive base 702. Alternately or additionally, a template or mask
including one or more slits may be positioned over the conductive base 702, and the
carbon-filled acrylic 704a and/or 704b may be dispersed onto the conductive base 702
through the slit in the template. In some embodiments, the template and the conductive
base 702 may be moved relative to one another while the carbon-filled acrylic 704a

and/or 704b is dispersed. Still alternately or additionally, the carbon-filled acrylic 704a

PCT/IB2011/051618



WO 2012/107804

10

15

20

25

30

10

and/or 704b may be dispersed onto the conductive base 702 using, for example, a
syringe, and a spin coating or electro-spinning machine may be used to achieve a
substantially uniform distribution of the carbon-filled acrylic 704a and/or 704b on the
conductive base 702. Still alternately or additionally, the carbon-filled acrylic 704a
and/or 704b may be injected through a precision mold onto the conductive base 702.
Still alternately or additionally, vapor-phase carbon-filled acrylic 704a and/or 704b
may be deposited on the conductive base 702 using a chemical vapor deposition
process. Other dispersion techniques are possible as well.

Block 604 may be followed by block 606. At block 606, the method includes
"COUPLE A COPPER PLATE TO A FIRST SIDE OF THE CONDUCTIVE FILM".
For example, in Figure 7C, a copper plate 708 can be coupled to the first layer of
carbon-filled acrylic 704a formed on a first side 710 of the conductive base 702. In
some embodiments, a mechanical gripper or clamp 714 may be used to couple the
copper plate 708 to the conductive film 706. Acrylic in the first layer of carbon-filled
acrylic 704a may be adapted to physically couple the copper plate 708 to the
conductive base 702, while carbon in the first layer of carbon-filled acrylic 704a may
be adapted to electrically couple the copper plate 708 to the conductive base 702.

In some examples, before the copper plate 708 can be coupled to the first side
710 of the conductive film 706, one or both of the copper plate 708 and the conductive
film 706 may be cut to specific dimensions, depending on a desired application of the
conductive film 706. In some examples, the copper plate 708 and the conductive film
706 may be cut to the same dimensions.

Block 606 may be followed by block 608. At block 608, the method includes
"IRRADIATE THE CONDUCTIVE FILM". In some examples, block 608 may
include irradiating the conductive film 706 with an infrared laser continuously (or
substantially continuously) for a predetermined period of time. For example, the
infrared laser may be an 802nm laser and may be used at a power level of about 0.5W.
As another example, the predetermined period of time may be about 5 minutes. Other
examples are possible as well. As shown in Figure 7D, irradiating the conductive film
706 may involve irradiating the second layer of carbon-filled acrylic 704b using
infrared light 722 from an infrared laser 720. The infrared laser 720 may be controlled
by a computer 716 and a controller 718. The computer 716 may be adapted to provide

a pulsed signal to the controller 718, and the controller 718 may be adapted to receive
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the pulsed signal as an input and produce a modulated signal as an output. The
modulated signal may be output by the controller 718 to the infrared laser 720. The
infrared laser 720 may receive the modulated signal as an input and produce the
infrared light 722 as an output. As shown, the infrared laser 720 may be adapted to
move relative to the surface of the conductive film 706 so as to irradiate the second
layer of carbon-filled acrylic 704b. As a result of being irradiated, carbon in the second
layer of carbon-filled acrylic 704b heats up, which may cause acrylic on the surface of
the carbon to dissolve, as shown in Figure 7E where the second layer of carbon-filled
acrylic 704b includes no or little amounts of acrylic, for example. The dissolution of
the acrylic may serve to increase electrical conductivity of the second layer of carbon-
filled acrylic 704b, and thus, may improve performance of the conductive film 706. In
particular, larger emission currents may be produced at lower voltages, as compared to
typical conductive films. As an example, at a voltage of 1kV, typical conductive films
have been shown to produce emission currents of about 15uA, while conductive films
fabricated according to the methods described herein have been shown to produce
emission currents on the order of 16mA at the same voltage.

In addition to dissolving a portion of the acrylic in the second layer of carbon-
filled acrylic 704b, the irradiation may also act as a stabilization process for the
conductive film 706 to slow a rate of decay during later use of the conductive film 706.

Block 608 may be followed by block 610. At block 610, the method includes
"DISPERSE A PLURALITY OF CARBON NANOTUBES ONTO A PORTION OF A
SECOND SIDE OF THE CONDUCTIVE FILM". In some examples, the carbon
nanotubes may be in the form of a powder and may form a substantially uniform
dispersion on the second side of the conductive film. Mass and other measurements
may be used to measure and ensure a uniform (or substantially uniform) dispersion of
the carbon nanotubes. As shown in Figure 7F, carbon nanotubes 714 may be dispersed
on the second layer of carbon-filled acrylic 704b using, for example, a spraying
apparatus 724. Alternately or additionally, the carbon nanotubes 714 may be dispersed
using a shaker of some kind. Other means of dispersing the carbon nanotubes 714 are
possible as well. A concentration of the dispersed carbon nanotubes 714 may be, for
example, around 0.0015g/cm’ to about 0.0006 g/cm”. Other concentrations are possible

as well.
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In some examples, dispersing the carbon nanotubes 714 may be performed
using a sprinkler mounted on a stand using clamps. The carbon nanotubes 714 may be
sprinkled from the sprinkler at a substantially constant rate and the conductive film 706
may be moved relative to the sprinkler to obtain a substantially uniform dispersion of
the carbon nanotubes 714. In other examples, dispersing the carbon nanotubes 714
may be performed using a spraying system for carbon nanotubes 714 in a powder or
liquid form (such as carbon nanotubes mixed with an evaporable solvent). Other types
of dispersion are possible as well.

Block 610 may be followed by block 612. At block 612, the method includes
"REMOVE EXCESS CARBON NANOTUBES FROM THE PORTION OF THE
SECOND SIDE OF THE CONDUCTIVE FILM". In some examples, it may be
desirable to remove excess carbon nanotubes from a surface of the conductive film.
The excess carbon nanotubes may be carbon nanotubes that are loosely bonded to the
conductive film so that the carbon nanotubes may be removed by, for example, tapping
or vibrating the conductive film. Figure 7G shows the conductive film 706 positioned
on a piezoelectric actuator bed 726. In some embodiments, an insulating material 728
may be placed between the conductive film 706 and the piezoelectric actuator bed 726.
An alternating current may be applied across the piezoelectric actuator bed 726,
causing the piezoelectric actuator bed 726 to vibrate, thereby loosening the excess
carbon nanotubes. Alternately or additionally, an ultrasonic bath may be used to
remove the excess carbon nanotubes. Other examples are possible as well.

Block 612 may be followed by block 614. At block 614, the method includes
"CURE THE CONDUCTIVE FILM". In some examples, the conductive film may be
cured in a thermal chamber. Figure 7H shows a three-dimensional isometric (left) and
two-dimensional front (right) view of a thermal chamber 730. The thermal chamber
730 may be powered by a power source 732. In some embodiments, the thermal
chamber 730 may operate by means of one or more heating coils, such as heating coils
734a and 734b surrounding the interior of the thermal chamber 736. Other types of
thermal chambers are possible as well. Inside the thermal chamber 730, the conductive
film 706 may be cured at a temperature of, for example, about 120°C for a
predetermined period of time, such as about 24 hours. Other examples are possible as
well. Curing may contribute to completion of polymerization of the conductive film.

In particular, once the conductive film is heated above a certain temperature, called the
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glass transition temperature, moisture and other gases previously absorbed by the
dispersed carbon nanotubes may be removed, which improves the conductivity of the
conductive film. Additionally, curing the conductive film may lead to improved
compressive residual stress, thereby improving the mechanical performance of the
conductive film for certain applications, such as in flexible electronics.

Figure 8 is a flow chart depicting an example method for fabricating a cold field
emission cathode, arranged in accordance with at least some embodiments of the
present disclosure. The method in Figure 8 may include one or more operations,
functions, or actions as illustrated by one or more of blocks 802, 804, 806, 808, 810,
812, and/or 814. Although the blocks are illustrated in a sequential order, these blocks
may also be performed in parallel, and/or in a different order than those described
herein. Also, the various blocks may be combined into fewer blocks, divided into
additional blocks, and/or eliminated based upon the desired implementation.

As shown, the method begins at block 802, "PROVIDE A POLYCARBONATE
BASE". Block 802 may be followed by block 804. At block 804, the method includes
"DISPERSE A MIXTURE OF CARBON AND ACRYLIC ON A PORTION OF A
FIRST SIDE AND A SECOND SIDE OF THE POLYCARBONATE BASE". In some
examples, the mixture of carbon and acrylic may be a carbon-filled acrylic. Other
examples are possible as well. The mixture of carbon and acrylic may be dispersed
using, for example, a dispersing apparatus, such as the dispersing apparatus described
above in connection with Figure 7B.

Block 804 may be followed by block 806. At block 806, the method includes
"COUPLE A COPPER PLATE OT THE MIXTURE ON THE FIRST SIDE OF THE
POLYCARBONATE BASE". The copper plate may be coupled to the mixture using,
for example, a mechanical gripper or clamp, such as the mechanical gripper described
above in connection with Figure 7C. The acrylic in the mixture may serve to physically
couple the copper plate to the polycarbonate base, while the carbon in the mixture may
serve to electrically couple the copper plate to the polycarbonate base.

Block 806 may be followed by block 808. At block 808, the method includes
"[RRADIATE THE MIXTURE ON THE SECOND SIDE OF THE
POLYCARBONATE BASE". The mixture may be irradiated using, for example, an
infrared laser, such as the infrared laser described above in connection with Figure 7D.

The irradiation may cause the carbon in the mixture to heat up, thus causing the acrylic
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in the mixture to be dissolved. In this manner, the irradiation may serve to improve the
electrical conductivity of the mixture on the second side.

Block 808 may be followed by block 810. At block 810, the method includes
"DISPERSE A PLURALITY OF RANDOMLY ALIGNED CARBON NANOTUBES
ON THE IRRADIATED MIXTURE". The randomly aligned carbon nanotubes may
be dispersed using, for example, a spraying apparatus, such as the spraying apparatus
described above in connection with Figure 7F.

Block 810 may be followed by block 812. At block 812, the method includes
"CURE THE POLYCARBONATE BASE". The curing process may be performed in a
thermal chamber, such as the thermal chamber described above in connection with
Figure 7H.

Figure 9 illustrates an example cold field emission cathode, arranged in
accordance with at least some embodiments of the present disclosure. In Figure 9, a
cold field emission cathode 900 is illustrated including a polycarbonate base 902, a
layer of a mixture of carbon and acrylic 904, a layer of an irradiated mixture of carbon
and acrylic 906, a copper plate 908, and a layer of randomly aligned carbon nanotubes
910.

A conductive path may be formed through the cold field emission cathode 900
from the copper plate 908 through the layer of the mixture of carbon and acrylic 904,
the polycarbonate base 902, the layer of the irradiated mixture of carbon and acrylic
906, and the randomly aligned carbon nanotubes 910. As described above, the
irradiated mixture of carbon and acrylic 906 may have improved electrical conductivity
as a result of the irradiation. Additionally, random alignment of the carbon nanotubes
in the layer of randomly aligned carbon nanotubes 910 may similarly result in
improved conductivity of the carbon nanotubes in the cold field emission cathode 900,
as compared to typical cold field emission cathodes. As an example, typical cold field
emission cathodes have been shown to have conductivity on the order of 1.87(Qcm)™,
while cold field emission cathodes fabricated according to the methods disclosed herein
have been shown to have a conductivity on the order of 2.66(Qcm)™ for cold field
emission cathodes with a concentration of carbon nanotubes around 4.5mg/cm’® and on
the order of 3.33(Qcm)” for cold field emission cathodes with a concentration of
carbon nanotubes around 6mg/cm’. Thus, cold field emission cathodes fabricated

according to the methods disclosed herein show a 40-80% increase in conductivity as
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compared to typical cold field emission cathodes. The random alignment of the carbon
nanotubes in the devices disclosed herein may allow for multiple conductive paths
through the carbon nanotubes leading to higher currents, for example.

The combination of the irradiated mixture of carbon and acrylic 906 and the
randomly aligned carbon nanotubes 910 may result in a reduction in the work function
(e.g., energy needed to move an electron from the Fermi level into vacuum) at an
interface of the carbon nanotubes and a vacuum. A reduction in the work function at
the interface may result in a reduction in power consumption by the cold field emission
cathode 900 and may allow the cold field emission cathode 900 to operate at pressures
on the order of about 10~ mbar. Additionally, a reduction in the work function at the
interface may result in a reduction in a density of carbon nanotubes required for a
desired level of emission by the cold field emission cathode 900. An improvement in
power consumption, vacuum pressure, and the density of carbon nanotubes may lead to
an increase in a field enhancement factor, B, of the cold ficld emission cathode 900, for
example.

Figures 10A-10C depict an example experimental setup for measuring electrical
properties of a cold field emission cathode, arranged in accordance with at least some
embodiments of the present disclosure. In Figure 10A, the experimental setup includes
a vacuum chamber 1000 in which a cold field emission cathode is placed in proximity
to an ultrapure copper anode (shown in Figure 10B). The vacuum chamber 1000 may
include a view port 1002 through which the cold field emission cathode may be seen
during measurements, as well as a vacuum pressure display 1004 on which a pressure
inside the vacuum chamber 1000 can be displayed. The pressure is shown to be 6x10°
bar (or 6x10~ mbar), which is the pressure at which the experiment may begin. The
above described devices and methods allow for improvement in the vacuum pressures
required for operation as compared to devices fabricated according to other methods.
In particular, while some devices may require operation to be carried out at in a range
from about 10 mbar to about 107 mbar, the devices described herein have been shown
to operate at pressures on the order of about 10~ mbar.

The vacuum chamber 1000 is shown to also include a micrometer 1006
connected to a central shaft 1008. The vacuum chamber 1000 is shown to additionally
include port 1010 for electrical connections to which a set of shielded cables may be

attached. The clectrical connections may vary depending on the objectives of the
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experiment.

Figure 10B illustrates a cold field cathode 1014 and an ultrapure copper anode
1016 (e.g., as may be viewed through the view port 1002) each positioned on an
insulation layer 1018 and held at a fixed distance from one another. In an example
experiment, the cold field cathode 1014 and the ultrapure copper anode 1016 may be
maintained at a distance of about 0.5mm from one another. As shown, the ultrapure
copper anode 1016 is affixed to the central shaft 1008 such that a distance can be
maintained using the micrometer 1006.

In some embodiments, to further slow the rate of decay during later use of the
cold field cathode 1014, a pre-emission burn may be performed. Figure 10C illustrates
the cold field cathode 1014 and the ultrapure copper anode 1016 in a vacuum chamber,
such as the vacuum chamber 1000 shown in Figure 10A. The cold field cathode 1014
and the ultrapure copper anode 1016 may be connected to a data acquisition unit 1020
which in turn may be connected to a computer 1022. During the pre-emission burn, a
direct current supply 1024 may be connected to the cold field cathode 1014 and the
ultrapure copper anode 1016, as shown. The direct current supply 1024 and a resistor
1026 may be selected and controlled to apply a sufficiently high voltage across the cold
field cathode 1014 and the ultrapure copper anode 1016 to produce a series of spikes in
the emission current, followed by a stable emission current. The applied voltage may
cause the tips of the carbon nanotubes as well as defect areas in the cold field cathode
1014 to breakdown, thus allowing the carbon nanotubes to attain a more stable
morphological arrangement. By performing a pre-emission burn, future breakdown of
the carbon nanotubes may be reduced, thereby slowing the rate of decay during later
use of the cold field cathode 1014.

Example experiments were performed using the experimental setup described in
Figures 10A — 10B to measure e¢lectrical properties of various fabricated cold field
emission cathodes. Figures 11A — 11D depict graphs comparing example electrical
properties of various fabricated cold field emission cathodes.

Figure 11A shows field emission current as a function of an applied electric
field for several cold field emission cathodes fabricated with various concentrations of
carbon nanotubes, in accordance with at least some embodiments of the present
disclosure. As shown, higher concentrations of carbon nanotubes resulted in higher

currents for the same electric field. Additionally, higher concentrations of carbon
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nanotubes allowed for lower threshold voltages. Devices fabricated according to the
methods described herein exhibited threshold voltages in the range of about 0.2V/um to
about 0.3V/um. Further, with the application of a 1 V/um electric field, the devices
exhibited currents in the range of about 10mA to about 20mA.

Figure 11B is a Fowler-Nordheim plot used in field emission applications to
calculate a field enhancement factor, 3, of a device. The Fowler-Nordheim plot is
based on the Fowler-Nordheim mechanism, in which field emission current, 1, is related
to applied electric field V through the following equation:

_A_KKZ o B(Dl'sd
" goM“p[ ﬂVj o

where 4 and d are dimensions of the cold field emission cathode, K and B are empirical

fitting constants, and ¢ is the work function of the carbon nanotubes in the cold field

emission cathode. The field enhancement factor, B, may be determined empirically

from a plot of the Fowler-Nordheim equation. For example, the equation may be

rearranged to show a relationship between an inverse of the electric field, %, and a
natural log of an inverse square of the field, lniz, such that a slope of the resulting
V

. . 1 . .
graph is proportional to E As shown, higher concentrations of carbon nanotubes

resulted in higher values of B. Devices fabricated according to the methods described
herein exhibited B values in the range of about 13,000 to about 41,000.

Figures 11C and 11D are plots that compare example maximum current density
and enhancement factors (respectively) of devices according to the methods described
herein with maximum current density and enhancement factors of devices fabricated
according to other methods. As shown, values for maximum current density and
enhancement factors of devices fabricated according to at least some of the methods
described herein were higher than those of devices fabricated according to other

methods.

While various aspects and embodiments have been disclosed herein, other
aspects and embodiments will be apparent to those skilled in the art. The various

aspects and embodiments disclosed herein are for purposes of illustration and are not
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intended to be limiting, with the true scope and spirit being indicated by the following
claims.

The present disclosure is not to be limited in terms of the particular
embodiments described in this application, which are intended as illustrations of
various aspects. Many modifications and variations can be made without departing
from its spirit and scope, as will be apparent to those skilled in the art. Functionally
equivalent methods and apparatuses within the scope of the disclosure, in addition to
those enumerated herein, will be apparent to those skilled in the art from the foregoing
descriptions. Such modifications and variations are intended to fall within the scope of
the appended claims. The present disclosure is to be limited only by the terms of the
appended claims, along with the full scope of equivalents to which such claims are
entitled. It is to be understood that this disclosure is not limited to particular methods,
reagents, compounds compositions or biological systems, which can, of course, vary. It
is also to be understood that the terminology used herein is for the purpose of
describing particular embodiments only, and is not intended to be limiting.

With respect to the use of substantially any plural and/or singular terms herein,
those having skill in the art can translate from the plural to the singular and/or from the
singular to the plural as is appropriate to the context and/or application. The various
singular/plural permutations may be expressly set forth herein for sake of clarity.

It will be understood by those within the art that, in general, terms used herein,
and especially in the appended claims (e.g., bodies of the appended claims) are
generally intended as “open” terms (e.g., the term “including” should be interpreted as
“including but not limited to,” the term “having” should be interpreted as “having at
least,” the term “includes” should be interpreted as “includes but is not limited to,”
etc.). It will be further understood by those within the art that if a specific number of
an introduced claim recitation is intended, such an intent will be explicitly recited in the
claim, and in the absence of such recitation no such intent is present. For example, as
an aid to understanding, the following appended claims may contain usage of the
introductory phrases "at least one" and "one or more” to introduce claim recitations.
However, the use of such phrases should not be construed to imply that the introduction
of a claim recitation by the indefinite articles "a" or "an" limits any particular claim
containing such introduced claim recitation to embodiments containing only one such

recitation, even when the same claim includes the introductory phrases "one or more"
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or "at least one" and indefinite articles such as "a" or "an" (e.g., “a” and/or “an” should
be interpreted to mean “at least one™ or “one or more™); the same holds true for the use
of definite articles used to introduce claim recitations. In addition, even if a specific
number of an introduced claim recitation is explicitly recited, those skilled in the art
will recognize that such recitation should be interpreted to mean at least the recited
number (e.g., the bare recitation of "two recitations,” without other modifiers, means at
least two recitations, or two or more recitations). Furthermore, in those instances where
a convention analogous to “at least one of A, B, and C, etc.” is used, in general such a
construction is intended in the sense one having skill in the art would understand the
convention (e.g., ““ a system having at least one of A, B, and C” would include but not
be limited to systems that have A alone, B alone, C alone, A and B together, A and C
together, B and C together, and/or A, B, and C together, etc.). In those instances where
a convention analogous to “at least one of A, B, or C, etc.” is used, in general such a
construction is intended in the sense one having skill in the art would understand the
convention (e.g., “ a system having at least one of A, B, or C”” would include but not be
limited to systems that have A alone, B alone, C alone, A and B together, A and C
together, B and C together, and/or A, B, and C together, etc.). It will be further
understood by those within the art that virtually any disjunctive word and/or phrase
presenting two or more alternative terms, whether in the description, claims, or figures,
should be understood to contemplate the possibilities of including one of the terms,
either of the terms, or both terms. For example, the phrase “A or B” will be understood
to include the possibilities of “A” or “B” or “A and B.”

In addition, where features or aspects of the disclosure are described in terms of
Markush groups, those skilled in the art will recognize that the disclosure is also
thereby described in terms of any individual member or subgroup of members of the
Markush group.

As will be understood by one skilled in the art, for any and all purposes, such as
in terms of providing a written description, all ranges disclosed herein also encompass
any and all possible subranges and combinations of subranges thereof. Any listed range
can be easily recognized as sufficiently describing and enabling the same range being
broken down into at least equal halves, thirds, quarters, fifths, tenths, etc. As a non-
limiting example, each range discussed herein can be readily broken down into a lower

third, middle third and upper third, etc. As will also be understood by one skilled in the
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art all language such as “up to,” “at least,” “greater than,” “less than,” and the like
include the number recited and refer to ranges which can be subsequently broken down
into subranges as discussed above. Finally, as will be understood by one skilled in the
art, a range includes each individual member. Thus, for example, a group having 1-3
cells refers to groups having 1, 2, or 3 cells. Similarly, a group having 1-5 cells refers to
groups having 1, 2, 3, 4, or 5 cells, and so forth.

While various aspects and embodiments have been disclosed herein, other
aspects and embodiments will be apparent to those skilled in the art. The various
aspects and embodiments disclosed herein are for purposes of illustration and are not
intended to be limiting, with the true scope and spirit being indicated by the following

claims.
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WE CLAIM:

1. A method of forming a conductive film, comprising:

providing a conductive base;

dispersing carbon-filled acrylic onto a portion of the conductive base to form a
conductive film;

coupling a copper plate to a first side of the conductive film;

irradiating at least a portion of the conductive film;

dispersing a plurality of carbon nanotubes (CNTs) onto a portion of a second
side of the conductive film to form a substantially uniform layer of CNTs;

removing excess CNTs from the portion of the second side of the conductive
film; and

curing the conductive film.

2. The method of claim 1, wherein the conductive base comprises a
polymeric carbon film.

3. The method as in any one of claims 1-2, wherein the copper plate
comprises an ultrapure copper plate.

4. The method as in any one of claims 1-3, wherein irradiating the
conductive film comprises irradiating the conductive film with infrared light.

5. The method as in any one of claims 1-3, wherein irradiating the
conductive film comprises removing at least a portion of the carbon-filled acrylic.

6. The method as in any one of claims 1-5, wherein the substantially
uniform layer of CNTs has a surface density that is between about 0.0015grams per

cm® to about 0.006 grams per cm’.

7. The method as in any one of claims 1-6, wherein the CNTs are multi-
walled CNTs (MWCNTS).
8. The method as in claim 7, wherein the MWCNTs each comprise

between about 25 to about 40 walls.

9. The method as in any one of claims 1-8, wherein the CNTs have a
diameter that is between about 25nm to about 40nm.

10. The method as in any one of claims 1-9, wherein the CNTs have a

length that is greater than or equal to about 10pm.
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11. The method as in any one of claims 1-10, wherein the CNTs are
randomly aligned with respect to one another.

12. The method as in any one of claims 1-11, wherein removing the excess
CNTs comprises loosening the excess CNTs.

5 13. The method as in any one of claims 1-12, wherein curing the conductive
film comprises curing the conductive film at a temperature that of about 120°C.

14. The method as in any one of claims 1-13, further comprising forming at
least one electrode comprising the conductive film.

15. A device, comprising:

10 a polycarbonate base;

a layer of carbon-filled acrylic on a portion of a first side of the polycarbonate
base;

a layer of irradiated carbon-filled acrylic on a portion of a second side of the
polycarbonate base;

15 a copper plate coupled to the layer of carbon-filled acrylic; and

a substantially uniform layer of randomly aligned carbon nanotubes (CNTs)
dispersed on the layer of irradiated carbon-filled acrylic.

16. The device of claim 15, wherein the CNTs are multi-walled CNTs
(MWCNTs).

20 17.  The device of claim 16, wherein the MWCNTs each comprise between
about 25 to about 40 walls.

18. The device as in any one of claims 15-17, wherein carbon in the
irradiated carbon-filled acrylic forms a portion of a conductive path between the copper
plate and the CNTs.

25 19. A method of forming a cold field emission cathode, comprising:
providing a polycarbonate base;

dispersing a mixture of carbon and acrylic on a portion of a first side and a
portion of a second side of the polycarbonate base;

coupling a copper plate to the mixture on the first side of the polycarbonate

30  base;

irradiating the mixture on the second side of the polycarbonate base, thereby
dissolving at least a portion of the acrylic in the mixture on the second side of the

polycarbonate base;
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dispersing a plurality of randomly aligned carbon nanotubes (CNTs) on the
irradiated mixture to form a substantially uniform layer of CNTs; and

curing the polycarbonate base, the mixture of carbon and acrylic, the copper
plate, and the CNTs, wherein carbon in the irradiated mixture forms a portion of a

5 conductive path between the copper plate and the CNTs.

20. The method of claim 19, wherein the CNTs are multi-walled CNTs.
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FIGURE 2B
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