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PASSIVE AND ACTIVE DIAMOND-BASED
ELECTRON EMITTERS AND IONIZERS

RELATED APPLICATIONS

[0001] This application 1s a continuation application of
U.S. patent application Ser. No. 17/366,532 filed Jul. 2, 2021
which claims benefit of and priority to U.S. Provisional
Application Serial No. 63/057,371 filed Jul. 28, 2020, under
35 U.S.C. §§ 119, 120, 363, 365, and 37 C.F.R. § 1.55 and
§ 1.78, and both applications are incorporated herein by this
reference.

GOVERNMENT RIGHTS

[0002] This invention was made with U.S. Government
support under Contract No. FA9453-18-P-023"7 awarded by

the Department of the Air Force. The Government may have
certain rights 1n the subject invention.

FIELD OF THE INVENTION

[0003] In some aspects, this invention relates to the cold
cathode emission of electrons from solid surfaces pertaining
to the protection of spacecrait and the operation of other
devices requiring emission of electrons 1nto free space, as
well as to the direct generation of 1onized gases and plasmas
via triple-point-based field desorption. Devices such as these
have application 1n mass spectrometers, particle accelera-
tors, spacecrait, and medical imaging devices such as X-Ray
generators. Electron emitters specialized for the emission of
large current densities into the space plasma environment
also have application in the propellant-free propulsion of
spacecrait within the magnetic fields of planetary bodies
such as Farth and Jupiter using e.g. electrodynamic tethers,
allowing for the indefinite operation of spacecrait, including
the all-electric raising and lowering of orbits, 1n the vicinity
of such planets.

BACKGROUND OF THE INVENTION

[0004] Spacecralt are subject to high levels of surface
clectrical charging sometimes up to many kilovolts of nega-
tive potentials. The results can be electrostatic discharges
causing damage to the spacecraft and/or i1ts components.

[0005] There have been numerous attempts at mitigation
techniques including ion emitters and various coatings.
Many such solutions are costly and complex. Discharge of
clectrons can be accomplished either 1) passively (without
power applied to a device) mto the space plasma environ-
ment 1 lieu of using an active plasma contactor and 2)
actively, for the 1onization of gasses or on-demand produc-
tion of electron beams for various applications with minimal
production of waste heat and mimimal use of electrical
power.

[0006] Previously utilized methods of controllably dis-
charging accumulated electrical charge on a spacecrait into
the space plasma environment have utilized powered
devices known as plasma contactors. The international space
station (ISS), for example, uses a hollow cathode plasma
contactor to aid 1n maintenance of the station’s charge
neutrality. These devices however consume a relatively large
amount of power, consume a fuel supply and, as complicated
active devices, may fail for any number of reasons, require
maintenance or otherwise consume resources.
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BRIEF SUMMARY OF THE INVENTION

[0007] The passive cathode coatings and devices
described herein may require no power, cost far less to
deploy, require no maintenance and no consumables, and
add negligibly to a spacecrait’s thermal and weight budget,
all clear advantages over the current state of the art. Several
devices have been described and/or tested that utilize triple-
point junctions—the 1ntersection at a point of a plasma, a
solid electrical conductor and a solid electrical insulator—
for the passive emission of electrons into the space envi-
ronment. Electron charges accumulated from the space
environment on spacecraft induce a large voltage between
the spacecrait and the surrounding space plasma environ-
ment which can cause destructive and, sometimes, lethal (to
the spacecrait) electrostatic discharges. Variations of the
tripe-point approach to releasing electrons safely have uti-
lized metal particles decorated onto an insulating substrate
such as various kinds of glasses, formation of lithographi-
cally patterned metallic 1slands on insulating glass or i1nsu-
lating diamond substrates, and even attempts to impart a
negative electron athinity (NEA) to msulating diamond sub-
strates 1 order to lower the potential barrier to electron
emission. These previous of triple-point devices have sul-
fered a number of flaws severely limiting their practical
application for spacecrait protection. These flaws are,
chuefly, 1) devices showing high current emission tend to
burn out (1.e. vaporize), severely limiting their lifetime, 2)
devices are produced either entirely or 1n part from maternials
that degrade severely or are destroyed by the space envi-
ronment, particularly by atomic oxygen (AO) bombardment
encountered 1n low Earth orbit (LEQO) and 3) most practical
devices are produced 1n small quantities using low yield,
expensive and time-consuming lithographic techmques.
[0008] The devices and coatings described herein allow
for safe, passive discharge of electrons into the space
environment at potentials much lower than are dangerous to
spacecrait, thereby protecting the spacecrait from uncon-
trolled, high voltage electrostatic discharges 1n space. The
devices and coatings are robust against exposure to the LEO
environment, highly eflicient at emitting electrons, add
minimally to a spacecrait’s size, weight, thermal manage-
ment and cost, add nothing to a spacecrait’s energy usage
and cost relatively little compared to present devices, both
active and passive.

[0009] A particularly attractive type of electron emitter 1s
the Spindt cathode. The attractive aspects of Spindt cathodes
are their ability to be switched on and off at will, ultra-low
power consumption, low operating voltages (between sev-
eral and ~100 V), low thermal load, overall compactness
and, relative to a hot filament cathode, physical robustness.
Application of a large voltage between the gate and emission
tips 1induce field emission of electrons from the tips, accel-
erating them through the holes 1n the gate electrode and on
into free space. The main problems with Spindt cathodes,
which are lithographically defined, dense, parallel (elec-
tronically) arrays of field emitters are 1) the cost and
difficulty of fabricating them by traditional solid state device
lithographic techniques and 2) their tendency to fail owing
to the fact that a single shorting path between an emitter and
a gate electrode will short the entire device, rendering 1t
useless and 3) the tendency for emission tips to spontane-
ously fail over time, events that progressively degrade
device performance and possibly originate short faults them-
selves.
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[0010] Diamond, because of 1ts superlative electronic and
physical properties 1s a promising candidate for field emis-
sion tips, even 1 a massively parallel Spindt-type layout.
Relevant prior art has demonstrated a Spindt-type cathode 1n
which discreet metallic emission tips were replaced with
sub-micron diamond grits. This device showed exception-
ally low turn-on voltages of around 2 V. The device was
created by pushing diamond grits into lithographically pre-
defined holes 1n the device structure. Therefore, this device
was still subject to terminal electrical shorts which in
practice did render reliable production of the devices impos-
sible, while the diamonds used were not obviously conduct-
ing or possessing an NEA surface. Another group demon-
strated the creation of conducting diamond field emission
tips with NEA surfaces in which the front gate electrode of
the device was a Transmission Electron Microscope (TEM)
orid physically suspended above the field emitters. While
this demonstrated that a suspended grid could be used to
excite diamond field emission, the tips themselves were still
created using the specialized lithographic techniques
uniquely required by diamond, making them incredibly
expensive and diflicult to produce while limiting the packing
density of tips on the device.

[0011] Featured is a triple-point cathode coating compris-
ing an electrically conductive adhesive medium. Electrically
conductive NEA diamond particles are cast onto or mixed
with the adhesive medium. Electrically insulative NEA
diamond particles are cast onto or mixed with the adhesive
medium. The result 1s a plurality of exposed junctions
between electrically conductive diamond particles and the
clectrically insulative diamond particles to reduce any elec-
trical charges on a structure coated with the coating.

[0012] The electrically conductive NEA diamond particles
preferably contact electrically insulative NEA diamond par-
ticles at locations not submerged 1n the adhesive medium.
The electrically conductive NEA diamond particles and the
clectrically insulative particles may have a grit size of
between 0.5 microns to 150 microns. The conductive NEA
diamond particles and the electrically insulative diamond
particles can be mixed together before casting or mixing
them with the adhesive medium. The adhesive medium
preferably includes silver.

[0013] Also featured 1s an 10nizer comprising a substrate
and a triple-point cathode coating associated with the sub-
strate. The coating includes an electrically conductive adhe-
stve medium, electrically conductive NEA diamond par-
ticles cast or mixed with the adhesive medium, and
clectrically insulative NEA diamond particles cast or mixed
with the adhesive medium forming a plurality of exposed
junctions between electrically conductive diamond particles
and electrically insulating diamond particles to reduce any
clectrical charges on the substrate. The 1omizer may further
include a conducting gate electrode supported above the
coating and a voltage source connected between the gate
clectrode and the coating to produce 10ns by field desorption
on the diamonds and subsequent electron or 1on 1mpact
ionization on neutral adsorbed or gas phase species to
produce further 10mns.

[0014] The 1omizer may further include a piezoelectric
material between the substrate and the coating. The 1onizer
may further include a voltage source for the piezoelectric
material to adjust the distance between the gate electrode
and the diamond coating to optimize field emissions from
the coating.
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[0015] The 1omizer may further include an electrically
conducting layer behind the coating. Also featured is a
method of producing a triple-point cathode. An electrically
conductive adhesive medium 1s prepared. Electrically con-
ductive NEA diamond particles are cast onto or mixed with
the adhesive medium. Electrically insulative NEA diamond
particles are cast onto or mixed with the adhesive medium.
A plurality of exposed junctions are formed between the
clectrically conductive NEA diamond particles and the elec-
trically insulative NEA diamond particles.

[0016] The electrically conductive NEA particles prefer-
ably contact electrically insulative NEA diamond particles at
locations not submerged in the adhesive medium.

[0017] Preparing the adhesive medium may include mix-
ing a two part epoxy. In one example, the electrically
conductive NEA diamond particles are mixed with electri-
cally insulative NEA diamond particles, then that mixture 1s
mixed with the adhesive medium, and then additional adhe-
s1ve 1s added to that mixture to produce a low-viscosity final
mixture.

[0018] The subject mnvention, however, 1 other embodi-
ments, need not achieve all these objectives and the claims
hereof should not be limited to structures or methods
capable of achieving these objectives.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0019] Other objects, features and advantages will occur
to those skilled in the art from the following description of
a preferred embodiment and the accompanying drawings, 1n

which:

[0020] FIGS. 1A and 1B are a schematic view of a prior
art Spindt-type field emission cathode, where FIG. 1A 1s a
cutaway view showing field emission tips grown in pits
beneath front gate electrodes and FIG. 1B 1s a top view
showing an array ol emitters;

[0021] FIGS. 2A-2C depict a diamond grit-based triple-
point cathode coating at different length scales, showing the
coating profile, a representation of a large collection of
insulating and conducting diamond grits and as the finest
level an individual triple point junction between an electri-
cally conducting and insulating diamond micro- or nano-
crystal, respectively;

[0022] FIG. 3A shows a diamond grit triple point cathode
coating applied to and cured on a piece of Kapton® tape and
FIG. 3B depicts a scanning electron microscope (SEM)
micrograph of a similar diamond grit triple point cathode
coating;

[0023] FIG. 4A 1s a plot of electron emission current
density in an externally generated plasma from several
diamond grit cathode coating formulations as a function of
cathode bias and FI1G. 4B shows the same data with emission
from the a lithographically patterned ultrananocrystalline
diamond (UNCD) device included for comparison;

[0024] FIG. 515 alabeled CAD rendering of a lithographi-
cally defined triple point diamond device where triple point
junctions occur at the intersection of electrically conducting,
and insulating thin diamond films;

[0025] FIG. 6 1s a set of optical micrographs of litho-
graphically defined triple point diamond devices taken at
different magnifications. Diamonds are H or D terminated;

[0026] FIG. 7 1s a plot of lab-measured current emission
density from diamond film and grit triple-point cathode
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devices due to 1onization of neutral gas when a voltage 1s
applied to the films and devices. Diamonds are H or D
terminated;

[0027] FIG. 8 1s a schematic of a FAST textured diamond
film, crystal or grit functionalized into an active cathode
device when mounted on a piezoelectric transducer stack
(PZ'T) beneath an electrically conducting grid electrode; and
[0028] FIG. 9 1s an electron micrograph of single crystal
synthetic diamond bombarded by atomic oxygen in low
Earth orbit for 1.5 years aboard the International Space
Station.

DETAILED DESCRIPTION OF TH.
INVENTION

L1l

[0029] Aside from the preferred embodiment or embodi-
ments disclosed below, this mvention 1s capable of other
embodiments and of being practiced or being carried out 1n
various ways. Thus, 1t 1s to be understood that the invention
1s not limited 1n 1ts application to the details of construction
and the arrangements of components set forth 1n the follow-
ing description or illustrated in the drawings. If only one
embodiment 1s described herein, the claims hereof are not to
be limited to that embodiment. Moreover, the claims hereot
are not to be read restrictively unless there 1s clear and
convincing evidence manifesting a certain exclusion, restric-
tion, or disclaimer.

[0030] Passive electron emission in an externally gener-
ated plasma has been demonstrated in a laboratory setting
using deuterium (D)-terminated diamond grit and hydrogen
(H)-terminated ultrananocrystalline diamond (UNCD)
triple-point cathode devices. Ionization of neutral gases and
formation of plasma by actively biasing diamond grit and
UNCD triple-point devices has been demonstrated in the lab
under reverse (negative) bias.

[0031] Forward (positive) bias 1onization also occurs for
triple-point junction devices. Devices fabricated entirely
from H- or D-terminated conducting diamond grits may emut
clectrons when paired with a suspended front grid acting as
a gate. Single crystal diamond, UNCD or diamond grit may
attain a surface texture similar to what 1s obtained by
exposure ol such materials in Low Earth Orbit (LEO) to
hyperthermal atomic oxygen (O), and that the surfaces thus
formed are also eflective active electron emitters (cathodes)
when placed behind a suspended grid electrode and biased.
[0032] The problem of how to safely discharge accumu-
lated electrostatic charge into the space environment via a
coating or device capable of surviving long duration space-
tlight, without applying power to the coatings or devices and
without materially impacting the size, weight, power or
thermal load of a spacecraft, 1s preferably solved in one
embodiment by a) formulating a paintable cathode coating
composed of a mixture of conducting and insulating H- or
D-terminated diamond grits and a low-outgassing, 1nor-
ganic, electrically and thermally conductive epoxy such that
when painted onto a spacecrait or component a large number
of conductor-insulator diamond junctions—exploiting the
so-called triple-point effect—are exposed on the space-
facing surface to which it 1s applied and b) creating by
chemical vapor deposition (CVD) and diamond lithographic
processing, ultrananocrystalline diamond (UNCD) bilayer
devices where conducting and insulating diamond layers,
hydrogen or deutertum terminated, are contacted to each
other, forming triple-point junctions exposed to space, and
placed 1n electrical connection to a spacecratt.
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[0033] The problem of how to 10omize neutral gasses or
other molecular analytes across a wide surface area using a
material with a very low erosion rate 1s preferably solved by
applying high positive voltages to the H- or D-terminated
diamond grit-based coatings described above which pro-
duces a large electric field between the conducting and
insulating components that causes neutral atoms in the
vicinity of the junctions to 1onize, with the 10ns subsequently
repelled from the surface. Application of high negative
voltages also 10nizes gasses, causing electrons to be accel-
crated at high energies (tens to hundreds of electron volts
(¢V)) mto the surrounding gas and thereby 1onizing it
turther, achieving a similar eflect as demonstrated in labo-
ratory experiments.

[0034] The problem of how to economically create high
density (>10° cm?®) of nanometer-scale diamond electron
field emission tips for use 1n electron emission sources and
ionizers, without use of lithography, 1s preferably solved by
exposing conducting diamond grits, single crystal diamonds,
single crystal diamond films, polycrystalline diamond films
or ultrananocrystalline diamond (UNCD) films to a cali-
brated, highly directional bombardment by hyperthermal,
neutral atomic oxygen (AQO) atoms possessing Kinetic ener-
gies up to 15 eV such that dense arrays of nanometer-
diameter or atomically sharp diamond rods and cones are
formed on the surfaces of the diamond materials, surrounded
by micron-plus deep wells and trenches, followed by termi-
nation of these textured diamonds by H or D to induce a
negative electron aflinity surface. See also U.S. Pat. No.
4,894,511, incorporated herein by this reference disclosing
the creation of highly directional, hyperthermal fluxes of
neutral AO usetul for the texturing of diamond in this way.

[0035] The problem of how to create cold, low power,
high current, fault tolerant, fault recovering electron emitters
comprised of a very large number (>>10°cm?) of field emis-
sion tips, without lithographic processing, 1s preferably
solved by the use of (a) sub-micron diameter, conducting,
hydrogen or deuterium terminated diamond grits (with or
without AO texturing as described above) adhered to a solid
substrate or (b) adherence of “FAST textured” (as described
above) electrically conducting diamond crystal or film, be
the diamond crystal or film a “single crystal”, polycrystal or
UNCD, to the top of a piezoelectric transducer (PZ1T), which
1s used to position the diamonds with nanometer accuracy
beneath an external grnid electrode and then reverse (nega-
tively) biasing the conducting diamonds relative to the gnid
clectrode, thereby inducing a field emission current from the
diamond tips.

[0036] FIG. 1A depicts a prior art spinet-type field emis-
sion cathode 10 with field emission tips 12 on conducting S1

substrate 14 and S10, barriers 14 supporting metal gate 16.
See also FIG. 1B.

[0037] One mnovation includes creating new triple-point
devices 1n which both the conducting and insulating points
are made of diamond, both types of diamond possessing an
NEA surface and to create paintable coatings 1n which large
numbers (>10°) of junctions are exposed on the surface of
the coating and created without the aid of lithography. A

multi-scale schematic showing the parts of the coating 1s
shown 1n FIG. 2A-2C.

[0038] A triple-point coating 50 1s applied to a spacecratit
exterior surface 32. Electrically conductive NEA diamond
particles 56 are dry-mixed with electrically msulating NEA
diamond particles 56 and the mixture cast onto or mixed
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with a preferably inorganic, electrically conductive adhesive
medium 66 (e.g., an epoxy). There are a plurality of exposed
junctions 62 between the electrically conductive diamond
particles 54 and electrically insulative diamond particles 56
to reduce any electrical charges on a spacecraft structure
coated with the coating. Electrically conductive diamond
particles 54 physically contact electrically insulating dia-
mond particles 56 at locations 64 not submerged 1n the
adhesive medium, which functions to retain the diamond
particles and also to provide an electrical link to the earth
ground of the spacecraft. The result 1s 1n electrical link to
ground via the conductive adhesive which carries charges on
the surface of the spacecrait to the diamond particles’
junctions which passively emit the charges to the space
plasma environment via the triple point effect.

[0039] Examples of an actual diamond grit-based coating,
comprised of equal quantities of conducting and insulating
diamond grits, 1s shown in FIG. 3A. FIG. 3B shows an SEM
micrograph of a similar coating in which the micron-scale
nature of the diamond grits and the high density of inter-grit
junctions can be observed directly, as well as the relative
lack of residual silver particles or epoxy on the applied
coating surface. These diamond-diamond junctions have the
advantage of being highly eflicient electron emitters due to
the very large number of triple-point junctions exposed to
space plasma 68, FIGS. 2B and 2C, while being robust
against degradation 1n the LEO environment due, for
example, to naturally occurring AO bombardment. FIGS.
4A-4B show emission current density from several cathode
coatings, as well as emission from an all-diamond mono-
lithic device produced using chemical vapor deposition
(CVD)-grown ultrananocrystalline diamond (UNCD) films
later patterned lithographically into a structure such as that
shown in FIGS. 5 and 6.

[0040] The coatings 1n particular are vastly less expensive
to produce than discreet devices and may be applied on any
surface or in any quantity with low impact on SWaP-C of a
spacecralt. The invention, in one embodiment, thus
addresses the three problems cited above with respect to
previously realized passive triple-point devices and coat-
ings. The solid-state device, while too thin for prolonged use
in LEO, and quite a bit more mvolved to produce, performs
well as a “pristine” triple-point device. Note that the mini-
mum current density to compensate for a spacecraft of given
area is 0.4 nA/cm”, quite a bit smaller than either the
coatings or device achieve in practice. Therelore, compara-
tively little of either passive contactor 1s required to dissipate
excess charge from a spacecratt.

[0041] The same coatings, when used actively by applying
large voltages to them (>300 V), may constitute ethicient
ionizers of neutral gases, eflectively rendering them as
inexpensive, highly dense field desorption 1onizers. For the
coatings, this 1s particularly useful as it means large areas
may be efliciently coated and converted to field eflect
ionizers, with practical applications 1n the fields of plasma
research and, particularly, space-based mass spectroscopy
and spectrometry. For biological and astrobiological appli-
cations this advance 1s particularly relevant as, for larger
molecules and particles, the field 1onization 1s “soit”, pre-
serving much of the molecular structure of the targets.
Ionization current density as a function of applied voltage
for several coatings and a lithographic device are shown 1n
FIG. 7. The neutral gas was a 95%/5% mixture of N, and H,,

respectively, at 3 m'Torr pressure.
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[0042] One mmnovation 1s to remove custom lithography
from the equation entirely, or substantially, while using
conducting diamonds with NEA surfaces as the emission
clements and, functionalizing the emission in such a way as
to remove or render recoverable shorts that would destroy
other devices.

[0043] FIG. 8 shows coating 50 on optional electrically
conductive layer 80 itself disposed on substrate 82 (e.g., a
piezoelectric stack). Conductive gate electrode 84 (e.g., a
metallic grid or screen) 1s supported above coating 50 via
supports 86a and 86b. Voltage source 88 1s connected to grid
84 and coating layer 50 to induce field emissions of electrons
from the diamond tips which are then accelerated through
the gate grid electrode 84 into free space.

[0044] One device leverages the hydrogen- or deuterium-
terminated, Boron-doped diamond grits (D:BDD) by coating
a conducting electrode 1n D:BDD and then inducing field
emission by means of a suspended grid 84 such as a TEM
orid. Emission coating to grid distance may be optimized
and maintained by placing the cathode on a piezoelectric
stack capable of modulating the emitter-grid separation as
shown by arrow 90. Feedback 1s used to maintain optimal
distance, with the emission current as the control parameter,
controlling voltage to the piezo stack via a control loop
implemented by PID (or other) controller 89. The emission
current 1s measured by controller 89 based on the voltage
applied to the coating by voltage source 88 and controller 89
adjusts the voltage supplied to voltage source 91 to piezo-
clectric stack 82 to adjust the distance between coating 50
and grid 84 until the field emission 1s optimized.

[0045] Another innovation along these lines 1s the creation
of an ultra-dense array of field emitter tips on the surface of
a single crystal or UNCD diamond film by exposing the film
to hyperthermal atomic oxygen bombardment. Such bom-
bardment has been demonstrated in LEO experiments to
produce on the order of 10” such tips on the surface of
[100]-oriented diamond crystals. As with the grit-based
cathode, the film, on a conducting substrate, 1s placed on a
piezo stack and 1ts distance to an external grid modulated.
An example of a functionalized device mcluding FAST
textured diamond, a detached grid and PZT-controlled sepa-
ration between grid and diamond. This method of forming
an emitter array not only does away with lithography but
produces an order ol magnitude more emission tips per unit
area than can be achieved by contemporary lithographic
processes on diamond. This enables potentially an order of
magnitude 1ncrease 1n emission current density from such
devices. H or D termination of the diamond film after AO
bombardment gives the emitters an NEA surface.

[0046] Besides offering superior robustness and poten-
tially superior overall performance due to the massive
increase in emission tip quantity, these devices have many
advantages over so-called hot cathodes such as filaments 1n
terms of heat load, power consumption and fragility.

Passive Cathode Coatings for Spacecrait Charge Mitigation

[0047] The active components may include mixtures of
clectrically conducting and insulating diamond grits that
have been given an atomic H or D surface termination and
adhered to a substrate surface using low-outgassing, elec-
trically conductive, inorganic epoxy. The result may include
formation to >10° cm™~ junctions at randomly formed points
of contact between conducting and msulating diamonds and
the formulation of a “paint” allowing the coatings—com-



US 2023/0005694 Al

prised of the terminated diamonds and conducting epoxy—
to be painted onto and cured on an arbitrary surface such that
the diamonds sit on the surface of the coating with their
junctions exposed to free space. In one example, forming
all-diamond triple-point junctions, of using expressly H or D
terminated diamond grits, and the method of combining the
diamond grits and epoxy to allow their adhesion (as
described above) 1s as follows. Note that quantities of all
materials scale linearly, their content ratios, by weight, held
constant.

[0048] A mixture of Epoxy Technologies Inc. E4110-LV
inorganic, two part, low-outgassing silver epoxy, pre-mixed
diamond grits and n-methyl-2-pyrrolidone (NMP) are used
to form a diamond cathode solution that resembles a “paint-
like’ substance that can be applied to various surfaces.
E4110-LV 1s a silver-impregnated epoxy purchased from
Epoxy Technology Inc. and includes two parts, Part A and
Part B. NMP 1s commonly available from e.g. Sigma Aldrich
(a.k.a. Sigma Millipore). A dry mixture of H- or D-termi-
nated conducting and insulating diamond grits 1s prepared
using e.g. a vortex mixture, the grit sizes and proportions
depending on the final application. Grit sizes for both
clectrically conducting and insulating diamond grits range
between 0.5 microns and 150 microns mean width, typically
in sizes of 0.5, 10 microns, 25 microns, 50 microns, 100
microns and 150 microns, or any combination thereof, may
be synthetic (produced e.g. by chemical vapor deposition or
high pressure high temperature synthesis) or derived from
naturally occurring diamonds. Diamond grits of these sizes,
both conducting, such as heavily Boron doped diamond, and
insulating diamond, are available commercially. The follow-
ing quantities scale linearly for larger batch sizes. First, 1.1
g of E4110-LV epoxy 1s produced using 1 g Part A and 0.1
g Part B, a 10:1 ratio. The Part B may also be added as the
final step to begin the cure process for a pre-mixed batch of
paint, the latter having a shelf life of at least 6 months. Once
the A and B parts of the epoxy are combined, the mixture has
an approximately 12 hour pot life. Regardless, Part B 1s
mixed 1n with Part A (and other components) 6.5 minutes in
a FlackTek, Inc. (for example) SpeedMixer to ensure a
uniform solution. Next, 0.25 g of NMP 1s added to the epoxy
and these components are again mixed for 6.5 minutes 1n the
speed mixer. Alter the mixture 1s examined it should appear
uniform. 0.25 g 1s measured out 1nto a separate container. 1
g ol diamond grit mixture (containing a mixture of electri-
cally conducting and insulating diamond grits) 1s added to
this container and these two components are again mixed for
6.5 minutes 1n the speed mixture. After the first mix, another
0.25 ¢ of NMP 1s added to the container and the three
components again mixed for 6.5 minutes. The resulting
solution 1s a low-viscosity mixture contaming ~70% dia-
mond grit. Adding the second batch of NMP after adding the
diamonds and mixing ensures the silver particles in the
E4110-LV do not separate out from the solution which
would adversely impact the conductivity of the coating after
curing.

[0049] One preferred method of creating samples 1s for the
diamond cathode mixture to be cast onto a substrate using a
doctor-blade system. For example, to cast the cathode coat-
ing with the doctor-blade, a 1 mL syringe 1s used to acquire
0.4-0.5 mL of the solution. This 1s then extruded 1n a line
onto the substrate ~2 mm away Ifrom the doctor-blade.
Finally, the blade 1s set to 50 microns and drawn across the
substrate to create a thin, even coating. This substrate 1s then
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placed 1n a 110 C vacuum oven and left to cure overnight.
Alternatively, the applied coating may be leit to cure for 1-2
days at ambient conditions. This procedure 1s eflective at
producing thin, uniform coatings of diamond cathode mate-
rial with strong adhesion to a wide variety of substrate
materials, including copper, aluminum, glass, steel, Indium-

Tin-Oxide (ITO) and Kapton®.

[0050] The diamond films described above are connected
clectrically to a spacecrait by simply being painted onto 1ts
exterior. When a spacecraft 1s charged negative by electron
bombardment originating from deep space or the sun the
spacecrait’s potential relative to the surrounding positive
background space plasma 1s driven negative by up to several
thousand volts. This increasing negative potential 1s relieved
by the emission of electrons into the plasma environment by
the triple-point cathode coating.

Active Field Ionization Coating

[0051] These coatings may be 1dentical to the ones
described immediately above but are externally powered.
When a high voltage 1s applied to the coating substrate, a
large electric potential builds up between the conducing and
insulating components of the coating. The coatings are
comprised of dry-mixed combinations of electrically con-
ducting and insulating BDD and ID gnits of sizes ranging
between 0.5 microns and 150 microns mean width or any
combination thereof, bound to the surface of an electrically
conducting, iorganic epoxy prepared and deposited using
the methods described above. Electrically neutral gases,
molecules or other dilute analytes are 1onized when they
enter the junction regions of the coatings formed at the
contact points between mnsulating and conducting diamond
orits. I the coating 1s biased negatively by at least =500 V,
analytes are 1onized by the high electric field at the junctions
and the 1ons are attracted to the coating and are adsorbed
while electrons are accelerated outward. If the gas density 1s
high enough, the repelled electrons 1onize further neutral
atoms or molecules by mmpact ionization. I positively
biased, 1ons are repelled once created, where they may also
ionize other atoms or molecules. If the gas density surround-
ing the 1onmization coating 1s sufliciently large a sustained
plasma 1s formed and the junctions become true triple-point
junctions as described above.

Monolithic Diamond Plasma Contactor and Ionizer

[0052] The theory of operation of the monolithic diamond
plasma contactor 1s the same as that of the passive and active
coatings described above. However, the diamond junctions
are formed by first depositing a layer of one type of diamond
(typically conducting, Boron, Nitrogen or Phosphorus doped
diamond) and then a layer of the other type of diamond
(typically 1nsulating intrinsic or slightly nitrogen doped
diamond). The diamond films may be either single crystal,
polycrystalline or ultrananocrystalline diamond (UNCD).
The deposition 1s performed by any suitable method, though
chemical vapor deposition (CVD) 1s the most common.
Following layer deposition, the upper layer i1s etched
through to the lower layer 1n such a way as to leave a pattern
such as lines or grids of the upper layer. The intersection of
the msulating and conducting layers forms the triple-point
junction. The lithography 1s accomplished by depositing
patterned Nickel in such a way as to form a negative image
on the surface of the upper layer device structure. This
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Nickel forms a mask for oxygen plasma etching of the
diamond, after which the nickel layer 1s lifted off or etched
away.

[0053] One improvement over prior art 1s that all-diamond
triple point 1onizers and plasma contactors are formed,
whereas the prior lithographic art utilized only insulating
diamond. The new art allows a fully integrated, monolithic
diamond device with all-NEA surfaces and that 1s highly
robust against AO bombardment found 1n LEO.

Diamond Gnt Field Emission Cathode Device

[0054] Diamond grit field emission cathode devices are
created by spreading a single layer of diamond grits onto an
clectrically conducting substrate. The diamond grits are
clectrically conducting, either through Boron, Phosphorus,
Nitrogen or other dopants introduced during the diamond
growth process (be that synthetic or natural). The diamond
orits are adhered to the substrate either by use of a low-
outgassing, conductive, inorganic epoxy in the manner
described above for the creation of passive plasma contac-
tors, or by heating the substrate to the point that the diamond
orits are wetted by the substrate 1tself and adhere. There exist
several methods of achieving H or D termination of the
diamond grits required to impart to them an NEA surface. If
epoxy 1s used to adhere the diamonds to the substrate, the
diamond grits are H or D terminated prior to aflixing them
to the substrate. If the diamonds are melt-aflixed to the
substrate, two methods present themselves.

[0055] For substrates or substrate coatings for which the
melting temperature exceeds 850° C., the diamond grits are
placed on the substrate and the substrate heated to near or
just above the melting point. If heated to the “softening’™
temperature, a slight physical pressure 1s placed on the
diamonds. Following this anneal step, the temperature is
lowered to between 35350 and 800° C. and the diamonds
exposed to monatomic H or D, then cooled to below 5350° C.,
at which point the H or D source 1s shut ofl and the material
1s cooled to room temperature. For substrate or substrate
coatings with melting temperatures between 550 and 850°
C., such as Aluminum, Magnesium or alloys thereot, the
anneal to softening/melting and H/D termination steps are
combined, followed by cooling to room temperature. The
diamond grits have dimensions of between 500 nm (mean
tull width) and 250 microns (mean full width).

[0056] Following creation of the conducting NEA dia-
mond grit terminated substrate, the substrate 1s placed atop
either a piezoelectric transducer (PZ'T) or a manually actu-
ated linear positioming stage with nanometer-scale precision
tuning utilizing e.g. differential lead screws. Either the PZT
or manual positioner are used to raise/lower the diamond grit
surface, normal to that surface’s face, relative to a high
mesh, electrically conducting wire grid. Common examples
of such grids are high mesh transmission electron micros-
copy (TEM) gnds. The device 1s operated by placing a
negative bias on the substrate containing the conducting
diamond relative to the conducting grid. The bias induces an
clectric field between the diamonds and the grids, which 1s
concentrated at the sharp tips of the diamonds. For suil-
ciently close spacing between the diamonds and the grid, the
tip field 1s enhanced enough to induce field emission from
the diamonds, with emitted electrons accelerated through the
apertures of the wire grid and 1nto free space. The diamond-
orid separation 1s tuned by means of the actuator or PZT, the
latter of which 1s operated by application of a control voltage
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whose magnitude 1s proportional to the PZT length and
therefore the diamond coating-grid spacing. For use in
dynamic environments for which mechanical stabilization 1s
usetul or for additional stabilization of emission currents and
automatic tuning of diamond-grid separation distances, the
PZT dnive voltage 1s tuned using a feedback loop, such as a
PID control loop, for which the emission current or extrac-
tion voltage 1s used as the control parameter. Besides allow-
ing active mechanical stabilization of the emission field
through precise control of the diamond-mesh distance, the
ability to physically tune the relative positions of the dia-
monds and grid allows for a degree of fault recovery from
shorts. To wit, any physical short between diamonds and
orid 1s removed by backing the diamond surface away from
the grid until an open circuit 1s re-attained or emission
current 1s again observed.

[0057] The creation and operation of the diamond grit field
emission cathodes entails several advances over prior art.
The use of diamond grits 1n a Spindt-type field emission
device have been reported, in which nanoscale diamonds
without deliberate H or D termination were pushed into the
holes of a monolithic back electrode/gate configured device,
essentially replacing the traditional field emission tips 1n
cach hole with the diamond grit. The present art improves
upon this effort by using highly conducting, H or D termi-
nated diamonds and by coating the entire back electrode (the
cathode) with diamond grit rather than filling lithographi-
cally patterned holes. It further improves upon the prior art
by physically separating the gate electrode from cathode,
climinating the possibility of physical shorts by introducing
an “air gap” between the electrical elements. The prior art
resulted 1n a significant number of shorting, failed or oth-
erwise defective devices due to the method of construction,
which the present advances remedy entirely. Another
example of prior art 1s the creation of a Spindt-type device
in which diamond field emission tips were created by
lithographic processes without a front gate electrode, the
latter provided by a suspended TEM grid. However, 1n that
case, a lithographic process with orders of magnitude fewer
realizable field emission tips/cm” was demonstrated. Finally,
the introduction of an integrated linear actuator to position
the diamond grit cathode with respect to the gate electrode
1s a new art, as 1s the control of this separation using a PZT
with an integrated feedback loop. The integration of the
three above technologies comprises the sum of the new art,
in which no lithography at any stage 1s required to create the
fiecld emission tips (the diamond grits), which are both
conducting and intentionally H or D terminated, and 1n
which a means of dynamically controlling the separation
distance between tips and gate 1s itroduced, which allows
for shorting fault recovery and dynamic adjustment of
clectric field at the emission tips by variation of the distance
between electrodes.

Textured Diamond Field Emission Cathode Device

[0058] The textured diamond field emission cathode
device operates 1dentically to the diamond grit-based device
and has similar construction, to the extent that the textured
diamond cathode 1s mounted on a manual or PZT actuated
linear translator, the purpose of which 1s to adjust 1ts position
relative to a suspended gate electrode. In operation with the
PZT, the PZT operation voltage—which sets the cathode-
gate distance—is controlled using feedback from the emis-
sion current and/or extraction voltage 1n order to optimize
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the emission for a given bias voltage placed between the
cathode and gate. However, the method of creating the
textured diamond cathode 1tself and its physical properties
as a monolithic, massively parallel array of field emission
tips are entirely novel.

[0059] The prior art for the creation of field emission tips
with tip dimensions ranging from atomic scale to nanome-
ters relies on either a) lithographic techniques, including
various forms ol etching and pattern definition or b) the
deposition of materials with inherently sharp features such
as the atorementioned diamond grits, carbon nanotubes and
so forth. The new method utilizes no lithographic device
definition or any deposition steps (beyond that required to
create the diamonds or diamond films, which can even occur
naturally). Further, no traditional etching 1s performed, but
rather a bombardment by hyperthermal, neutral atomic oxy-

gen (AQO) as follows:

[0060] 1) An electrically conducting diamond crystal,
single crystal film, polycrystalline film or UNCD {ilm,
with films >=500 nm thickness, or a batch of conduct-
ing diamond grits, 1s exposed to unidirectional bom-
bardment by electrically neutral O with kinetic energy
between 5 eV and 15 eV until troughs, such as those
shown 1n the SEM micrograph are etched at least 500
nm deep. This step 1s carried out i PSI’s patented
FAST atom source, or equivalent. This step produces an
array ol sharp rods and cones on the diamond surface
with a packing density of order 10°cm™=. The conduc-
tivity of the diamond 1s induced by its heavy doping
with Boron, Phosphorus or Nitrogen.

[0061] 2)The diamond material, thus textured, 1s heated
to 550° C.<T<R®00° C. 1n a vacuum chamber, at which
point 1t 1s exposed to a thermal beam of neutral atomic
hydrogen and/or deuterium. The combination of H
and/or D flux and exposure time 1s suflicient to coat the
textured diamond in a monatomic layer of H or D,
imparting an NEA surface to the diamond. The dia-
mond 1s then cooled below 550° C., at which point the
H/D exposure 1s switched ofl.

[0062] One difference between Step 1 and traditional
oxygen plasma reactive 1on etching (RIE) 1s that the O atoms
are electrically neutral and that they are hyperthermal; that
1s, their kinetic energy causes them to impinge on the
diamond from a single well-defined direction and with such
energy as to be well beyond what 1s achievable by thermal
heating, the directional atomic gas tlow being well away
from thermal equilibrium.

[0063] Besides cathode coatings, the disclosure describes
a number of active devices usetul for the low-power emis-
sion of electrons, 1onization of neutral gases and spacecrait
propulsion using electrodynamic tethers and related devices.
Such devices are usetul in a range of products such as mass
spectrometers (both terrestrial and space-based), electrody-
namic propulsion systems, plasma engines (for space explo-
ration and satellites), particle accelerators, research instru-
mentation and, with some development, for novel, advanced
medical 1maging devices such as dynamically spatially
tatllored and ultrafast pulsed X-ray sources for stroboscopic
medical 1imaging and cancer treatments.

[0064] Although specific features of the invention are
shown in some drawings and not in others, this 1s for
convenience only as each feature may be combined with any
or all of the other features in accordance with the invention.

- B 4 4 A B 4 4

The words “including”, “comprising”, “having”, and “with”
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as used herein are to be interpreted broadly and comprehen-
sively and are not limited to any physical interconnection.
Moreover, any embodiments disclosed 1n the subject appli-
cation are not to be taken as the only possible embodiments.
Other embodiments will occur to those skilled in the art and
are within the following claims.

[0065] In addition, any amendment presented during the
prosecution of the patent application for this patent 1s not a
disclaimer of any claim element presented 1n the application
as filed: those skilled in the art cannot reasonably be
expected to drait a claim that would literally encompass all
possible equivalents, many equivalents will be unforesee-
able at the time of the amendment and are beyond a fair
interpretation of what 1s to be surrendered (1f anything), the
rationale underlying the amendment may bear no more than
a tangential relation to many equivalents, and/or there are
many other reasons the applicant cannot be expected to
describe certain 1substantial substitutes for any claim ele-
ment amended.

What 1s claimed 1s:
1. A triple-point cathode coating comprising:
an electrically conductive adhesive medium:;

clectrically conductive NEA diamond particles cast or
mixed with the adhesive medium:

clectrically insulative NEA diamond particles cast or
mixed with the adhesive medium; and

a plurality of exposed junctions between electrically con-
ductive diamond particles and electrically insulative
diamond particles; or

a plurality of exposed junctions between electrically insu-
lative diamond films deposited on top of electrically
conductive diamond films (or vice versa), with both
deposited on an electrically conductive substrate,
where the junctions between conductive and sulative
diamonds are formed by etching away portions of one

film to reveal portions of the other; and

either coatings or etched film junctions to reduce any
clectrical charges on a structure coated with the coating
or with etched film junctions’ adhered to them using an
clectrically conductive adhesive.

2. The coating of claam 1 in which the electrically
conductive NEA diamond particles contact electrically insu-
lative NEA diamond particles at locations not submerged 1n
the adhesive medium.

3. The coating of claim 1 in which the electrically
conductive NEA diamond particles and the electrically 1nsu-
lative particles have a grit size of between 0.5 microns to 150
microns.

4. The coating of claim 1 in which the electrically
conductive NEA diamond particles and the electrically 1nsu-
lative diamond particles are mixed together before casting or
mixing them with the adhesive medium.

5. The coating or films of claim 1 1n which the adhesive
medium includes silver.

6. The coating of claim 1 in which the junctions between
clectrically insulative and electrically conducting diamonds
are formed from synthetic diamond films by lithographic
methods, 1n which portions of an electrically insulative
diamond film deposited on top of an electrically conducting
diamond film are etched away to reveal triple-point junc-
tions between the electrically insulative and conductive
diamond films and free space.



US 2023/0005694 Al

7. A cold cathode field emission electron gun:

a substrate; and

a cathode coating associated with the substrate, the coat-

ing including:

an electrically conductive adhesive medium; and

clectrically conductive NEA diamond particles cast or
mixed with the adhesive medium or attached on top
of the medium.

8. The electron gun of claim 7 further including:

a conducting gate electrode supported above the coating;

and

a voltage source connected between the gate electrode and

the coating to produce energetic free electrons by field
emission from the diamonds’ tips; and to transport a
field of emitted electrons through the gate electrode
into iree space after acceleration by the voltage placed
between the gate electrode and conducting diamond
particles.

9. The electron gun of claim 8 further includes a piezo-
clectric material upon which the coating or the gate elec-
trode 1s placed.

10. The electron gun of claim 9 further including a voltage
source for the piezoelectric material to adjust the distance
between the gate electrode and the diamond coating to
optimize field emission of electrons from the coating.

11. The electron gun of claim 7 further including an
clectrically conducting layer behind the coating.

12. The electron gun of claim 7 in which the electrically
conductive NEA diamond particles are not submerged 1n the
adhesive medium.

13. The electron gun of claim 7 in which the electrically
conductive NEA diamond particles have a grit size of
between 0.5 microns to 150 microns.
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14. The electron gun of claim 7 1n which the electrically
conductive NEA diamond particles are mixed with electri-
cally conducting adhesive before casting or mixing them
with the adhesive medium.

15. The electron gun of claim 7 in which the adhesive
medium includes silver.

16. A method of producing a cold cathode, the method
comprising;

preparing an electrically conductive adhesive medium;

and

casting or mixing electrically conductive NEA diamond

particles with the adhesive medium; and

wherein there are a plurality of exposed sharp NEA

diamond particle tips.

17. The method of claim 16 in which the electrically
conductive NEA particles are not submerged in the adhesive
medium but are rather exposed to a gate electrode.

18. The method of claim 16 in which the electrically
conductive NEA diamond particles have a grit size of
between 0.5 microns to 150 microns.

19. The method of claim 16 in which the electrically
conductive NEA diamond particles 1s mixed with the elec-
trically conducting adhesive medium before casting onto a
substrate.

20. The method of claam 16 in which the adhesive
medium 1ncludes silver.

21. The method of claim 16 1n which preparing the
adhesive medium 1ncludes mixing a two part epoxy.

22. The method of claim 16 i1n which the electrically
conductive NEA diamond particles are mixed with the
adhesive medium, and then additional solvent 1s added to
that mixture to produce a low-viscosity final mixture.
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