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can tunnel and be emitted from the surface of the substrate into an adjacent vacuum. Preferably, the dopant ions are implanted at low

energies, less than 1 keV.
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CATHODIC DEVICE

BACKGROUND OF THE INVENTION

THIS invention relates to a method of creating a cathodic device and to a
device formed by the method.

In general, the term cathode refers to a ﬁegatively charged piece of conducting
material (metal or semiconductor) that serves as an “electrode” from which
electrons can be extracted for useful purposes. These electrons may, for
example, be picked up by positive ions in electrolytic baths to generate
chemical reactions, or be emitted into gaseous environments to assist with the
generation of plasmas, or into a vacuum without any plasma generation. In the
field of electronics, cathodes are usually devices, or material-vacuum
interfaces, from which electrons can be extracted, or emitted, from the material
into the vacuum. These electrons, once present in the vacuum, can then be
manipulated, by suitably applied electric fields, to form an array of useful
devices. Typical examples are thermo-ionic valves (vacuum tubes) and

cathode ray tubes such as those used in televisions and computer monitors.

In order to exit a cathode and enter the surrounding vacuum, electrons usually
need to scale an energy barrier. If the cathode is a metal, this barrier is roughly
the same as the work function of this metal. There exist different methods to

extract electrons, over such an energy barrier into the vacuum. One can apply

CONFIRMATION COPY
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a very large field to the cathode surface by a suitably placed anode (field
emission). Usually the latter mechanism involves some form of dielectric
breakdown of the cathode material, which is accompanied by damage
creation. In order to limit the latter, sharp points are usually employed to
enhance the electric field that extracts the electrons. One can also excite
electrons from the material by using light (photons) of the appropriate
wavelength (photo-electric emission). To obtain a large enough electron
current, a high intensity of light is needed, and such devices are usually bulky
and inefficient for the majority of applications. It is also possible to use electron
or ion irradiation of the cathode material (secondary emission). However, this is

even more impractical than using photon irradiation.

Since the birth of electronics, the preferred method to extract electrons from a
cathode has been to heat the latter (thermo-ionic emission). In such a
conventional cathode, a suitable conductive material, such as a tungsten wire,
is heated by passing a current through it. At a high enough temperature
electrons “boil” out of the material, forming a cloud of electrons in the vacuum
at the cathode-vacuum interface. Large electric fields, with their concomitant
adverse effects on the cathode material, are then not needed to extract the
electrons. The application of suitable electric fields, to this “cloud” of electrons,
is then used to generate the myriad of “vacuum-electronic” devices that are
known today. For example, high voltage acceleration of these electrons could
be used to generate an “electron gun”, which directs a beam of electrons at a

phosphor-coated surface.

Thermo-ionic electronic devices have certain advantages above present day
solid-state electronic devices: For example, they can handle much higher
power levels. However, they are bulky, expensive and power-hungry (heating
of the cathodes consumes high levels of electric power). To overcome these
drawbacks, one would, ideally, prefer a cathode material that, without heating,
emits electrons into the vacuum (surrounding it) at room, or even lower,
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temperatures. Hypothetically, one would like an electron-conducting material,
in which the latter electrons are at a higher energy than they would be at in the
surrounding vacuum,; i.e. the lowest energy they can be at in the vacuum (the
so-called vacuum level) must be lower. It is said that such a material has
negative electron affinity (NEA), and it is generally accepted in the scientific
literature that, if such a material could be found or generated, one should be
able to extract electrons from it into the vacuum without encountering an
energy barrier. One can then use such a material to manufacture so-called
cold cathodes. Such a cold cathode would require no heating to liberate
electrons into the vacuum, and should, thus, provide “field emission” of
electrons from its surface, without suffering any damage (even if the emitting
surface is flat and smooth), when applying an electric field. Furthermore, the
latter field can be low and moderate and need not be as high as required for

normal field emission.

There are indications that large band gap semiconductors like, for example,
diamond, cubic boron nitride, and aluminium nitride may be NEA materials, in
which those electrons that are present in their conduction bands, are at higher
energies than the vacuum level. For example, in a famous experiment by
Himpsel et al (1979), on p-type semiconducting diamond, it was found that,
when the dangling bonds on the diamond’s surface are terminated by
hydrogen atoms, electrons, excited by optical means into the conduction band,
could be extracted into the vacuum without encountering any energy barrier.
From this result, it was reasoned that n-type doped diamond, which, contrary to
p-type doped diamond, has electrons in its conduction band, should be able to
act as an ideal cold cathode. Much research and experimentation has been
carried out in attempts to dope diamond n-type, and thus to create so-called
cold cathodes.

At present, it is possible to incorporate phosphorous atoms during growth to

generate n-type diamond. Many attempts have been made to manufacture
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cold cathodes from the latter material. However, even when terminating the
surface bonds with hydrogen atoms, the results achieved to date are dubious.
In all cases, electrons could only be extracted over energy barriers, and similar
physics applies as in the case of normal field emission. Even in the cases
where electron emission occur when using relatively low electric fields, the
processes involved could be modeled in terms of defects or graphitic patches
on the surface. At best, the electron emission obtained so far, has been erratic
and non-uniform over the emitting surface. A consensus seems to be emerging
that the NEA effect measured on p-type diamonds, when optically exciting
electrons into the conduction band, is a surface effect caused by the dipolar
nature of the hydrogen-carbon bonds on the diamond’'s surface, and that
diamond, or for that matter any other material, may not be truly NEA in nature.

However, the surface of a material is a massive defect that can change the
physical properties to be different, on, at, or near, the surface from what they
would be in the bulk if no surface were present. The electron energy levels can
be severely affected by the surface. For example, a well known mechanism
that can operate is the so-called “pinning” of the Fermi-level at the surface.
Suffice to say that surfaces can be extremely complicated, and it is
theoretically possible that if no surface exists, the conduction band may be
situated at a higher energy than the vacuum level, but that this advantage is
destroyed by the necessity to have a surface through which the electrons have

to move into the vacuum.

In this respect, it is worthwhile to consider another type of interface that is
generated when manufacturing an electrical contact by depositing a metal onto
the surface of a semiconductor. The metal is a conductor, and this interface is
thus totally different from the one to the vacuum, where the latter is an
insulator. However, also in the case of the electrical contact, the surface of the
semiconductor is important. Consider, for example, an n-type semiconductor
with a metal contact. Even though both materials are conducting, an energy
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barrier (for example, a Schottky barrier) may form that inhibits the free flow of
electrons from the semiconductor into the metal when applying an electric field
over the interface. To remove such a barrier the contact has to be made
“ohmic”. The generation of ohmic contacts on semiconductors is more of an art
than a science. Many processes involving different approaches like chemical
interactions between the metal and the surface, mechanical treatment of the
surface before metal deposition, suitable, high density, doping near the
surface, etc., are employed. The result of many of these treatments is to create
a thin region at the interface through which the electrons, owing to their wave

nature, can tunnel from the semiconductor to the metal and vice versa.
It is an object of the invention to provide a method of creating a cathodic

device which exhibits at least some of the properties of a “cold cathode” device

as discussed.

SUMMARY OF THE INVENTION

According to the invention there is provided a method of creating a cathodic

device, the method comprising:

providing a substrate of a material having negative electron affinity

characteristics; and

generating a layer within the substrate at, on, or adjacent to the surface
thereof that will act as an “ohmic” - tunneling region through which the
conducting electrons in the substrate can tunnel and be emitted from

the surface of the substrate into an adjacent vacuum.

The extracted electrons can be increased and contained within the vacuum

between the diamond and an extracting electrode or anode to form a long
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living, stable electron-gas of very high conductivity. This gas is maintained by
its ability to screen electric fields, and, in this respect, it acts as a

superconductor.

The substrate may comprise diamond, cubic boron nitride, or aluminium
nitride, for example. Other materials having negative electron affinity
characteristics (i.e. a conduction band above the vacuum level) may also be
utilised.

The “ohmic’-tunneling contact is preferably manufactured by generating a
sufficient density of donor states near, and at, the surface of the NEA
semiconductor, to form a depletion layer sufficiently narrow for electrons in the
conduction band to tunnel through it and to be emitted into the vacuum.

The substrate is preferably doped with a large dose of suitable low energy
ions in order to create the donor states needed to form a shallow depletion
layer at the surface thereof.

Preferably, the dopant ions should form shallow donor states, and therefore
oxygen and nitrogen ions, as discussed in International patent application no.
PCT/IB00/00870, could be used when the substrate comprises diamond. It is
preferable that such ions should be implanted at low energies, typically in the
1 keV range and lower.

In a preferred method, the dopant ions were implanted at energies of
approximately 150 eV, and were oxygen ions extracted from an oxygen DC-
plasma and directed onto the surface of the substrate by a negative bias
voltage selected according to the desired electron energy, to give an

implanted ion dose of approximately 2 x 10" cm™.
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The density of donor states in the depletion region should preferably exceed

1x 10" cm™.

The invention extends to a cathodic device formed by the above-defined
method.

The invention further extends to a cathodic device comprising:

a substrate of a diamond material having negative electron affinity
characteristics; and

a depletion layer at, on or adjacent to a surface of the substrate formed
by doping of the substrate with oxygen or nitrogen ions at an energy of
less than 1 keV, the depletion layer acting as an “ohmic” - tunneling
region through which conducting electrons in the substrate can tunnel
and be emitted from the surface of the substrate into an adjacent

vacuum.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a simplified schematic diagram of apparatus for implanting low
energy ions into a diamond substrate, used in the method of the

invention;

Figure 2 is a set of graphs showing the characteristics of a diamond
substrate treated by the method of the invention,
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Figure 3 is a simplified schematic diagram of apparatus used to measure

the electrical characteristics of the treated substrate;

Figure 4 is a set of graphs showing the relationship between current and
distance between a probe of the measurement apparatus and
the treated substrate; and

Figure 5 is a graph showing the relationship between current and probe

potential for a given probe distance.

DESCRIPTION OF AN EMBODIMENT

A prototype cathodic device according to the present invention was created
utilising a substrate material believed to have negative electron affinity (NEA)
characteristics, and doping the surface and near-surface region of the
substrate to a very high density with the intention of creating a narrow
depletion layer near the surface which is narrow enough to allow electrons to
tunnel through it and to be emitted from the surface of the substrate to form a

“cloud” or “gas” of electrons adjacent the surface in a vacuum.

In the prototype method of the invention, oxygen-ion implantation was used to
create the highly doped layer in diamond. As described in International patent
application no. PCT/IB00/00870 it is possible to generate shallow, metastable,
oxygen-related donor states by oxygen-ion implantation. All the results are
consistent with oxygen atoms interacting, in some way, with vacant lattice sites
in the diamond to generate these donor states. In order to test whether it is
possible to generate a highly over-doped near-surface layer in diamond, which
will be n-type and allow tunneling of the electrons to an adjacent vacuum, it
was decided to use very low energy (150 eV) oxygen ions. With this energy,
the ions will be deposited near to the surface (over the first 15 Angstrom) with
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little damage to the diamond substrate (about one vacancy per ion). It is also
known that a polished diamond surface already has vacancies below its
surface and that the doped layer achieved should thus be deeper than 15
Angstrom, because some of the implanted oxygen-interstitials can diffuse to
deeper lying vacancies to form donor levels (as described in the

abovementioned patent application).

It is difficult to generate such low energy ions on a standard ion implanter. lon
implanters usually extract ions from the source with a minimum energy of
about 25 keV. To obtain 150 eV ions these higher energy ions need to be
slowed down. This requires sophisticated lenses and electronics. Thus, it was
decided rather to extract the oxygen ions directly from an oxygen DC-plasma
onto the diamond. The equipment used is illustrated schematically in Figure 1.
The oxygen plasma 10 was generated between a grid 12 and a plate 14 with a
hole 16 in it. The ions were then extracted out of the hole, by applying a 150
Volt negative bias, and directed onto the surface of the substrate.

A natural, high purity, type lla diamond 18, as polished, was treated in this
equipment, such that according to the current measured on the diamond, the
implanted ion dose came to ~2x10""cm™. The resistance of the diamond was
then measured with increasing temperature up to 350°C and during
subsequent cooling back to room temperature. As can be seen in Figure 2
(open squares), the resistance during cooling was far lower. This can be
ascribed to annealing of the radiation damage and the formation of more
oxygen-related donor states. To test whether further annealing could lead to a
further decrease in resistance, the diamond was annealed for another 4 hours
at 400°C in a high purity Argon atmosphere. Instead of decreasing, the
resistance increased, as can be seen in Figure 2. Nonetheless, the layer was
still conducting, and behaved in the manner expected from O*-ion-doped
diamond when using keV-energy ions that generate donor states lying far
deeper than 15 Angstrom below the surface.
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To test whether this decrease could be ascribed to contaminants on the
surface, the diamond was boiled in an oxidising acid solution containing
sulphuric, nitric and perchloric acids. As can be seen in Figure 2, the
resistance and its behaviour stayed basically the same. Thus it seems more
probable that during the subsequent 400°C anneal, some of the implanted
oxygen donors may have become deactivated. As already mentioned, these
oxygen donors are metastable: they anneal out at higher temperatures. The
surface affects defects, and it is thus quite possible that those nearer the
surface could be more unstable than those situated deeper, which were
created by in-diffusion of the oxygen ions. Accordingly, the plasma treatment
was repeated, and the same measurements done (filled squares in Figure 2),
but this time the diamond was maintained, while allowing an electric current to
flow through it, above 350°C for 24 hours before cooling it.

The diamond was then mounted in a high vacuum system (vacuum better than
10°® mbar), which contained a probe, schematically shown in Figure 3, to
detect any cold cathode action. This is a typical experimental arrangement that
has been employed in different laboratories to test for possible cold cathode
action. The probe used, and shown schematically in Figure 3, has been
designed to facilitate accurate measurement of the gap distance between the
diamond and the probe point. It comprises a cylindrical plunger-like body 20
formed from insulating material and moveable axially within an open-ended
tubular housing 22. A micrometer movement (not shown) was used to move
the whole assembly towards or away from the treated diamond. The probe
point 26 is gold plated and has a radius of 0.5mm. When it is moved onto the
surface of the diamond substrate 18, the cylindrical plunger 20 presses
upwards against the spring 24, a switch consisting of two metal pins opens,
and the ohmmeter measures an open circuit. By pulling the point away from
the surface the metal pins make contact and the ohmmeter measures a closed
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circuit. This gives a calibration point, which can be used to determine when the

probe breaks contact with the surface.

The probe was pushed against the diamond substrate surface and a positive
potential of 1000 Volt was applied to the probe point. A current of just over 0.5
mA flowed: i.e. the resistance of the diamond between the contact and the
probe was just under 2 MQ. The probe was then moved to a position 1
micrometer away from the diamond's surface. The current dropped, but did not
go to zero. It, at first, decreased to about 0.29 mA, and then increased again
to the same value it had when the probe made contact to the surface. The
probe was then pulled back to increase the gap to 2 um. Again, the current at
first decreased, this time to about 0.12 mA, but it recovered, again, with time.
This kept on occurring as the gap was increased. The results can be seen in
Figure 4.

After the measurements at 4 um, the system was allowed to stabilize for a far
longer time than before. When moving to 5 um, the drop in current was less.
After that, the time for stabilization, after each 1 um increase in the gap, was
made even longer, and the probe could be moved right out to 16 um before
the current dropped away. It was then found that by moving the probe back
towards the surface, one could again pick up the current of ~ 0.5 mA before
reaching the surface, and again increase the gap slowly without losing it.
However, if one increased the gap too fast, the current fell away very quickly.
The slight increase in current with increasing gap indicated in Figure 4 is
probably a result of the diamond heating up owing to the current flowing
through it. It is thus clear that the current (electrons) that exits the diamond
into the vacuum, is after its stabilization, the same as when the probe is
touching the diamond's surface. In a follow up experiment on another
diamond, the gap could be increased to 100 um, before the current fell away
to zero.
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After the measurements with the positive potential, shown in Figure 4, were
completed, the probe was again moved onto the surface and the voltage
switched to negative, before pulling it away from the surface. The fascinating
result ensued that the current did not drop away after moving the probe to
leave a gap of 1 um. This result is also shown in Figure 4. However, as can
also be seen in Figure 4, further increases in the gap between the probe and
surface caused a decrease in the current, which now did not recover to the

higher value at zero gap distance, until at 7 um it became zero.

The positive voltage was again used, and after the current stabilized at a gap
distance of 10 um, the potential was changed from +1000 Volt in steps down
to -1000 Volt, while monitoring the current. The result can be seen in Figure 5.
For the same magnitude of the potential, current flow occurred in both
directions with the same magnitude when the polarity was changed from
positive to negative. Furthermore, when pushing the probe against the
surface, exactly the same curve is measured; i.e. the current is the same,
whether there is a gap or not. This means that the voltage drop over the gap is
negligibly small compared to the voltage drop over the diamond itself. Current
flow through the gap, when a negative potential is applied to the probe,
requires electrons to be emitted from the probe point and then enter the
surface of the diamond. It is understandable that electrons in the gap can be
pushed back into the diamond, because this proves that the objective of
creating an “ohmic’- tunneling contact between the diamond and the vacuum
has been achieved. However, the probe point consists of metal, and it is thus
not an NEA material. It's Fermi level should be situated below the vacuum
level. Emission of electrons from the probe point into the gap, without
encountering a barrier, can only occur if the metal's Fermi level is at the same
energy as the vacuum level. The fact that the current is actually measured,
means that the latter must have actually occurred: the Fermi level of the metal

probe must have equilibrated with the vacuum level.
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In the derivation of the Child-Langmuir equation for electron transport between
a cathode and electrode in a hot filament vacuum diode, the current density J
as a function of average electron density at an applied potential V, can be
written as:

P!
J=-ne [Z_ez]

where n is the average density of electrons, m an electron’s mass and e an
electron's charge. If n increases, the current will increase. As seen in Figure 4,
the current at first fell when the probe (with a positive potential on it) was
pulled away from the surface of the diamond. However by leaving it for a while
the current increased. This could only happen if more electrons entered the

gap.

Obviously, the more electrons there are, the easier conduction will be: i.e. the
resistance of the gap decreases. This decrease means that less voltage V is
required to sustain the same current. Thus the voltage drop over the gap
decreases, and appears over the diamond. The current through the diamond
increases, and more electrons enter the gap. This keeps on occurring until
most, and most probably all, the voltage drop is over the diamond. The
current cannot increase anymore because there is no more voltage available,
and it thus stabilises at the same value one would measure if there were no
gap at all.

It is now simple to deduce why, under these circumstances, current can also
flow in the reverse direction. The gap is not a pure vacuum gap anymore. It
contains a high density of electrons and is highly conducting. In other words, it
acts as a metal with its Fermi level at the vacuum level. Another metal making
contact with it, has no choice but to align its Fermi level with the vacuum level:

i.e. an ohmic contact to the electron cloud within the gap ensues. Because
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there are now effectively ohmic contacts at the diamond surface as well as the
probe surface, the current can flow with ease (encountering no barriers at all)
either way through the gap.

Although the term “ohmic” is a misnomer for an interface between a
semiconductor and an insulator, by lateral thinking, the present invention
extends this concept to the case where one has an interface between an NEA
material and the vacuum. The invention shows that in order to extract electrons
from the conduction band of an NEA material (so that they can reside outside
the material in the adjacent vacuum) without having to scale an energy barrier,
one has to construct a thin “ohmic” tunneling barrier at the surface of the NEA

material through which the electrons can be extracted into the vacuum.

Once formed, this "vacuum-electron-gas" or "cloud" is remarkably stable. One
can switch off the potential, and leave it off for days before switching on again,
and the conduction will be there immediately. One can change the voltage
instantaneously from one value to another, and the current will adjust to the
corresponding value shown in Figure 5. Thus, the electron cloud within the
gap forms a stable (or a long-lived metastable) material phase that consists
entirely of electrons trapped within the vacuum region between the diamond
and the metal probe.

The current flowing through it stabilises when it reaches the same value as the
maximum current that can flow through the diamond when applying the same
voltage directly to the diamond. This implies that the current flows through the
gap with zero, or very near to zero, voltage over the gap.

In a follow-up experiment, nitrogen ions were used to generate the donor
states needed in the depletion region. The same results were obtained as
described above for the oxygen ions.
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CLAIMS
1. A method of creating a cathodic device, the method comprising:

providing a substrate of a material having negative electron
affinity characteristics; and

generating a layer within the substrate at, on, or adjacent to the
surface thereof that will act as an “ohmic” - tunneling region
through which conducting electrons in the substrate can tunnel
and be emitted from the surface of the substrate info an
adjacent vacuum.

2. A method according to claim 1 wherein the substrate comprises
diamond, cubic boron nitride, or aluminium nitride.

3. A method according to claim 2 wherein the substrate comprises a type
Ila diamond.
4, A method according to claim 2 or claim 3 wherein the substrate has a

polished surface.

5. A method according to any one of claims 1 to 4 wherein the “ohmic”-
tunneling region is manufactured by generating a sufficient density of
donor states near, and at, the surface of the substrate, to form a
depletion layer sufficiently narrow for electrons in the conduction band
to tunnel through it and to be emitted into the vacuum.

6. A method according to claim 5 wherein the substrate is doped with a
large dose of suitable dopant ions in order to create the donor states
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needed to form a shallow depletion layer at the surface of the
substrate.

7. A method according to claim 6 wherein the dopant ions are oxygen or
nitrogen ions.

8. A method according to claim 6 or claim 7 wherein the dopant ions are

implanted at low energies.

9. A method according to claim 8 wherein the dopant ions are implanted
at energies of less than 1keV.

10. A method according to claim 9 wherein the dopant ions are implanted
at energies of approximately 150 eV.

11. A method according to any one of claims 7 to 10 wherein the dopant
ions are oxygen ions extracted from an oxygen DC-plasma and
directed onto the surface of the substrate by a negative bias voltage
selected according to a desired electron energy.

12. A method according to any one of claims 6 to 11 wherein the implanted
ion dose is approximately 2 x 10" cm™

13. A method according to any one of claims 6 to 12 wherein the density

of donor states in the depletion region exceeds 1 x 10" cm™

14. A cathodic device comprising:

a substrate of a diamond material having negative electron

affinity characteristics; and
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a depletion layer at, on or adjacent to a surface of the substrate
formed by doping of the substrate with oxygen or nitrogen ions
at an energy of less than 1 keV, the depletion layer acting as an
“ohmic” - tunneling region through which conducting electrons
in the substrate can tunnel and be emitted from the surface of

the substrate into an adjacent vacuum.
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Figure 3
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Figure 5
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