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ELECTRON TRANSPARENT MEMBRANE FOR COLD CATHODE DEVICES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Patent Application No.
62/387,503, filed on December 23, 2015, titled “Electron Transparent Anode/Window

Field Emitter Array,” which is hereby incorporated by reference in its entirety.

GOVERNMENT LICENSE RIGHTS

[0002] This invention was made with Government support under Grant No.
N6601-12-1-4212 awarded by the Defense Advanced Research Projects Agency
(DARPA). The Government has certain rights in the invention.

BACKGROUND

[0003] There are, broadly speaking, two ways to liberate an electron from a metal
or a semiconductor. First, energy can be imparted to the electron (e.g., thermally, by
supplying electromagnetic radiation, etc.) that is sufficient to overcome the potential
barrier that represents forces against the electron’s liberation. Alternatively, the potential
barrier can be deformed by the application of an electric field to a point where electrons
can quantum tunnel through the barrier. This latter phenomenon is termed “field

emission.”

[0004] Cold cathode devices are devices that emit electrons whilst relying on
methods other than thermionic emission. That is, the electrons overcome the potential
barrier by means other than thermal energy and/or the electrons tunnel through the
potential barrier. For instance, some fluorescent lamps liberate electrons into a gas-filled
tube by applying a large electric potential difference between opposing electrodes of the
tube. The electrostatic potential allows tunneling of electrons out of the cathode and into
the gas. While such electrodes may not actually be “cold” in practice, the device is

considered a cold cathode device because the electrons are not produced by raising the
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temperature of the electrode above the temperature at which the material will thermally

emit electrons.

[0005] Field emitter arrays (FEAs) are a class of cold cathode devices that produce
electrons using multiple emitters that each produce electrons via field emission. FEAs
have the potential to produce a high current density, but must be operated in high
vacuum environments since otherwise adsorption and/or desorption of gas molecules by

the emitters would significantly degrade their performance.

SUMMARY

[0006] According to some aspects, a cold cathode device is provided, the device
comprising a substrate, a field electron emitter disposed upon the substrate and
configured to emit electrons in a first direction, and a structure encapsulating the field
electron emitter, thereby creating an airtight seal around the field electron emitter, at
least a portion of the structure being an atomically thin membrane positioned in the first
direction with respect to the field electron emitter.

[0007] According to some embodiments, the structure encapsulates a plurality of
field electron emitters.

[0008] According to some embodiments, the field electron emitter is a
semiconductor or metal field emitter.

[0009] According to some embodiments, the plurality of field electron emitters
comprise an array of self-aligned gate field emitters.

[0010] According to some embodiments, ambient pressure inside the structure is

less than 1 Torr.

[0011] According to some embodiments, the field electron emitter is a silicon field
emitter.
[0012] According to some embodiments, the silicon field emitter comprises a

silicon nanowire current limiter.

[0013] According to some embodiments, the field electron emitter comprises a
tapered tip.

[0014] According to some embodiments, the tip of the field electron emitter has a

coating comprising a semiconductor or metallic material.
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[0015] According to some embodiments, the tip of the field electron emitter has a
coating comprising at least one noble metal.
[0016] According to some embodiments, the atomically thin membrane comprises

a 2-dimensional material.

[0017] According to some embodiments, the atomically thin membrane comprises
graphene.
[0018] According to some embodiments, the atomically thin membrane comprises

a single layer of graphene.

[0019] According to some embodiments, the atomically thin membrane comprises
silicon nitride and/or amorphous silicon.

[0020] According to some embodiments, the cold cathode device is configured to
operate the field electron emitter as a cathode and the atomically thin membrane as an
anode.

[0021] According to some embodiments, the cold cathode further comprises at
least one getter located within the structure.

[0022] According to some aspects, an electron microscope is provided comprising

the cold cathode.

[0023] According to some aspects, an excimer laser is provided comprising the
cold cathode.
[0024] According to some aspects, a cold cathode device is provided, the device

comprising a substrate, a field electron emitter disposed upon the substrate and
configured to emit electrons in a first direction, a structure encapsulating the field
electron emitter, thereby creating an airtight seal around the field electron emitter, at
least a portion of the structure being an atomically thin membrane positioned in the first
direction with respect to the field electron emitter, and at least one electrostatic or
magnetic lens located within the structure and configured to direct electrons emitted by
the field electron emitter.

[0025] According to some embodiments, the cold cathode further comprises at
least one positively charged electrode located within the structure.

[0026] According to some embodiments, the at least one electrostatic or magnetic

lens comprises at least one einzel lens.
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[0027] According to some embodiments, the structure encapsulates a plurality of
field electron emitters.
[0028] According to some embodiments, ambient pressure inside the structure is

less than 1 Torr.

[0029] According to some embodiments, the field electron emitter is a silicon field
emitter.

[0030] According to some embodiments, the atomically thin membrane comprises
graphene.

[0031] According to some embodiments, the einzel lens has an annular shape.
[0032] The foregoing embodiments may be implemented with any suitable

combination of aspects, features, and acts described above or in further detail below.
These and other aspects, embodiments, and features of the present teachings can be more
fully understood from the following description in conjunction with the accompanying

drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0033] Various aspects and embodiments will be described with reference to the
following figures. It should be appreciated that the figures are not necessarily drawn to
scale. In the drawings, each identical or nearly identical component that is illustrated in
various figures is represented by a like numeral. For purposes of clarity, not every
component may be labeled in every drawing.

[0034] FIG. 1 depicts an illustrative field emitter cathode encapsulated by a

structure including an electron transparent membrane, according to some embodiments;

[0035] FIG. 2 depicts an illustrative silicon field emitter device, according to some
embodiments;
[0036] FIG. 3 is a three-dimensional drawing of a device including a plurality of

silicon field emitter devices, according to some embodiments;
[0037] FIGs. 4A-4B depict current through an illustrative electron transparent

anode as a function of gate-emitter voltage, according to some embodiments;
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[0038] FIG. 5 depicts an illustrative field emitter cathode encapsulated with a
plurality of elements configured to shape and increase the energy of a resultant electron
beam, according to some embodiments; and

[0039] FIG. 6 depicts a field emitter array encapsulated within a single structure
having an electron transparent membrane, according to some embodiments.

DETAILED DESCRIPTION

[0040] While cold cathodes based on field emitter arrays have great potential as a
high current density electron source, they have not demonstrated long lifetimes nor the
ability to work in a poor vacuum environment. Since the emission current of a field
emitter depends upon the height of the potential barrier between a material and the
vacuum, a reliable field emitter device would have a well-defined potential barrier height
that remains relatively static over time. However, a number of effects can prevent this
type of performance. Gas molecules present near the field emitter can be adsorbed onto
the surface, which induces changes in the height of the potential barrier of the emitter. In
addition, gas molecules may produce ions (which may, for example, form a plasma) that
interact with the emitter and erode or otherwise damage it. These effects may reduce the

current density and/or the lifetime of the field emitter device.

[0041] The conventional approach to mitigate these effects is to deploy field
emitter arrays only in low pressure environments (e.g., in vacuum), which minimizes or
avoids the effects that gas molecules can have upon the emitter. This, however, severely
limits the types of environments in which the field emitter can be used. In view of these
challenges, a field emitter device must either be deployed in a vacuum or near-vacuum
device, or deployed in a non-vacuum environment and suffer unreliability and/or reduced

lifetime due to the effects of nearby gases.

[0042] The inventors have recognized and appreciated techniques for encapsulating
a field emitter using a membrane that is permeable to emitted electrons yet impermeable
to other ions or molecules. This membrane enables use of a low pressure environment in
the immediate vicinity of the field emitter, yet does not limit the types of environments
in which the encapsulated emitter can be used, because any gas molecules outside of the
encapsulated region are unable to reach the emitter and thereby produce the above

described negative effects upon the emitter. Due to the properties of the membrane,
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electrons produced by the emitter can still escape from the device. Thus, a device
utilizing such a membrane may be deployed in a wide range of ambient environments
whilst heightening lifetime and producing high current. Moreover, the encapsulation of
the field emitter admits a modular design approach, since an encapsulated field emitter

(or array of field emitters) can be produced and installed as a unit in any suitable device.

[0043] According to some embodiments, a membrane encapsulating a field
electron emitter may be atomically thin. An atomically thin membrane can, for example,
be a layer of graphene, which is a one atom thick allotrope of carbon. An atomically thin
membrane may include multiple atomically thin layers (e.g., 2, 5, 10 layers, etc.), while
nonetheless having a thickness comparable to that of an atomically thin layer. For
example, an atomically thin membrane may have a thickness between 0.1 nm and 10 nm,
or between 0.3 nm and 5 nm, or between 0.345 nm and 2 nm. The theoretical thickness
of a sheet of graphene is 0.345 nm, and so an atomically thin membrane comprising a
single layer of graphene would be expected to have a thickness of approximately 0.345
nm. Where an atomically thin membrane comprises multiple atomically thin layers,
layers may be stacked on one another and/or layers may be bonded to adjacent layers. In
some cases, when multiple atomically thin layers are grown, they may be bonded to one
another as a result of the formation process. In some embodiments, an atomically thin
membrane may comprise a thin film of a material such as silicon nitride and/or

amorphous silicon.

[0044] As referred to herein, a membrane that is “permeable” to electrons or
“transparent” to electrons indicates that electrons having a kinetic energy above some
threshold energy will penetrate the membrane from one side and emerge from the
opposing side. In some cases, the electrons may lose energy due to collisions within the

membrane, although this energy loss may be de minimis.

[0045] According to some embodiments, an encapsulated field emitter may be a
silicon field emitter. The inventors have recognized and appreciated a design for a
silicon field emitter that produces high current density with long lifetimes at low
operating voltages. In some embodiments, the silicon field emitter includes a silicon

nanowire current limiter in series with an emission tip of the emitter structure. The
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current limiters may mitigate emitter tip failure due to Joule heating, thereby producing a

field emitter with a higher reliability.

[0046] Following below are more detailed descriptions of various concepts related
to, and embodiments of, techniques for encapsulating a field emitter using a membrane
that is permeable to emitted electrons. It should be appreciated that various aspects
described herein may be implemented in any of numerous ways. Examples of specific
implementations are provided herein for illustrative purposes only. In addition, the
various aspects described in the embodiments below may be used alone or in any

combination, and are not limited to the combinations explicitly described herein.

[0047] FIG. 1 depicts an illustrative field emitter cathode encapsulated by a
structure including an electron transparent membrane, according to some embodiments.
Device 100 illustrates one suitable geometrical arrangement of a field emitter cathode
and electron transparent membrane, although other such arrangements could be
envisioned. In device 100, a field emitter cathode 110 is mounted on a substrate 120

(e.g., a silicon substrate) and encapsulated within a structure described below.

[0048] In general, the encapsulating structure of an encapsulated field emitter
cathode may have any suitable shape and the rectangular cross-sectional shape shown in
the example of FIG. 1 is merely provided as an illustrative example. The important
feature of the shape of the encapsulating structure is that the membrane 130 is positioned
such that electrons 125 emitted by the field emitter cathode 110 are directed through the

membrane.

[0049] In the example of FIG. 1, the membrane forms part of the structure that
encapsulates the field emitter cathode, where the structure also comprises standoffs 131
and supports 132. In some embodiments, the membrane 130 may span the entire width
of the upper surface of the structure, thereby contacting standoffs 131, such that the
supports 132 are no longer included. The example of FIG. 1, however, includes these

supports as an illustrative embodiment.

[0050] As described above, the encapsulated field emitter cathode 110 is enclosed
such that gas from the ambient environment 142 cannot substantially enter the enclosed

space. In the example of FIG. 1, the interior space of the encapsulated structure is under
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vacuum 141. For example, the pressure of vacuum 141 may be less than 1 Torr, less
than 1 mTorr, between 10 Torr and 107 Torr, or between 107 Torr and 107 Torr. As
described above, a very low pressure environment in the vicinity of a field emitter may
reduce changes in the height of the potential barrier of the emitter and/or damage to the
emitter caused by gas molecules. The ambient environment 142 may exhibit any
ambient pressure, although in general may exhibit a higher pressure than the
environment 141 so that the particular benefits of the membrane 130 are utilized
(namely, the ability of the membrane to allow electrons to exit the encapsulated structure

whilst being impermeable to gases originating outside the structure).

[0051] Field Emitter Cathode 110 may include any one or more sources that emit
electrons via field emission. In some embodiments, the field emitter cathode 110
includes a field emitter array (FEA), being a collection of individual, small field electron
emitters arranged to produce electrons as an ensemble. In some implementations, such
emitters may be arranged in a regular two-dimensional pattern. An illustrative example

of a field electron emitter suitable for use in an FEA is discussed below.

[0052] Membrane 130 may be formed from one or more materials such that the
membrane is mechanically able to tolerate the difference in pressure between the interior
and exterior of the encapsulated structure. In some embodiments, this difference in
pressure may be 10* Torr or greater, or 10° Torr or greater. Since the membrane is also
very thin, ideal materials from which the membrane may be formed include those with a
high elastic modulus (e.g., greater than 100 GPa) and/or a high tensile strength (e.g.,
greater than 50 GPa), and materials that are thermally and/or chemically stable. The
membrane 130 may be formed from any suitable conductor or semiconductor material,
such as but not limited to, graphene, SiN, BN, transition metal dichalcogenide,

amorphous silicon, or combinations thereof.

[0053] In some embodiments, the membrane 130 may have a thickness that is
between 10 nm and 10 pm, or between 100 nm and 1 pm, or between 1 nm and 10 nm,
or between 0.5 nm and 5 nm. As discussed above, a membrane may be an atomically
thin membrane having a thickness comparable to that of a single layer of atoms. A
suitably thin membrane, such as an atomically thin membrane, may allow for

transmission of electrons with kinetic energy less than around 50-100 eV. In contrast,

-8 -



WO 2017/112937 PCT/US2016/068532

some conventional membranes that are several microns thick may require electrons to
have a much higher kinetic energy of at least 10-100 keV for adequate transmission

through the membrane.

[0054] According to some embodiments, the membrane 130 may be formed from a
2-dimensional material. A 2-dimensional material, sometimes referred to as a 2D
topological material or a single layer material, is a crystalline material formed from a
single layer of atoms. For example and without limitation, the membrane 130 may be
formed from a single layer of graphene, graphyne, borophene, molybdenite, germanene

or phosphorene.

[0055] According to some embodiments, the membrane 130 may be formed from a
single layer, or multiple layers, of graphene. The thickness of a single layer of graphene
(around 0.5 nm) and low atomic number of carbon (Z=6) produces a membrane with a
very small electron scattering cross section, even for low energy electrons (e.g., < 100
eV). Moreover, even a single atomic layer of graphene is impermeable to gas molecules,
even those as small as helium. Graphene also has a high tensile strength of around 130
GPa, thereby allowing for a large pressure differential between the interior and exterior

of the encapsulated structure.

[0056] According to some embodiments, a graphene membrane may be
incorporated within device 100 shown in FIG. 1 via the following method. Graphene
may be synthesized by hot-walled thermal chemical vapor deposition (CVD) onto a
catalyst material (e.g., copper). Subsequently, poly(methyl methacrylate) (PMMA) may
be spun onto the graphene. The catalyst may be etched and the graphene applied onto a
portion of the device structure (e.g., applied to the edges of the supports 132 in the
example of FIG. 1). The PMMA may then be dissolved in acetone, leaving the graphene

layer in intimate contact with the portion of the device.

[0057] According to some embodiments, the membrane 130 may be configured to
operate as an anode. That is, the membrane may be electrically coupled to a source of
electrical potential. The potential difference between the membrane 130 and the field
emitter cathode 110 may be between 5 V and 100 V, or between 1 V and 10 V. In
devices in which the distance between the field emitter cathode 110 and the membrane

130 is small (e.g., less than 10 pm), even a small potential difference between the

-9 .-
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membrane and the field emitter cathode can produce a large electric field within the
structure (e.g., greater than 10° V/m). According to some embodiments, the distance
between the field emitter cathode 110 and the membrane 130 may be between 10 nm and

10 pm, or between 100 nm and 5 pm, or between 0.5 pm and 5 pm.

[0058] According to some embodiments, the device 100 may include one or more
getters within the encapsulated structure that assist with obtaining and/or maintaining the

vacuum 141.

[0059] FIG. 2 depicts an illustrative silicon field emitter device, according to some
embodiments. Device 200 is an example of device 100 in which the field emitter
cathode 110 is a silicon field emitter having a particular design to be described below.
Membrane 210 may be an atomically thin layer and may have any of the properties
described above in relation to membrane 130. In the example of FIG. 2, any number of
silicon field emitters represented by the combination of elements 220, 222, 224, 226 and
230 may be included within one encapsulated structure. As such, standoffs 235 are
shown in dashed lines as optional elements to be adjacent to the particular silicon field
emitter shown in the figure. It will be appreciated that standoffs may be provided to
encapsulate whatever number of silicon field emitters are selected for encapsulation, and
that a given silicon field emitter may be adjacent to a standoff on either side or standoffs
on both sides. A vacuum environment 241 is present within the encapsulated structure,

with the ambient environment 242 being outside of the structure.

[0060] Generally speaking, the performance of field emitter cathodes can be
limited due to the lack of understanding of the impact of material properties and/or
processes on the electron emission process. While cold cathodes produced from field
emitter arrays (FEAs) can operate at room temperature, they may not, in some cases,
produce the desired current density (e.g., >20 Alem?) for vacuum electronic devices

and/or may not exhibit the desired lifetimes (e.g., >10,000 hours).

[0061] Four challenges to produce field emission devices with high performance

and long lifetime are: (1) breakdown of the insulator between the emitter substrate and

the extraction gate due to charge injection into the insulator; (2) emitter tip burnout due
to Joule heating, thermal runaway, and/or cathodic arcs; (3) emitter tip erosion due to

bombardment by back-streaming ions generated from gas molecules desorbed from the

- 10 -
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anode, gate or other surfaces in the device; and (4) the large capacitance between the gate
and the substrate which leads to large stored energy and hence potential for failure and
limited high frequency performance. As discussed above, challenge (3) is addressed by
the thin membrane as described herein, which allows electrons to be output from an
emitter under vacuum without the entire device needing to itself be within the vacuum.
The illustrative silicon emitter design shown in FIG. 2 is one approach to address the

other three challenges described above.

[0062] Field emission can be thought of as a multi-step transport process.
Electrons are first transported through a material to some surface barrier. When the
electrons reach the barrier, there is a non-zero probability that the electrons impinging on
the barrier will be transmitted instead of reflected. Finally, electrons that are transmitted
are accelerated to an anode. In the example of FIG. 2, electrons within silicon current
limiter 226 and/or substrate 230 are transported to the a silicon field emitter tip 220.
Electrons reaching the potential barrier represented by the tip apex of the silicon field

emitter may be transmitted into the vacuum and accelerated by the anode membrane 210.

[0063] A gate electrode 222 produces an electric field that alters the potential
barrier experienced by electrons at the silicon field emitter tip 220, allowing quantum
tunneling of electrons out of the material and into the vacuum. In some embodiments,
the gate electrode has an annular shape centered around the emitter tip 220. While an
electric field strength needed to produce current from the field emitter tip 220 is
generally very high (e.g., > 100 MV/m), if the distance between the tip and the gate
electrode 222 is small (e.g., < 150 nm), a sufficient electric field can be produced with

low gate electrode (gate-to-emitter) voltages (e.g., 10V).

[0064] One challenge with fabrication at small scales of gate electrodes and field
emitter tips as shown in the example of FIG. 2, is to form the gate as close as possible to
the emitter tip without producing an electrical short between the two. To prevent a short
between the gate electrode 222 and the silicon current limiter 226 or substrate 230, a
dielectric 224 is provided. Moreover, if the aperture of the gate electrode 222 is not
sufficiently aligned with the field emitter tip 220 in the center of the aperture, the electric

field around the tip will be asymmetric, causing emitted electrons to experience an

- 11 -
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unwanted transverse force and possibly directing those electrons into the standoffs 235

and/or gate 222.

[0065] In the example of FIG. 2, the silicon field emitter is formed from a current
limiter 226 and emitter tip 220. The current produced by field emitters is generally
controlled by the probability of electrons tunneling through the potential barrier
represented by the tip apex of the silicon field emitter into the vacuum. The tunneling
probability is very sensitive to the radius of the field emitter tip and the work function of
the emitter. The introduction of a current limitation element, as in the example of FIG.
2, changes the system to make the transport process the dominant process in controlling

the current and to reduce the sensitivity of the current to tip radius and work function.

[0066] According to some embodiments, the current limiter 226 may be formed
from a silicon nanowire. Such a current limiter may, for example, mitigate emitter tip
failure or other damage due to Joule heating, thereby producing a more reliable emitter.
In some embodiments, the nanowire may have a diameter between 10 nm and 1 pm, or
between 100 nm and 500 nm, or between 50 nm and 300 nm, such as 100 nm. In some
embodiments, the nanowire may have a height (the long axis shown in FIG. 2 running
vertically on the page) between 1 um and 100 pm, or between 5 pm and 50 pm, or
between 1 pm and 20 pm, or between 5 pm and 15 pm, such as 10 um. In some
embodiments, the aspect ratio of the silicon nanowire (the ratio of the height to the
diameter) may be between 20 and 200, or between 50 and 150, or between 80 and 120,

or around 100.

[0067] According to some embodiments, the gate conductor 222 may be formed
from polysilicon. In some implementations, the polysilicon may be doped. According to

some embodiments, the dielectric 224 may be silicon dioxide.

[0068] According to some embodiments, the silicon emitter tip 220 may be coated
with one or more refractory and/or noble metals, such as, but not limited to, tantalum,
tungsten, niobium, molybdenum, ruthenium, rhodium, palladium, silver, osmium, gold,
platinum and/or iridium. These materials may aid in preventing damage to the tip due to

Joule heating caused by the flow of electrons through the tip.

- 12 -
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[0069] In some embodiments, current limiters amongst a plurality of field emitters
(e.g., if the silicon field emitter of FIG. 2 is one emitter in a field emitter array) may be
electrically coupled together in series. Coupling in series may limit the current produced
by each field emitter in the array, which may produce more uniform emissions from the

emitters without also causing thermal runaway and/or burnout.

[0070] In some embodiments, where the silicon field emitter of FIG. 2 is one
emitter in a field emitter array: spacing between emitter tips of the array may be between
100 nm and 10 pm, or between 500 nm and 5 pm, or between 750 nm and 2 pm, such as
approximately 1 pm; and tip density may be between 10° tips/cm and 10° tips/cm, or

between 10 tips/cm and 10° tips/cm, such as around 10% tips/cm.

[0071] According to some embodiments, the diameter of the aperture in the gate
222 may be between 100 nm and 500 nm, or between 200 nm and 400 nm, or between
300 nm and 400 nm, such as approximately 350 nm. According to some embodiments,
the distance between the emitter tip 220 and the anode membrane 210 may be between
10 nm and 10 cm, or between 100 nm and 100 pm, or between 1 pm and 20 pm, or

between 100 nm and 5 pm, or between 500 nm and 2 pm, or approximately 1 pm.

[0072] FIG. 3 is a three-dimensional drawing of a device including a plurality of
silicon field emitter devices, according to some embodiments. FIG. 3 is an example of a
field emitter array utilizing a plurality of silicon field emitters as shown in FIG. 2,
although the standoffs and electron transparent membrane are not shown in FIG. 3 for
clarity. Nonetheless, it will be appreciated that the array shown in FIG. 3 may be
encapsulated using, in part, an electron transparent membrane through which electrons

emitted by the field emitters may pass.

[0073] In the example of FIG. 3, portions of the device are shown in cutaway so as
to illustrate each portion in the figure. The dielectric matrix fills spaces between the
silicon nanowires with the exception of the emitter tips. The emitter tips are exposed
within circular apertures within the polysilicon gate material, with the emitter tips being
centered within the apertures. According to some embodiments, the fabrication process
that produced the device of FIG. 3 may comprise self-alignment of the emitter tips within

the gate apertures.
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[0074] FIGs. 4A-B depict current through an illustrative electron transparent anode
as a function of gate-emitter voltage, according to some embodiments. As discussed
above, the gate of a field emitter provides an electric field that allows tunneling of
electrons out of the field emitter. The greater the gate voltage the more electrons are
produced and with higher energy. FIGs. 4A and 4B do not depict actual experimental
data but are modeled after real, experimental data for a silicon field emitter comparable

to that shown in FIG. 2.

[0075] FIG. 4A illustrates current collected in a transparent graphene anode as a
function of the gate-emitter voltage. For instance, the data shown in FIG. 4A may
correspond to a field emitter array formed from a plurality of instances of device 200
shown in FIG. 2, or the device shown in FIG. 3, where the voltage of the gate 222 is
plotted against the current in an anode located exterior to the membrane-encapsulated

structure.

[0076] As shown in FIG. 4A, below a threshold gate-emitter voltage (around 40V
in the illustrative figure), no current distinguishable from noise is detected in the anode.
Above this voltage, however, a current that increases with the gate voltage is detected in
the anode. This data indicates that, above around a 40 V gate-emitter voltage, the

electrons emitted pass through the electron transparent membrane to be measured at the

anode.

[0077] FIG. 4B illustrates the Fowler-Nordheim (FN) characteristics corresponding
to the example of FIG. 4A. The parameters apy and bgy are the Fowler-Nordheim

intercept and slope, respectively.

[0078] FIG. 5 depicts an illustrative field emitter cathode encapsulated with a
plurality of elements configured to shape and increase the energy of a resultant electron
beam, according to some embodiments. Device 500 is presented as an illustrative
configuration of an encapsulated field emitter cathode in which additional components
are provided within the interior of the encapsulated structure to adjust the shape of the

electron beam produced by the emitter.

[0079] As described above in relation to FIG. 1, electrons output by a field emitter

may have sufficient energy to propagate through a thin membrane of the encapsulated
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structure, yet in the example of FIG. 1 the energy and the propagation direction of
electrons produced is determined by the physics of the field emitter cathode 110. In
applications in which a low divergence electron beam is desirable, it may be beneficial to
include additional components that shape the electron beam. These components can, for
example, apply a force to any electrons with trajectories other than directly normal to the
surface of the membrane (off-axis trajectories) to reduce the divergence of the electron
beam. Moreover, components may also be included that increase the energy of the
electron beam by accelerating the electrons in an electric field. While these types of
components may generally be located within and/or outside of the encapsulated structure
of the field emitter, placing the components inside the structure may be desirable so that
the encapsulated structure can be treated as an electron-beam-producing module that

does not require additional components to produce the desired beam.

[0080] In the example of FIG. 5, an Einzel lens 540 and an accelerator 550 are
provided within the encapsulated structure. Elements 510, 520, 530, 531, 532, 541 and
542 should be considered to be described at least by the above descriptions of elements

110, 120, 130, 131, 132, 141 and 142, respectively.

[0081] Einzel lens 540 may be configured to focus the beam of electrons emitted
by the field emitter cathode 510 without changing the energy of the beam. The three
annular electrodes shown in FIG. 5 may have an electric potential of 0, +V and O volts,
respectively, where V is a suitable potential that produces a desired adjustment of the
paths of electrons with off-axis trajectories. For example, V may be between -150 V and

+150V.

[0082] Accelerator 550 may be an electrode held at a suitable potential as to create
an electric field that accelerates the electrons of the electron beam produced by the field
emitter cathode. For example, accelerator 550 may be an electrode at 100V, 1kV, 10kV
or 100kV.

[0083] The combination of Einzel lens 540 and accelerator 550 may produce an
electron beam with high current density and low divergence, suitable for a wide range of
applications. For example, device 500 may be utilized as an electron beam source in an
e-beam pumped laser (e.g., a deep-UV semiconductor laser or an excimer laser), an

electron microscope, in an e-beam lithography device, e-beam pumped ionizer, etc.
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[0084] FIG. 6 depicts a field emitter array encapsulated within a single structure
having an electron transparent membrane, according to some embodiments. In the
example of FIG. 6, a plurality of field emitters (labeled “FE”) are provided within a
single encapsulated device 600. The field emitters are encapsulated by standoffs 631 and
a thin membrane 630, and each produce electrons that propagate through the membrane,
as discussed above. In some embodiments, each of the field emitters in FIG. 6 may be
the field emitter depicted in FIG. 2. An array of field emitters may be produced in a

regular pattern, such as a two-dimensional rectangular lattice.

[0085] Having thus described several aspects of at least one embodiment of this
invention, it is to be appreciated that various alterations, modifications, and

improvements will readily occur to those skilled in the art.

[0086] Such alterations, modifications, and improvements are intended to be part
of this disclosure, and are intended to be within the spirit and scope of the invention.
Further, though advantages of the present invention are indicated, it should be
appreciated that not every embodiment of the technology described herein will include
every described advantage. Some embodiments may not implement any features
described as advantageous herein and in some instances one or more of the described
features may be implemented to achieve further embodiments. Accordingly, the

foregoing description and drawings are by way of example only.

[0087] Various aspects of the present invention may be used alone, in combination,
or in a variety of arrangements not specifically discussed in the embodiments described
in the foregoing and is therefore not limited in its application to the details and
arrangement of components set forth in the foregoing description or illustrated in the
drawings. For example, aspects described in one embodiment may be combined in any

manner with aspects described in other embodiments.

[0088] Also, the invention may be embodied as a method, of which an example has
been provided. The acts performed as part of the method may be ordered in any suitable
way. Accordingly, embodiments may be constructed in which acts are performed in an

order different than illustrated, which may include performing some acts simultaneously,

even though shown as sequential acts in illustrative embodiments.
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[0089] Use of ordinal terms such as “first,” “second,” “third,” etc., in the claims to
modify a claim element does not by itself connote any priority, precedence, or order of
one claim element over another or the temporal order in which acts of a method are
performed, but are used merely as labels to distinguish one claim element having a
certain name from another element having a same name (but for use of the ordinal term)

to distinguish the claim elements.

[0090] Also, the phraseology and terminology used herein is for the purpose of

description and should not be regarded as limiting. The use of “including,”

EEINT3 9 el

“comprising,” or “having,” “containing,” “involving,” and variations thereof herein, is
meant to encompass the items listed thereafter and equivalents thereof as well as

additional items.
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CLAIMS
What is claimed is:

1. A cold cathode device, the device comprising:

a substrate;

a field electron emitter disposed upon the substrate and configured to emit
electrons in a first direction; and

a structure encapsulating the field electron emitter, thereby creating an airtight
seal around the field electron emitter, at least a portion of the structure being an
atomically thin membrane positioned in the first direction with respect to the field

electron emitter.

2. The cold cathode device of claim 1, wherein the structure encapsulates a plurality

of field electron emitters.

3. The cold cathode device of claim 1, wherein the field electron emitter is a

semiconductor or metal field emitter.

4. The cold cathode device of claim 2, wherein the plurality of field electron

emitters comprise an array of self-aligned gate field emitters.

5. The cold cathode device of claim 1, wherein ambient pressure inside the structure

is less than 1 Torr.

6. The cold cathode device of claim 1, wherein the field electron emitter is a silicon

field emitter.

7. The cold cathode device of claim 6, wherein the silicon field emitter comprises a

silicon nanowire current limiter.

8. The cold cathode device of claim 1, wherein the field electron emitter comprises

a tapered tip.
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9. The cold cathode device of claim 8, wherein the tip of the field electron emitter

has a coating comprising a semiconductor or metallic material.

10. The cold cathode device of claim 9, wherein the tip of the field electron emitter

has a coating comprising at least one noble metal.

11. The cold cathode device of claim 1, wherein the atomically thin membrane

comprises a 2-dimensional material.

12. The cold cathode device of claim 1, wherein the atomically thin membrane

comprises graphene.

13. The cold cathode device of claim 12, wherein the atomically thin membrane

comprises a single layer of graphene.

14. The cold cathode device of claim 1, wherein the atomically thin membrane

comprises silicon nitride and/or amorphous silicon.

15. The cold cathode device of claim 1, wherein the cold cathode device is
configured to operate the field electron emitter as a cathode and the atomically thin

membrane as an anode.

16. The cold cathode device of claim 1, further comprising at least one getter located

within the structure.

17. An electron microscope comprising the cold cathode of claim 1.

18. An electron-beam pumped or excimer laser comprising the cold cathode of claim
1.

19. A cold cathode device, the device comprising:

a substrate;
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a field electron emitter disposed upon the substrate and configured to emit
electrons in a first direction;

a structure encapsulating the field electron emitter, thereby creating an airtight
seal around the field electron emitter, at least a portion of the structure being an
atomically thin membrane positioned in the first direction with respect to the field
electron emitter; and

at least one electrostatic or magnetic lens located within the structure and

configured to direct electrons emitted by the field electron emitter.

20. The cold cathode device of claim 19, further comprising at least one positively

charged electrode located within the structure.

21. The cold cathode device of claim 19, wherein the at least one electrostatic or

magnetic lens comprises at least one einzel lens.

22. The cold cathode device of claim 21, wherein the einzel lens has an annular
shape.
23. The cold cathode device of claim 19, wherein the structure encapsulates a

plurality of field electron emitters.

24. The cold cathode device of claim 19, wherein ambient pressure inside the

structure is less than 1 Torr.

25. The cold cathode device of claim 19, wherein the field electron emitter is a

silicon field emitter.

26. The cold cathode device of claim 19, wherein the atomically thin membrane

comprises graphene.
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