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NANOPILLAR ARRAYS FOR ELECTRON
EMISSION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application 60/941,675 filed Jun. 3, 2007, which is
hereby incorporated by reference in its entirety to the extent
not inconsistent with the disclosure herein.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with United States government
support awarded by the following agencies: NIH HV(028182.
The United States government has certain rights in this inven-
tion.

BACKGROUND OF INVENTION

An electron multiplier is a common device component
which uses secondary electron emission (SEE) to provide a
gain in the intensity of incident radiation. In some device
embodiments, for example, incident primary electrons pass a
‘window’ component of the device and scatter with a detector
material capable of inducing a cascade of secondary elec-
trons. By proper selection of the composition and physical
state of the detector gain material, a gain is achieved when the
yield of SEE is greater than one (i.e., on average more than
one secondary electron is generated from each primary elec-
tron via inelastic scattering). In some detector schemes, for
example, a plurality of electrodes capable of providing sec-
ondary electron emission, called dynodes, are provided in a
stacked configuration. In these electron multiplier devices
secondary electrons are generated upon interaction of radia-
tion with a first dynode provided in the series. Secondary
electrons from the first dynode are subsequently collected and
accelerated toward subsequent dynodes provide in the series,
wherein each dynode provides successive additional second-
ary electron emission. Secondary electron emission in these
systems can be significantly enhanced using field emission
(FE), wherein an electrical bias is provided to the system to
facilitate extraction of the SEE generated. Electron multipli-
ers are currently available that are capable of providing very
significant gains functionality on the order of 10° to 10° for
stack configurations.

Given their usefulness for amplifying electron signals,
electron multiplier devices are key components in a range of
systems including detectors, display devices and other high
speed electronic systems. The application of electron multi-
pliers for detector applications, for example, has led to the
development of microchannel plate detector systems which
are currently the most widely implemented detector platform
for mass spectrometry. Wide spread use of these device com-
ponents provides a motivation for the development of new
materials and device configurations to improve the perfor-
mance capabilities (e.g., gain, stability, lifetime etc.) and
develop low cost fabrication pathways for electron multiplier
devices.

Thin semiconductor membranes have been applied for
quite some time as substrates for high-speed electronic
devices, for display technology, as micromechanical devices
such as pressure sensors, as mask materials for electron pro-
jection lithography, and as radiation detectors. These struc-
tures are particularly useful in device configurations wherein
they provide a “window” for separating device components
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2

requiring specific, preselected operating conditions. In some
detector systems, for example, semiconductor membranes
provide a useful interface functionality for separating a detec-
tion environment from detector components that operate
under vacuum and/or low temperatures conditions. Given the
window functionality of thin semiconductor membranes,
there is currently motivation to implement these device struc-
tures for a variety detector applications. The development of
new semiconductor membrane structures capable of func-
tioning as electron multiplier devices is expect to continue to
enhance the utility of these structures in advanced detector
systems.

A variety of semiconductors and semiconductor hetero-
structures are known to provide effective secondary electron
emission upon exposure to radiation. Reducing the thickness
of these materials to micron or submicron scales to achieve a
semiconductor membrane configuration, however, substan-
tially reduces secondary electron emission in many of these
systems ifthe thickness corresponds to the inelastic mean free
path of incident electrons. However, most common semicon-
ductors have SEE yield below three, making it impractical to
achieve a high gain be integrating multiple stacks. Providing
some semiconductor materials in a semiconductor membrane
configuration, for example, results in a complete loss of gain
functionality. Hence, integrating a thin semiconductor mem-
brane as a secondary electron emission element in a detector
is currently not feasible for a range of important applications.

U.S. Pat. No. 4,060,823 provides electron emissive semi-
conductor devices consisting of separate regions of semicon-
ductor materials spaced apart from each other by barrier
device elements. Barriers for the disclosed electron emissive
semiconductor devices include high resistance or insulating
materials or alternatively p-n junctions capable of inhibiting
or reducing current flow between the separated semiconduc-
tor regions. Device configurations using a thin membrane
format are disclosed. The reference describes certain benefits
achieved by the disclosed device configurations including
protection against excessive electron emission currents, and a
reduction in image spreading. Use of the electron emissive
semiconductor devices as photocathodes and electron multi-
pliers is disclosed.

U.S. Pat. Nos. 4,303,930, 5,138,402, and 5,814,832
describe semiconductor-based electron emitting devices hav-
ing a multilayer configuration comprising a plurality of
p-type and n-type doped semiconductor layers. In U.S. Pat.
No. 4,303,930 the disclosed multilayer configuration has
p-type semiconductor layers and n-type semiconductor layers
integrated so as to generate a plurality of diode structures.
Application of reverse bias voltage to the electrodes of the
diode structures is reported to cause avalanche amplification
and electron emission from the surface of the n-type layers. In
U.S. Pat. No. 5,138,402, and 5,814,832 the disclosed multi-
layer configuration has a Schottky electrode and a p-type
semiconductor layer, wherein electrons are emitted from the
Schottky electrode in response to the application of reverse
bias voltage. The disclosed multilayer structures are reported
to provide stable device performance for a useful range of
operating conditions.

It will be appreciated from the foregoing that electron
emissive systems, such as electron multipliers and secondary
electron emission systems, are needed for a range of applica-
tions including radiation detection, high speed electronics
and display device applications. Particularly, thin semicon-
ductor membrane-based electron emissive systems are
needed that are capable of providing device interface func-
tionality in addition to useful gain and bandwidth character-
istics.
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SUMMARY OF THE INVENTION

The present invention provides systems, devices, device
components and structures for modulating the intensities and/
or energies of electrons, including a beam of incident elec-
trons. In some embodiments, for example, the present inven-
tion provides nano-structured semiconductor membrane
structures capable of generating electron emission, including
secondary electron emission and/or field emission. Nano-
structured semiconductor membranes of some aspects of the
present invention include membranes having an array of
nanopillar structures capable of providing secondary electron
emission and/or field emission for amplification, filtering
and/or detection of incident radiation. Nano-structured semi-
conductor membranes of the present invention provide con-
verters wherein interaction of incident primary electrons and
nanopillars of the nanopillar array generates secondary elec-
tron emission and/or field emission. Nano-structured semi-
conductor membranes of an aspect of the present invention
are also useful as directed charge amplifiers wherein second-
ary electron emission and/or field emission from a nanopillar
array provides gain functionality for increasing the intensity
of radiation comprising incident electrons.

The invention also provides electron sources, electron
amplifiers, electron filters and electron detectors, and com-
ponents thereof, comprising the present nano-structured
semiconductor membrane structures. In some devices of this
aspect of the present invention, nano-structured semiconduc-
tor membrane structures provide electron emission function-
ality, including secondary emission and/or field emission
functionality. This aspect is useful for controlling, modulat-
ing and/or filtering the energies and/or intensities of radiation
incident to, or generated within, devices and device compo-
nents of the present invention. Nano-structured semiconduc-
tor membrane structures of devices of this aspect may option-
ally also provide device interface functionality wherein the
semiconductor membrane provides a barrier, such as a win-
dow, between different components and/or regions of the
present devices. This aspect is useful for accessing device
configurations wherein different regions and/or components
of the device are provided in different operating conditions
(e.g., pressures, temperatures etc.). This aspect is useful for
accessing device configurations wherein the nanostructure
membrane provides an interface between an electron source
or sampling region and components of a device provided at
specific, preselected operating conditions, such as low pres-
sure and/or low temperature conditions.

In an embodiment, the present invention provides an elec-
tron emission device comprising: (i) a semiconductor mem-
brane having an external surface positioned to receive inci-
dent electrons from an electron source and an internal surface
positioned opposite to the external surface, and (ii) an array of
semiconductor nanopillars provided in electrical contact with
the internal surface of the membrane. In some devices of this
aspect of the present invention, the semiconductor membrane
is at least partially transmissive to the incident electrons from
the electron source; and electrons transmitted by the semi-
conductor membrane interact (e.g., scatter) with the nanopil-
lars, thereby causing at least a portion of the nanopillars on the
internal surface to emit electrons. In some embodiments,
interaction of the incident electrons and the semiconductor
membrane generates secondary electrons that are transmitted
to the nanopillars on the internal surface, thereby causing the
nanopillars to emit electrons. In some embodiment, the mem-
brane is both partially transmissive to the incident electrons
and capable of generating secondary electrons that are trans-
mitted to the nanopillars provided on the internal surface.
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Selection of the physical dimensions (e.g., thickness) and
composition of the semiconductor membrane determines, at
least in part, if the membrane is transmissive to the incident
electrons and/or if the membrane is capable of generating
secondary electrons that subsequently interact with the nano-
pillars. As used throughput the present description, the
expression “electron source” refers to a source of electrons,
such as a source of primary electrons and/or a source of
incident electrons.

In some embodiments, the semiconductor membrane of
the present devices is in electrical contact with ground or near
ground, or optionally at a reference voltage. Embodiments
wherein the semiconductor membrane is maintained in con-
tact with ground is useful for avoiding build up of electrical
charge on the external and internal surfaces of the membrane
and also provides an effective means of providing and replen-
ishing electrons to the electron emission device.

Optionally, devices of this aspect of the present invention
may further comprise an anode positioned close enough to the
internal surface of the semiconductor membrane so as to
establish a selected extraction voltage at the internal surface
of the membrane. Useful anodes for the present electron
emission devices include a faraday cup, grid electrode, disk
electrode, and plate electrode. In some embodiments, for
example, an anode is positioned and electrically biased so as
to generate an extraction voltage at the internal surface of the
membrane selected from the range of 50V to 1000V, and in
some embodiments selected from the range of 50 V to 300 V.
In some embodiments, an anode is positioned a distance from
the internal surface of the semiconductor membrane selected
from the range of 100 nanometers to 10000 microns. Incor-
poration of an anode in devices of the present invention is
useful for enhancing the gain achieved in some electron emis-
sion devices of the present invention. The present invention
includes devices, optionally having an anode device compo-
nent, capable of realizing a gain selected from the range of 10*
to 10°, and in some embodiments from 10* to 10°, and in some
embodiments 10" to 10™.

Semiconductor membranes useful in some specific devices
and device components of the present invention have compo-
sitions and physical dimensions that provide at least partial
transmission of incident electrons to the nanopillars provided
in electrical contact with internal surface of the membrane. In
some embodiments, the composition and thickness of the
membrane is selected such that between 10% to 100% of the
incident electrons are transmitted to the nanopillar array. The
present invention also includes embodiments, however,
wherein the semiconductor membrane is highly transmissive
to primary incident electrons, for example, embodiments
wherein the composition and thickness of the membrane is
selected such that between 60% to 100% of the incident
electrons are transmitted to the nanopillar array. In specific
embodiments, semiconductor membranes in the present
device have an average thickness selected from the range of
10 nanometers to 10 microns, and preferably for some appli-
cations selected from the range of 10 nanometers to 2.5
microns.

The physical dimensions and composition of semiconduc-
tor membranes of the invention may also be selected to pro-
vide other useful and important device capabilities and func-
tionality of the present electron emission devices. In an
embodiment, the thickness and composition of the semicon-
ductor membrane is selected so as to provide an interface (or
“window”) between a primary electron source and/or sam-
pling region and one or more device components of the
device. The invention includes devices wherein the mem-
brane has a composition and thickness allowing for a differ-
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ence in pressure and/or temperature conditions between the
primary electron source and/or sampling region and regions
and/or device components of the device provided at low pres-
sure (e.g., equal to or less than 1x10~> Torr) and/or low
temperature operating conditions. In a specific embodiment,
for example, the membrane allows for higher pressure con-
ditions (e.g. pressure selected form the range 10~ Torr to 1
bar) in a primary electron sampling region and lower pressure
conditions (e.g., equal to or less than 1x10~° Torr) in one or
more region(s) of the device separated from the sampling
region by the semiconductor membrane, such as an electron
amplification region and/or electron detection region. In an
embodiment, the internal surface of the membrane is main-
tained at a pressure equal to or less than 1x10™> Torr. In an
embodiment, the external surface of the membrane is main-
tained at a pressure selected from the range 10~> Torr to 1073
Torr.

In another embodiment, the semiconductor membrane has
physical dimensions (e.g., length, width, diameter etc.) pro-
viding secondary electron emission and/or field emission and
related devices (e.g., electron detectors, converters and
amplifiers) having a large active area. In specific embodi-
ments of this aspect, semiconductor membranes have an
internal surface having a surface area selected from the range
of 100 nanometer” to 5 cm” and preferably for some applica-
tions selected from the range of 10,000 nanometer? to 10,000
micron?. In another embodiment, the semiconductor mem-
brane has physical dimensions and a composition selected so
as to enable a filtering functionality. In specific embodiments,
for example, the membrane and nanopillar array functions as
converter wherein substantially all (e.g., more than 70% and
in some embodiments more than 90%) of the incident elec-
trons are converted into secondary electrons, optionally hav-
ing preselected energies. In another specific embodiment, the
membrane and nanopillar array functions as a filter wherein
secondary electrons and/or field emission are only generated
upon interaction with primary incident electrons having ener-
gies within a preselected range of energies.

Selection of the composition, physical dimensions and
spatial configuration of nanopillar elements of the nanopillar
array in structures and devices of the present invention is
important for accessing device functionality useful for a
range of applications including electron amplification, con-
version, filtering and detection. These device parameters can
be selected, for example, to access a desired gain and/or
bandpass for secondary electron emission from primary inci-
dent electrons. An advantage of the present electron emission
devices is that the composition, physical dimensions and
positions of nanopillars in the array can be deterministically
preselected and precisely controlled using a variety of micro-
and nano-fabrication techniques known in the art including
but not limited to optical lithography (e.g., visible, ultraviolet
and deep ultraviolet lithography), electron-beam lithography,
laser ablation patterning, materials deposition (physical
vapor deposition, chemical vapor deposition, atomic layer
deposition, thermal deposition, sputtering deposition etc.),
thermal oxidation processing, and materials removal (e.g.,
wet etching, dry etching etc.) methods. This capability of the
present invention is beneficial as it allows electron emission
devices to be tuned and/or optimize for specific applications
by accurate and precise selection of nanopillar composition,
physical dimensions (length, cross sectional dimensions etc.)
and/or positions.

In the present invention, nanopillars may be provided in
one or more arrays comprising between 1 to 10® nanopillars.
In some embodiments, the array has an average density of
semiconductor nanopillars selected from the range of 1x107>
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micron™> to about 250,000 micron~>. Nanopillars of the
present devices may be provided in one or more periodic
nanopillar arrays (e.g., nanopillars are provided in a spatially
periodic distribution), optionally having different pitch, dif-
ferent nanopillar dimensions and/or nanopillar compositions.
The present invention includes embodiments wherein nano-
pillars are provided in one or more aperiodic arrays (e.g.,
nanopillars are provided in a spatially periodic distribution)
or a plurality of periodic arrays having different spatial dis-
tributions (e.g., the pitch of nanopillars in the different arrays
vary), different physical dimensions (e.g., length, cross sec-
tional dimension) and/or different compositions. In this
embodiment, different nanopillar arrays may provide difter-
ent electron emission, electron amplification and/or different
electron filtering properties.

In an embodiment, for example, a plurality of different
nanopillar arrays are provided in electrical contact, and
optional in physical contact, with the internal surface of the
semiconductor membrane. The different nanopillar arrays in
this embodiment may each have a different pitch, may com-
prise nanopillars having different physical dimensions (e.g.,
length and cross sections) and/or may comprise nanopillars
with different compositions. Use of a device configuration
comprising multiple arrays having different pitch, for
example, is beneficial for devices of the present invention
having a broad bandwidth because each array with a set of
specific parameters (density, nanopillar dimensions, mem-
brane thickness) is responsive/sensitive to incident electrons
having different electron energies. These different arrays can
be placed on the same membrane or on different membranes.
Moreover, the membranes can be stacked to achieve band-
width increase. The incorporation of a broad bandwidth
ensures detection and amplification of electrons over a broad
energy range. More specifically aperiodic arrays enable the
creation of pass bands, i.e. electrons with a certain energy will
be detected and the amount of charge amplified.

In an embodiment, semiconductor nanopillars of the
present devices extend lengths along axes that intersect the
internal surface of the membrane, wherein the lengths are
selected from the range of 10 nanometers to 10 microns. In an
embodiment, semiconductor nanopillars of the present
devices have average cross sectional lengths, widths, or diam-
eters selected from the range of 20 nanometers to 500 nanom-
eters. In an embodiment, the semiconductor nanopillars of the
present devices have aspect ratios selected from the range of
1 to 10, and preferably for some applications selected from
the range of 1 to 20. In some embodiments, semiconductor
nanopillars of the present devices extend lengths along axes
that intersect the internal surface of the membrane that are
between 1 to 20 times the average thickness of the membrane.
Nanopillars of the present invention may assume a wide vari-
ety of shapes. The invention includes, for example, semicon-
ductor nanopillars having cross sectional shapes selected
from the group consisting of a circle, square, rectangle, tri-
angle, polygon, and ellipse, or any combination of these
shapes. It is worth while noting that combining a membrane
(two-dimensional device) with nanopillars (one-dimensional
device) leads to a different physical result in some embodi-
ments that is a more efficient detector. The dimension is
obtained when the absolute scale of the membrane and the
pillar sizes are compared to the mean free path of e.g. an
electron with a certain incident energy within the material out
of which the membrane and nanopillars are machined.

The pitch of nanopillars provided in a periodic array is
another important parameter in devices of the present inven-
tion. In some embodiments, for example, the pitch of nano-
pillars in the array is tuned to provide a selected gain and/or
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bandpass of the present electron emission devices. The
present invention includes, but is not limited to, devices
wherein the average shortest distance between adjacent nano-
pillars in the array is selected from the range of 30 nanometers
to 30 microns, and preferably for some applications selected
from the range of 30 nanometers to 1 micron, and more
preferably for some applications selected from the range of
30 nanometers to 500 nanometers.

Establishing electrical contact between nanopillars in the
array and the semiconductor membrane is important in cer-
tain devices of the present invention. In some embodiments,
electrical contact is established by providing the nanopillars
in physical contact with the semiconductor membrane.
Devices having a conformation wherein nanopillars are pro-
vided in physical contact with the semiconductor membrane
is useful for providing good electron replenishment charac-
teristics in the present emission devices. Alternatively, the
present invention includes devices wherein nanopillars are
provided in electrical contact via one or more conductive
elements, including highly conductive elements and/or semi-
conductor elements, positioned between the nanopillars and
the semiconductor membrane. The present invention also
includes devices wherein the semiconductor membrane and
the nanopillars comprise a, unitary structure. In the context of
this description, a unitary structure refers to a configuration
wherein the membrane and nanopillars comprise a single,
continuous structure, optionally having a uniform composi-
tion.

Semiconductor membranes and nanopillars useful in spe-
cific device embodiments may comprise a variety of doped
and undoped semiconductor materials including single crys-
talline semiconductors, polycrystalline semiconductors,
doped diamond, and organic semiconductors. Semiconductor
membranes and nanopillars may comprise the same or differ-
ent semiconductor materials. Semiconductor membranes and
nanopillars may comprise a single semiconductor material
(doped or undoped), or alternatively may comprise a plurality
of semiconductors materials and/or layers. Exemplary semi-
conductor materials include, but are not limited to, group IV
semiconductors such as silicon, germanium and doped dia-
mond, Group IV compound semiconductors, I1I-V semicon-
ductors, I1I-V ternary semiconductor alloys, III-V quaternary
semiconductor alloys, III-V quaternary semiconductor
alloys, II-VI semiconductors, II-VI ternary alloy semicon-
ductors, I-VII semiconductors, IV-VI semiconductors, IV-VI
ternary semiconductors, V-VIsemiconductors, II-V semicon-
ductors or combinations of these. In an embodiment, the
semiconductor membrane, nanopillar or both comprise a car-
bonaceous materials such as one or graphene or graphite
layers (doped or undoped). In an embodiment, the semicon-
ductor membrane, nanopillar or both comprise thin metallic
layers and/or semiconductor membranes doped to the metal-
lic limit. In an embodiment, the semiconductor membrane,
nanopillar or both comprise SOI (Silicon-on-Insulator),
SGOI (Silicon-Germanium-on-Insulator), or diamond. SOI
and similar products (e.g. from SOITEC) are particularly
attractive for some embodiments of the present invention as
they can be obtained at low cost and are heavily used in the
semiconductor industry.

The present invention includes devices wherein the mem-
brane, the nanopillars or both are n-type doped semiconduc-
tors or p-type doped semiconductors. The present invention
includes embodiments, wherein the membrane and nanopil-
lars have the same doping. The present invention includes
embodiments, wherein the membrane and nanopillars have
graded doping. The present invention includes devices
wherein the membrane and/or nanopillars have different dop-
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ing, for example, embodiments wherein the membrane is a
n-type doped semiconductor and the nanopillars are p-type
doped semiconductors; or embodiments wherein the mem-
brane is a p-type doped semiconductor and the nanopillars are
n-type doped semiconductors. In specific embodiments, the
membrane and/or the nanopillars form a plurality of p-n Junc-
tions. In other embodiments, at least a portion of the nanopil-
lars individually comprise p-n junctions.

Nanopillars useful in the present devices include semicon-
ductor heterostructures an/or individual semiconductor
devices. In an embodiment, for example, at least a portion of
the nanopillars comprise a semiconductor heterostructure
selected from the group consisting of a resonant tunneling
diode, a quantum well, a light emitting diode, a laser and a
field emissive structure. In an embodiment, one or more nano-
pillars of the array comprise a filed emissive device compo-
nent, for example, a semiconductor base in electrical contact
with a metallic field emitting tip. It is important to note that
optionally the lasing or LED elements can be within the
nano-pillars as well.

As discussed above, selection of the compositions, physi-
cal dimensions and/or positions of nanopillars in the array
control, at least in part, the gain and/or bandwidth achieved in
the present electron emission devices. In some embodiments,
the electron emission devices of the present invention are
capable of generating secondary electron emission for inci-
dent primary electrons having energies ranging from 1 keV to
200 keV.

Devices of'this aspect may comprise an electron multiplier.
Devices of this aspect may comprise an electron amplifier,
wherein emission from the nanopillars is useful for increasing
the intensity of incident primary electrons. In some embodi-
ments, for example the yield of secondary electron emission
from the nanopillars of the array is greater than 1 such that one
average more than one secondary electron is generated by
each primary electron. Devices of this aspect may comprise a
primary electron converter, wherein at least a portion of pri-
mary incident electrons into secondary electrons emitted by
the nanopillars. Optionally, converters of the present inven-
tion are capable of conversion of primary incident electrons.
In some embodiment, for example, the converters of the
present invention are capable of converting primary incident
electrons into secondary emitted electrons having selected
energies, a selected distribution of energies, a selected trajec-
tory and/or a selected distribution of trajectories. Devices of
this aspect may comprise a filter wherein primary incident
electrons having specific preselected energies are selectively
converted into secondary electrons emitted by the nanopillars
and primary incident electrons not having specific prese-
lected energies are not converted into secondary electrons
emitted by the nanopillars. In an embodiment, the secondary
electron emission device is capable of substantially prevent-
ing transmission of primary incident electrons (e.g., less than
10% of the primary incident electrons are converted).

The invention includes electron systems comprising a plu-
rality of the above-described electron emission devices, for
example provided in a stacked configuration. A “stacked con-
figuration” refers to a plurality of electron emission devices
provided in a series configuration wherein the output a pre-
ceding electron emission device in the series is provided as
input to a subsequent electron emissive device. In an embodi-
ment of this aspect, a plurality of the present electron emis-
sion devices are provided in a stacked series configuration.
The first electron emission device in the series is positioned
such that incident electrons from a source of electrons are
incident up on its external surface, thereby resulting in gen-
eration of electrons emitted by the nanopillars of the first
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electron emission device in the series. A second electron
emission device is positioned such that its external surface
receives at least a portion of the electrons generated by the
first electron emission device, thereby generating more emit-
ted electrons. In this manner, the primary incident electrons
are converted into a cascade of emitted electrons. This aspect
of the present invention is particularly useful for devices and
applications requiring large gain. Any number of additional
electron emission devices may be incorporated into systems
of the present invention, optionally provided in a stacked
configuration. In an embodiment, the present invention pro-
vides a electron emission system comprising a stacked series
of between 2 and 20 discrete electron emission devices,
optionally provided in a stacked series configuration. It is
important to note that individual electron emission devices in
the series may have the same or different nanopillar compo-
sitions, physical dimensions and positions, array pitch and/or
semiconductor membranes having the same or different com-
positions and physical dimensions. In an embodiment, for
example, electron emission devices are provided in a stacked
series configuration wherein the pitch of nanopillar arrays
decreases from the first electron emission device in the series
to subsequent electron emission devices in the series, for
example optionally decreasing from first to second electron
emission devices; optionally decreasing from second to third
electron emission devices, optionally decreasing from third to
fourth electron emission devices, and so forth. Use of a stack
series configuration with nanopillar arrays having pitch that
decreases with the position in the stacked series is useful for
converting high energy incident primary electrons to lower
energy electrons, for example by slowing the electrons down
as they pass through and are generating in the stacked series.
In an embodiment, a electron emission device is provided in
a stack series configuration wherein the first electron emis-
sion device in the series has a nanopillar array pitch selected
from the range of 400 to 600 nanometers, the second electron
emission device in the series has a nanopillar array pitch
selected from the range of 300 to 500 nanometers and the
third electron emission device in the series has a nanopillar
array pitch selected from the range 0f 200 to 400 nanometers.

In another aspect, the invention provides detectors and
detection systems comprising one or more of the present
electron emission devices and an electron detector positioned
to detect at least a portion of electrons emitted by the nano-
pillars of one or more of the electron emission devices. Useful
electron detectors in embodiments of this aspect include, but
are not limited to, a faraday cup, a microchannel plate, an
electron multiplier, a phosphorescent screen or combinations
of these. As discussed above in the context of electron emis-
sion device, detectors and detector systems of the present
invention may further comprises additional device elements.
In an embodiment, for example, the detector or detection
system further comprise an anode, such as a grid, ring or plate
electrode positioned between the internal surface of the mem-
brane and the electron detector. Anodes useful in these
embodiments optionally are positioned and electrically
biased so as to generate an extraction voltage at the internal
surface of the membrane selected from the range of 50 V to
300 V.

The present electron emission systems are particularly use-
ful for providing a booster stage for a microchannel plate
(MCP) device and/or MCP detector. Electron emission sys-
tems of the present invention also provide a detector with
pixels possessing sensitivity at different energies. Other
applications of the present electron emission systems include
a streak detector, and a primary detector element. The elec-
tron emissive systems of the present invention may be inte-
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grated with other electronic and/or electro-optic devices,
device components and structures. The present invention
includes a combination of electron detection with TFT (thin
film transistor) device for example for Direct Display Detec-
tion applications.

In another aspect, the present invention provides a system
for generating electrons comprising: (i) an electron source for
generating incident electrons; (ii) a semiconductor membrane
having an external surface positioned to receive the incident
electrons from the electron source and an internal surface
positioned opposite to the external surface; wherein the semi-
conductor membrane is at least partially transmissive to the
incident electrons or is capable of generating secondary elec-
trons or other charged particles from the incident electrons;
and (iii) an array of semiconductor nanopillars provided in
electrical contact with the internal surface, wherein electrons
or other charged particles transmitted or generated by the
semiconductor membrane cause at least a portion of the nano-
pillars on the internal surface to emit electrons, thereby gen-
erating electrons. Optionally, the semiconductor membrane
of this system is connected to ground or near ground, or a
reference voltage. Optionally, incident electrons provided to
the external surface of the semiconductor membrane have
energies ranging from 1 keV to 100 keV. Optionally, incident
electrons provided to the external surface of the semiconduc-
tor membrane have an intensity ranging from 10 pA to 10 nA.
Optionally, the system comprises an anode positioned close
enough to the internal surface of the semiconductor mem-
brane so as to establish a selected extraction voltage at the
internal surface of the membrane, for example extraction
voltage at the internal surface of the membrane selected from
the range of 50V to 1000 V. In an embodiment, the anode is
at least partially transmissive to the electrons emitted by the
nanopillars. In an embodiment, the anode is a grid electrode
or faraday cup. In an embodiment, the internal surface or the
membrane is maintained at a pressure equal to or less than
1x107° Torr.

In an embodiment, an electron emission device of the
present invention comprises an amplifier for increasing the
intensity of incident primary electrons from the electron
source. In an embodiment, an electron emission device of the
present invention comprises a converter for converting at least
a portion of the incident primary electrons from the electron
source into secondary electrons emitted by the nanopillars.

In an embodiment, the present invention provides a detec-
tion system for detecting incident electrons comprising: (i) a
semiconductor membrane having an external surface posi-
tioned to receive the incident electrons and an internal surface
positioned opposite to the external surface; wherein the semi-
conductor membrane is at least partially transmissive to the
incident electrons or is capable of generating secondary elec-
trons or other charged particles from the incident electrons;
and (ii) an array of semiconductor nanopillars provided in
electrical contact with the internal surface, wherein electrons
or other charged particles transmitted or generated by the
semiconductor membrane cause at least a portion of the nano-
pillars on the internal surface to emit electrons; and (iii) an
electron detector positioned to detect at least a portion of the
electrons emitted by the nanopillars on the internal surface. In
an embodiment, the detection system further comprises an
anode positioned between the internal surface of the semi-
conductor membrane and the detector. In an embodiment, the
anode is positioned close enough to the internal surface of the
semiconductor membrane so as to establish a selected extrac-
tion voltage at the internal surface of the membrane. In an
embodiment, the extraction voltage at the internal surface of
the membrane is selected from the range of 50V to 1000 V. In
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an embodiment, the anode is at least partially transmissive to
the electrons emitted by the nanopillars. In an embodiment,
the anode is a grid electrode or faraday cup. In an embodi-
ment, the membrane is connected to ground. In an embodi-
ment, the detector is selected from the group consisting of a
Faraday cup, a microchannel plate, an electron multiplier, and
phosphorescent screen. In an embodiment, the internal sur-
face or the membrane is maintained at a pressure equal to or
less than 1x107° Torr.

In another aspect, the present invention provides a elec-
tronic device comprising: a plurality of electron emission
devices; wherein each of the electron emission devices com-
prises: asemiconductor membrane having an external surface
positioned to receive incident electrons and an internal sur-
face positioned opposite to the external surface; wherein the
semiconductor membrane is at least partially transmissive to
the incident electrons or is capable of generating secondary
electrons or other charged particles from the incident elec-
trons; and an array of semiconductor nanopillars provided in
electrical contact with the internal surface, wherein electrons
or other charged particles transmitted or generated by the
semiconductor membrane cause at least a portion of the nano-
pillars on the internal surface to emit electrons; wherein the
plurality of electron emission devices are provided in a series
configuration, such that a first electron emission device is
positioned to receive incident electrons from an electron
source, thereby generating emitted electrons from the first
electron emission device, and wherein a second electron
emission device is positioned to receive at least a portion of
the electrons emitted the first electron emission device,
thereby generating emitted electrons from the second elec-
tron emission device. In an embodiment, the array of the first
electron emission device has an average density of semicon-
ductor nanopillars larger than that of the array of the second
electron emission device. In an embodiment, the nanopillars
of'the array of the first electron emission device have average
cross sectional dimensions greater than that of the nanopillars
of'the second array of the first electron emission device. In an
embodiment, the nanopillars of the array of the first electron
emission device have average lengths greater than that of the
nanopillars of the second array of the first electron emission
device. In an embodiment, the electronic device further com-
prises additional electron emission devices provided in the
series configuration. In an embodiment, the electronic device
comprises 1 to 20 of the additional electron emission devices.

In another aspect, the present invention provides a method
for increasing the intensity of incident electrons from an
electron source comprising the steps: (i) providing an elec-
tron amplifier comprising: (1) a semiconductor membrane
having an external surface positioned to receive the incident
electrons from the electron source and an internal surface
positioned opposite to the external surface; wherein the semi-
conductor membrane is at least partially transmissive to the
incident electrons or is capable of generating secondary elec-
trons or other charged particles from the incident electrons;
and (2) an array of semiconductor nanopillars provided in
electrical contact with the internal surface; and (ii) exposing
the electron amplifier to the incident electrons, wherein elec-
trons or other charged particles transmitted or generated by
the semiconductor membrane cause at least a portion of the
nanopillars on the internal surface to emit electrons, thereby
increasing the intensity of incident electrons from an electron
source. In an embodiment, a method of the present invention
further comprises the step of providing the membrane at
ground. In an embodiment, a method of the present invention
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further comprises the step of maintaining the internal surface
of the membrane at a pressure equal to or less than 1x10*°
Torr.

Inan embodiment, the present invention provides a method
for detecting incident electrons comprising the steps: (i) pro-
viding a detector comprising: (1) a semiconductor membrane
having an external surface positioned to receive the incident
electrons and an internal surface positioned opposite to the
external surface; wherein the semiconductor membrane is at
least partially transmissive to the incident electrons or is
capable of generating secondary electrons or other charged
particles from the incident electrons; and (2) an array of
semiconductor nanopillars provided in electrical contact with
the internal surface, wherein electrons or other charged par-
ticles transmitted or generated by the semiconductor mem-
brane cause at least a portion of the nanopillars on the internal
surface to emit electrons; and (3) an electron detector posi-
tioned to detect electrons emitted by the nanopillars; and (ii)
exposing the detector to the incident electrons; and (iii)
detecting at least a portion of the electrons emitted by the
nanopillars on the internal surface of the membrane, thereby
detecting incident electrons. In an embodiment, a method of
the present invention further comprises the step of providing
the membrane at ground. In an embodiment, a method of the
present invention further comprises the step of maintaining
the internal surface of the membrane at a pressure equal to or
less than 1x10~° Torr.

In another embodiment, the present invention provides a
method for generating electrons; the method comprising the
steps: (i) providing an electron source for generating incident
electrons; (ii) providing a semiconductor membrane having
an external surface positioned to receive the incident elec-
trons from the electron source and an internal surface posi-
tioned opposite to the external surface; wherein the semicon-
ductor membrane is at least partially transmissive to the
incident electrons or is capable of generating secondary elec-
trons or other charged particles from the incident electrons;
and (iii) providing an array of semiconductor nanopillars in
electrical contact with the internal surface, wherein electrons
or other charged particles transmitted or generated by the
semiconductor membrane cause at least a portion of the nano-
pillars on the internal surface to emit electrons, thereby gen-
erating electrons. In an embodiment, a method of the present
invention further comprises the step of providing the mem-
brane at ground. In an embodiment, a method of the present
invention further comprises the step of maintaining the inter-
nal surface of the membrane at a pressure equal to or less than
1x107° Torr.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A provides a cross sectional view of a device of the
present invention comprising a nano-structured semiconduc-
tor membrane structure.

FIG. 1B provides a bottom plan view of a device of the
present invention comprising a nano-structured semiconduc-
tor membrane structure indicating nanopillars, internal sur-
face and semiconductor membrane.

FIG. 1C provides a schematic diagram of a electron emis-
sion system comprising a plurality of the electron emission
devices shown in FIGS. 1A and 1B.

FIG. 1D provides a schematic diagram of a electron emis-
sion system comprising a plurality of electron emission
devices provided in a stack series configuration, wherein the
pitch of nanopillar arrays in the electron emission devices
varies with position in the stacked series.



US 7,884,324 B2

13

FIG. 1E provides a schematic diagram of a bottom plan
view of a electron emission device of the present invention
wherein a plurality of different nanopillar arrays are provided
in electrical contact, and optionally in physical contact, with
the internal surface of the semiconductor membrane.

FIG. 2. Probing electron emission through a nanopillar-
membrane system. (a) Schematic of the experimental setup in
a scanning electron microscope. The device is a thin silicon
membrane with an array of nanopillars fabricated on the top
side. A Faraday-cup anode with voltage V, is placed above the
nanopillars. Electron emission current [, from the nanopillars
is probed by the anode when the electron beam with beam
current [, scans the membrane on the back side. (b), (¢), (d),
and (e) are scanning electron micrographs. (b) Top view of
four square membranes (35x35 pum?) with nanopillars pat-
terned as a ‘frame’ on the membranes. The center squares of
14x14 um? contain no nanopillars, while there are about
17,600 nanopillars in each ‘frame’. Three distinct areas are
marked by B as bulk areas with an unprocessed SOI layer and
two layers ofinsulators, M as thinned membrane, and A as the
nanopillar-membrane area. (¢) and (d) are close views of a
nanopillar array. Each nanopillar has a diameter of about 80
nm with the base slightly wider, the height is about 300 nm.
Nanopillars are patterned into a square lattice with a pitch of
200 nm. (e) A scanning electron micrograph shows the cross
section of the membrane. (f) A Monte-Carlo simulation
shows the different distributions of incident primary electrons
(blue dots) penetrating from beneath and secondary electrons
(red color) in the membrane-nanopillar structure (see text for
details).

FIG. 3. Mapping of electron emission signal. (a) A color
scale plot of anode current as a function of the position of the
scanning electron beam. In the experiments, the applied
anode voltage (V) was +200 V. The incident electron energy
was 30 keV. The current of the scanning-electron beam (I,)
was set at 200 pA. (b) A line scan taken between the two
arrows shown in a. The presented anode signal is normalized
by the incident beam current.

FIG. 4. Effect of nanopillars. (a) The anode current signals
as a function of the anode voltage were probed for compari-
son when the scanning-electron beam was located in areas B,
M and A. The incident electrons had an energy of 30 keV and
the beam current was 200 pA. The inset displays the energy
distribution of secondary electrons emitted from area A. (b)
Two line scans across a single membrane and covering areas
B, M and A were taken at V_,=-200 V and V_=+200 V for
comparison. For clarity, the amplitude of the line scan taken at
V,=-200 V is multiplied by a factor of 2. At positive bias,
enhancement of SEE is found in the area with nanopillars. At
negative bias, however, nanopillars suppress the transmission
of incident primary electrons.

FIG. 5. Threshold energy and gain. The dependence of
anode current on the incident electron energy is compared for
areas B, M and A. The incident beam current was 200 pA and
the anode voltage was +200 V. A threshold in energy is found
around 12.5 keV. A gain is observed above E =23 keV for
area A and E,=26 keV forarea M. No gain is found for area B.
The inset presents the energy dependence of the enhancement
factor for SEE from the nanopillar-membrane system.

FIG. 6 provides a plot of current (nA) vs. anode voltage for
the nanopillar electron emissive device shown in FIG. 2. The
current is plotted on a logarithmic scale in this figure.

FIG. 7 provides a schematic of an experimental setup for
evaluating the electron emission properties of a semiconduc-
tor membrane structure comprising an embedded N P junc-
tion.
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FIGS. 84-85 provide measurements of the current detected
upon exposure of the semiconductor membrane to secondary
electrons from the copper reflector. F1G. 8(a) shows the onset
of SEE (secondary electron emission) and FE (field emission)
plotted as anode current I, vs. anode voltage V, with electron
beam energies ranging from 0-27 keV. FIG. 8(b) shows the
pure field emission current by subtracting the secondary elec-
tron emission current. F1G. 8(c) shows the Fowler-Nordheim
presentation of field emission.

FIG. 9 provides the signal-to-noise ratio as a function of the
anode voltage.

DETAILED DESCRIPTION OF THE INVENTION

Referring to the drawings, like numerals indicate like ele-
ments and the same number appearing in more than one
drawing refers to the same element. In addition, hereinafter,
the following definitions apply:

“Membrane” refers to a device component, such as a thin
structural element. Membranes of the present invention func-
tions to support an array of nanopillars and transmit at least a
portion of radiation incident to an external surface of the
membrane to at least a portion of the nanopillars. Optionally,
membranes of the present invention may function as an inter-
face for separating components of a device and/or separating
an electron source or sampling regions from device compo-
nents. Semiconductor membranes useful in the present inven-
tion may comprise a wide range of additional materials
including dielectric materials, ceramics, polymeric materials,
glasses and metals.

“Active area” refers to the area of a external surface of
surface a secondary electron emission system of the present
invention of an that is capable of receiving radiation and
generating secondary emission.

“Nanopillar” refers to a structure having at least one cross
sectional dimension (e.g. diameter, radius, width, thickness
etc.) selected form the range of 1 nanometer to 1000 nanom-
eters. Nanopillars in an array extend lengths that are spaced
apart from each other and have features/portions that are not
in physical contact with each other or other device compo-
nents. In some embodiments, nanopillars in a nanopillar array
do not physically contact each other. In other embodiments
nanopillars in a nanopillar array contact adjacent nanopillars
via base regions proximate to the internal surface of the
semiconductor membrane. Nanopillars of the present inven-
tion are separated from each other by voids that may option-
ally be occupied by one or more gases having selected partial
pressure or may optionally be at low pressure (e.g., less than
1x107%)

“Pitch” in the context of a nanopillar array is a character-
ization of the distance between two adjacent nanopillars in a
nanopillar array. In some embodiments, pitch is defined as the
distance from the center of a first nanopillar and the center of
a second nanopillar adjacent to the first nanopillar. In some
embodiments, pitch is defined as the width of a nanopillar
plus the shortest distance to an adjacent nanopillar in an array.

“Semiconductor” refers to any material that is a material
that is an insulator at a very low temperature, but which has an
appreciable electrical conductivity at a temperature of about
300 Kelvin. In the present description, use of the term semi-
conductor is intended to be consistent with use of this term in
the art of microelectronics and electrical devices. Semicon-
ductors useful in the present invention may comprise element
semiconductors, such as silicon, germanium and doped dia-
mond, and compound semiconductors, such as group IV
compound semiconductors such as SiC and SiGe, group I11-V
semiconductors such as AlSb, AlAs, Aln, AIP, BN, GaSh,
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GaAs, GaN, GaP, InSb, InAs, InN, and InP, group III-V
ternary semiconductors alloys such as Al Ga,  As, group II-
VI semiconductors such as CsSe, CdS, CdTe, ZnO, ZnSe,
ZnS, and ZnTe, group I-VII semiconductors CuCl, group
IV-VI semiconductors such as PbS, PbTe and SnS, layer
semiconductors such as Pbl,, MoS, and GaSe, oxide semi-
conductors such as CuO and Cu,O. The term semiconductor
includes intrinsic semiconductors and extrinsic semiconduc-
tors that are doped with one or more selected materials,
including semiconductor having p-type doping materials and
n-type doping materials, to provide beneficial electrical prop-
erties useful for a given application or device. The term semi-
conductor includes composite materials comprising a mix-
ture of semiconductors and/or dopants. Specific
semiconductor materials useful for in some applications of
the present invention include, but are not limited to, Si, Ge,
SiC, AIP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, InP, InAs,
GaSbh, InP, InAs, InSb, ZnO, ZnSe, ZnTe, CdS, CdSe, ZnSe,
ZnTe, CdS, CdSe, CdTe, HgS, PbS, PbSe, PbTe, AlGaAs,
AllnAs, AllnP, GaAsP, GalnAs, GalnP, AlGaAsSb, AlGalnP,
and GalnAsP.

“Electrical contact” refers to the configuration of two or
more elements such that a charged element, such as an elec-
tron, is capable of migrating from one element to another.
Accordingly, electrical contact encompasses eclements that
are in “physical contact.” Elements are in physical contact
when they are observable as touching. Electrical contact also
includes elements that may not be in direct physical contact,
but instead may instead have an connecting element, such as
an conductive or semiconductive material or structure,
located between the two or more elements.

As used herein, the term “array” refers to an ordered
arrangement of structural elements, such as an ordered
arrangement of individually addressed and spatially localized
nanopillars. The present invention includes periodic arrays of
nanopillars wherein nanopillars of the array are positioned at
regular intervals (i.e. the distance between adjacent nanopil-
lars measured from their centers is within 10% of'the average
distance between adjacent nanopillars in the array measured
from their centers). In some embodiments, nanopillars in a
periodic array are positioned such that the equidistant from
adjacent nanopillars in the array. In some embodiments,
nanopillars in a periodic array are positioned such that they
have a substantially constant pitch (e.g., constant within
about 90%). The present invention also include embodiments
wherein multiple periodic arrays having the same or different
pitch, nanopillar physical dimensions and/or nanopillar com-
positions are provided in electrical contact, and optionally in
physical contact, with the internal surface of the semiconduc-
tor membrane. The present invention also includes aperiodic
arrays of nanopillars wherein nanopillar are positioned in the
array at not regular intervals.

In the following description, numerous specific details of
the devices, device components and methods of the present
invention are set forth in order to provide a thorough expla-
nation of the precise nature of the invention. It will be appar-
ent, however, to those of skill in the art that the invention can
be practiced without these specific details.

FIG. 1A provides a cross sectional view of a secondary
electron emission device of the present invention comprising
a nano-structured semiconductor membrane structure. Sec-
ondary electron emission device 100 comprises thin semicon-
ductor membrane 110 having a external surface 160 and an
internal surface 170. As also shown in FIG. 1A, secondary
electron emission device 100 further comprises array 140 of
nanopillars 130 extending lengths 185 that are parallel to the
alignment axis 105 which intersects internal surface 170 of
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the semiconductor membrane 110. Nanopillars 130 of array
140 have a least one cross sectional dimension (schematically
illustrated as drawing element 188) that is less than about 1
micron. Nanopillars 130 of array 140 are provided in electri-
cal contact with semiconductor membrane 110, and in the
specific embodiment shown in FIG. 1A nanopillars 130 of
array 140 are provided in physical contact with semiconduc-
tor membrane 110. Alternatively, semiconductor membrane
110 and Nanopillars 130 may comprise a unitary structure.
Optionally, semiconductor membrane 110 is supported by
one or more frame elements 120 capable of positioning the
semiconductor membrane 110 in a desired spatial orientation
for a given device configuration or application.

FIG. 1B provides a bottom plan view of a device of the
present invention comprising a nano-structured semiconduc-
tor membrane structure indicating nanopillars 130, internal
surface 170 and semiconductor membrane 110.

As mentioned throughout this description, the lengths 185,
cross sectional dimensions 188 and positions of nanopillars
130 of array 140 are selected so as to provide a desired
functionality (gain, bandwidth, interface functionality etc.)
and/or device performance plication. Further, thickness 189
of semiconductor membrane 110 is another useful parameter
that is selected so as to access a desired functionality (gain,
bandwidth, interface functionality etc.) and/or device perfor-
mance. As shown in FIGS. 1A and 1B, nanopillar array of this
configuration are not in physical contact with each other. As
shown in FIGS. 1A and 1B, nanopillars 130 in the array are
separate from adjacent nanopillars by voids regions. The
configuration wherein nanopillar are separated from each
other by void regions (i.e., not in physical contact) is impor-
tant in some embodiments for providing gain functionality. In
some embodiments, the space between adjacent nanopillars
is occupied by a gas, liquid, solid or gel. In some embodi-
ments, for example, the space between adjacent nanopillars is
occupied by one or more photosensitive and/or photoactive
material, for example to control the dielectric constant in
these regions.

As shown in FIG. 1A, primary incident electrons (sche-
matically shown as arrows 190) are provided to external
surface 160 of semiconductor membrane 110. At least a por-
tion of the primary incident electrons are transmitted through
semiconductor membrane 110 and interacted with nanopil-
lars 130 of array 140, thereby resulting in generation of sec-
ondary electrons (schematically shown as arrows 210) emit-
ted by nanopillars 130 of array 140.

Optionally, secondary electron emission device 100 may
further comprise anode 195 positioned proximate to internal
surface 170 of semiconductor membrane 110. In some
embodiments, anode 195 positioned close enough to internal
surface 170 of semiconductor membrane 110 so as to provide
a selected extraction voltage at internal surface 170 of semi-
conductor membrane 110. Optionally, anode 195 positioned
proximate to internal surface 170 of semiconductor mem-
brane 110 comprises a grid electrode or faraday cup. In an
embodiment, the anode 195 is provided a distance from the
internal surface 170 of semiconductor membrane 110
selected from the range of 100 nanometers to 1000 microns.

Optionally, devices of the present invention may further
comprises an electron detector 150 having sensing surface
155 positioned to receive secondary electrons (schematically
shown as arrows 210) emitted by nanopillars 130 of array
140. As shown in FIG. 1A, the present invention includes
device configurations wherein anode 195 is positioned
between internal surface 170 of semiconductor membrane
110 and sensing surface 155 of detector 150. Incorporation of
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electron detector 150 is useful in detectors and detection
systems of the present invention.

FIG. 1C provides a schematic diagram of a secondary
electron emission system comprising a plurality of the sec-
ondary electron emission devices shown in FIGS. 1A and 1B.
As shown in this Figure, secondary electron emission devices
100 are provided in a stacked series configuration. In this
embodiment, secondary emission generated from a first sec-
ondary electron emission device 100 in the series is provided
to subsequent secondary electron emission devices 100
resulting in a cascade of secondary emission from electron
emission devices 100 in the system. The system shown in
FIG. 1C functions as an electron multiplier and/or amplifier
providing gain functionality. The system in FIG. 1C option-
ally further comprises detector 150 positing to receive at least
aportion of the secondary emission generated by the electron
emission devices 100 in the system. Individual biasing of
semiconductor membranes in devices of the present invention
comprising a plurality of emission devices provided in a
stacked configuration provides an effective means of estab-
lishing the overall biasing of these systems.

FIG. 1D provides a schematic diagram of a cross sectional
view of a secondary electron emission system comprising a
plurality of secondary electron emission devices provided in
a stack series configuration, wherein the pitch of nanopillar
arrays in the secondary electron emission devices varies with
position in the stacked series. The secondary electron emis-
sion system 600 comprises a first secondary electron emis-
sion device 610, a second secondary electron emission device
620 and a third secondary electron emission device 630. As
shown in FIG. 1D, the first secondary electron emission
device 610 has a nanopillar array with a larger pitch than the
nanopillar array of the second secondary electron emission
device 620 in the stacked series. In addition, the second
secondary electron emission device 620 has a nanopillar array
with a larger pitch than the nanopillar array of the third
secondary electron emission device 630 in the stacked series.
In FIG. 1D, primary incident electrons are schematically
represented by solid arrows and secondary emitted electrons
are schematically represented by dotted arrows. The configu-
ration in FIG. 1D is particularly useful for converting primary
electrons having high energies into secondary emitted elec-
trons having lower energies, for example for converting pri-
mary electrons into secondary emitted electrons having a
selected energy distribution that is lower in energy than the
energy distribution of the primary electrons. Optionally, sec-
ondary electron emission system 600 further comprises the
anode 631.

FIG. 1E provides a schematic diagram of a bottom plan
view of a secondary electron emission device of the present
invention wherein a plurality of different nanopillar arrays are
provided in electrical contact, and optionally in physical con-
tact, with the internal surface of the semiconductor mem-
brane. The secondary electron emission device 700 com-
prises a first nanopillar array 720, a second nanopillar array
740, a third nanopillar array 730 and a fourth nanopillar array
710, all of which are provided in electrical contact with the
internal surface of a single semiconductor membrane of the
device. Each of the first, second, third and fourth nanopillar
arrays have a different pitch. As shown in FIG. 1E, the pitch
of first nanopillar array 720 is larger than the pitch of second
nanopillar array 740, the pitch of second nanopillar array 740
is larger than the pitch of third nanopillar array 730 and the
pitch of third nanopillar array 730 is larger than the pitch of
second nanopillar array 710. Incorporation of a plurality of
nanopillar arrays each having a different pitch into devices of
the present invention provides for electron emission capabil-
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ity over a wide bandwidth, as each nanopillar array in the
device may be responsive to (i.e., generate secondary emis-
sion) a different range of incident electron energies.

The devices and systems shown in FIGS. 1A, 1B, 1C,1F
and 1E optionally function as means of converting primary
incident electrons to secondary emitted electrons. The
devices and systems shown in FIGS. 1A, 1B, 1C,1F and 1E
optionally functions as means of converting incident elec-
trons having a first energy distribution to secondary emitted
electrons having a second energy distribution different from
the first energy distribution, for example a second energy
distribution that is less than that of the first energy distribu-
tion. The devices and systems shown in FIGS. 1A, 1B, 1C,1F
and 1E optionally functions as filter for converting and/or
amplifying incident electrons having selected energies or
energy distributions.

Example 1

Nanopillar Arrays on Semiconductor Membranes
Amplify Electron Emission

The present invention provides secondary electron emis-
sion devices useful for modulating incident radiation. To
evaluate capability of devices of the present invention for
generating secondary electron emission, a secondary electron
emission device comprising a semiconductor membrane hav-
ing a nanopillar array was fabricated and exposed to abeam of
incident electrons. In this Example experimental results are
provided relating to nano-structured single-crystal silicon
membranes as the basic element for a new class of active
thin-membrane detectors. This integrates the required ‘win-
dow’ with the actual detector and thus creates a detector
window with gain. As described in this Example, we found
that patterning a two-dimensional (2D) membrane with a
regular array of one-dimensional (1D) nanopillars strongly
enhances SEE generation enabling important applications
such as a directed charge amplifier. Further, the results pro-
vided herein indicate that the combination of materials with
different dimensions (2D+1D) leads to phenomena, which
are different from the expected three-dimensional (3D)
behavior.

For the purpose of this Example we fabricated several
membranes from n-type silicon-on-insulator (SOI) wafers
consisting of a 3-micron thin layer of silicon on an insulating
layer of silicon dioxide (1.1 um), as schematically shown in
FIG. 2(a). The substrate is of n-type silicon with a thickness
of 725 um. The resistivity of the SOI is of the order of 12
Q-cm. Both the SOI and the silicon substrate have a crystal
orientation of (100). The SOI was thinned down to 2.9 um by
thermal oxidation, hence forming a 250 nm layer of silicon
dioxide on top. The whole wafer was then capped with a thin
layer of silicon nitride (~400 nm) by using low pressure
chemical vapor deposition (LPCVD). Being chemically
resistive to potassium hydroxide (KOH) solution, the silicon
nitride coating allows for opening windows on both sides of
the wafer. An anisotropic KOH etch was used to form thin
silicon membranes. The final membranes of square shape
have a side length of 35 um. On each device 16 such identical
membranes were fabricated into four 2x2 arrays. A scanning
electron micrograph of four membranes is shown in FIG.
2(b).

On each membrane, an array of round nanopillars was
fabricated from the silicon membrane. The pattern of nano-
pillars was written by electron-beam lithography (EBL),
which defined an etch mask so that arrays of nanopillars were
formed in a reactive-ion etch (RIE) process. Each pillar has a
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diameter of 80 nm and a height of 300 nm. The thickness of
membranes shown in FIG. 2(5) is about 1.6 um. Finally, the
gold mask was removed in a wet chemical etch step, leaving
clean silicon nanopillars on the membranes. Close-ups of
nanopillar arrays with a pitch of 200 nm are shown in FIG.
2(c) and (d). In FIG. 2(e), the SEM graph of a cleaved mem-
brane reveals the overall architecture of one-dimensional
nanopillars placed on the two-dimensional membrane. Also
indicated in FIG. 2(b) the nanopillars are patterned in a frame
marked A around the center piece of pure membrane marked
M. This allows to discriminate electron transmission through
the membrane alone (M), the nanopillar-membrane systems
(A), and through the bulk material (B) which supports the
membrane.

The experimental setup we used is shown schematically in
FIG. 2(a): the device is mounted in a scanning electron micro-
scope (SEM) which provides a vacuum environment (p~10~°
mbar) and most importantly a controllable electron beam.
The electron beam is scanned over the backside of the mem-
brane to inject electrons in the energy range of E,=1-30 keV.
The membrane is connected to ground in order to avoid accu-
mulation of electrons and thus the generation of a background
charge. A large anode is placed above the nanopillars, pro-
viding an extraction or retarding voltage (V) for electrons
emitted from the membrane and nanopillars. Most impor-
tantly, the anode is designed as a Faraday cup such that the
efficiency of collecting electrons approaches 100%. Further-
more, a large anode-membrane distance (~1.5 mm) is used to
reduce the number of electrons which are backscattered from
the anode and then reenter the membrane-nanopillar system.
By controlling the anode voltage while monitoring the anode
current I, secondary electron emission (E<100 eV) can be
differentiated from electrons transmitted directly through the
device (B=E,,) [8] or field emitted electrons (E>150eV). This
provides a simple method to analyze the energy distribution
of emitted electrons and allows for identifying the effect of
nanopillars on electron emission. This experimental setup is
similar to a scanning transmission electron microscope
(STEM) [12, 13]. However, the aim here is not to obtain an
atomic resolution which requires an ultra-thin membrane like
in a STEM. The experimental results shown below will dem-
onstrate that electron emission is enhanced by introducing
nanopillars on the exit side of a thin membrane.

Finally, the inset in FIG. 2(f) shows a Monte-Carlo simu-
lation with a spatial distribution of primary electrons (col-
orized dots) entering from below and secondary electron
emission (gray scale in red color) in a nanopillar-membrane
device. It is precisely the SEE in the pillars that enhances the
overall electron generation. In other words the surface
increase of the 2D-membrane by the 1D-nanopillars
enhances SEE generation to a degree where the membrane
amplifies the incoming number of electrons more effectively
than a 3D system. Thus adding the dimensions 2D+1D as for
the nanopillar-membrane system not necessarily leads to the
behavior of the 3D bulk system.

FIG. 3(a) shows a color scale map of the anode current as
a function of the position of the electron beam scanning over
the back side of four membranes. We can directly compare
this map with the SEM image shown in FIG. 2(b). We find that
the anode signal provides a high contrast in membrane thick-
ness and shows a clear enhancement of electron emission
where the electron beam hits the area with nanopillars sitting
on the other side (A compared to M). The plot in FIG. 3(4)
represents a line scan taken from the corresponding color
scale map. As seen one can directly follow transitions
between non-membrane area (B), membrane (M) and mem-
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brane with nanopillars (A). Comparing to the signal from area
M, enhanced emission from nanopillars is clearly observed.

The origin of enhanced SEE from the nanopillars is further
explored by altering the anode voltage V. Since the anode
with a negative potential will keep electrons with energy
below elV,| from reaching the anode, it thus provides a
method to analyze the energy of emitted electrons by sweep-
ing the anode voltage. The [,V -characteristics in FIG. 4 were
measured for the three distinct areas (B, M and A) for com-
parison. The anode voltage was swept from —200V to +200V.
As shown in FIG. 4(a), constant levels of anode current are
observed when V,<-150 V. These levels reflect the contribu-
tions from those electrons transmitted through the nanopillar-
membrane system where the electrons’ energy is only slightly
attenuated (E=E,). Upon further increasing the anode volt-
age up to +30 V, a continuous rise in the anode current due
SEE is found. Above V ,=+30V, most transmitted primary and
secondary electrons are collected by the anode and the anode
current reaches a saturation value. In FIG. 4(a), the black
curve shows the electron emission through the non-mem-
brane area (B), which is suppressed in reverse bias to 36% and
increased in the forward direction to about 83%. The increase
0f'47% is the contribution from secondary electrons. Turning
now to the signals from membrane (M) and the nanopillar-
membrane system (A), we can see the direct transmission of
the primary electrons is increased by about 12%, where this
increase relates to the thinness of the membrane comparing to
the unprocessed multi layers (B). However, the contribution
from SEE is increased to 57% for area M and 67% for area A.
Because of the increase in SEE, the total emission current
becomes greater than the incident current, i.e., a gain is
achieved.

We find that in contrast to the intuitive assumption—that is
the thinner membrane the higher the transmission should
be—a membrane with nanopillars shows an even more
enhanced signal. As shown in the inset of FIG. 4(a), the
derivative of the A-trace with respect to the anode voltage
represents the energy distribution of the secondary electrons.
We further examined the effects of nanopillars on electron
emission by scanning an electron beam (30 keV) across the
nanopillar frame at V,,=+200V. Electron emission from areas
B, M and A are compared directly in FIG. 4(). A remarkable
influence of the nanopillars (A-peaks) is found. Under a for-
ward anode bias V,=+200 V, same as that in FIG. 3(4), an
enhancement of SEE by the nanopillars is clearly observed.
Furthermore, under reverse anode bias V,=—200 V, transmis-
sion of primary electrons is slightly suppressed by the nano-
pillars. This is a clear indication that the nanopillars absorb
high-energy primary electrons and generate more low-energy
secondary electrons than the plane 2D-membrane.

This effect also suggests that in order to obtain an optimal
efficiency of SEE the ratio of membrane thickness to the pillar
height and the aspect ratio of nanopillars has to be carefully
tuned. Comparing to curve B in FIG. 4(a), it has to be noted
that curve M has a stronger dependence on the positive anode
potential. This is directly related to the fact that the electric
field in the recessed membrane area is retarded. Furthermore,
the even stronger dependence on anode potential found in
area A stems from the suppression of the electric field on the
nanopillar sidewall by neighboring pillars. Nevertheless, it is
of great interest to explore electron emission at even higher
electrical fields at the surface of nanopillars so that electron
field emission can kick in and help removing the generated
electrons from the pillars.

The above results were obtained for an incident electron
energy of 30 keV. The dependence of electron emission on the
incident energy is shown in FIG. 5. Again emission signals
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from areas B, M and A are compared for V,=+200 V. The
threshold energy for electrons to ‘penetrate’ the thin mem-
braneis about 12.5keV which is 3keV lower than that of bulk
area. There is no observable shift in the threshold energy
comparing areas M and A. However, nanopillars significantly
increase the emission signal. Above 30 keV, which is the
maximal electron energy available in this SEM, a saturation
ofthe anode current levels is observed. In order to extract the
effect of the nanopillars we define an enhancement factor
N=(,-1,,/1,, where I, and I,, represent anode currents nor-
malized by the beam current I,, when the electron beam is
located in area A and M, respectively. The energy dependence
of'm is shown in the inset of FIG. 5: the optimal energy range
for SEE enhancement is between 13 to 24 keV. A total
enhancement of 14% is obtained at B, =16 keV. Above this
optimal energy level, the enhancement from nanopillars
decreases, since both the elastic and inelastic mean-free-
paths (A=A/N_,Zp0o) of electrons in silicon increase with
energy, where N, is Avogadro’s constant, o is the elastic/
inelastic cross section for electron scattering in silicon, p is
the density of the silicon membrane material, and A and Z are
the atomic weight and atomic number for silicon, respec-
tively. For 16 keV electrons, the elastic and inelastic mean-
free-paths are about 20 nm and 60 nm at room temperature,
respectively. Both are comparable to the diameter and height
of the nanopillars indicating each incident electron entered
the nanopillars will experience a few inelastic scatterings.
The most plausible cause for this enhancement is the
induced change of surface morphology by the nanopillars,
which increase the surface area and the effective incident
angle for electrons approaching the side wall from within the
nanopillars (see MC-simulation in FIG. 2 (f)). In the frame of
this interpretation, the normalized anode current can be
expressed as 1,11,=py,+(1-B) v,,, where f is the coverage of
the membrane surface by nanopillars, v,, and v, are the yield
of SEE for membrane and nanopillar-membrane, respec-
tively. Inarea A, itis clear that f=nd*/4L.>~0.13, where d is the
diameter of the nanopillars, and L is the pitch distance. The
enhancement factor becomes n=f (v,/y,,~1). Based on the
experimental enhancement factor (14%) obtained at E,=16
keV, we estimated the ratio v,/y,, is about 2.1, i.e., the SEE
yield from the nanopillar-membrane system is about two
times that from a planar membrane. By reducing the distance
between nanopillars from 200 nm to 150 nm and keeping the
pillar’s dimension unchanged, [} can be doubled and hence m
will increase from 14% to 28%. A higher yield of SEE can
simply be realized by choosing a membrane material with
higher yield of SEE, e.g., diamond [14]. Integration of nano-
pillars on a membrane has two obvious advantages: (i) it
naturally provides an extra boost to SEE by the geometrical
change of the emission surface, as we have seen and (ii) it
provides an array of pointing emitters, which has the great
potential to include other emission mechanisms such as elec-
tron field emission and phonon/photon-assisted tunneling.
FIG. 6 provides a plot of current (nA) vs. anode voltage for
the electron emissive device shown in FIG. 2. Current is
plotted on alogarithmic scale in this figure. Plots are provided
for incident primary electron beams having currents of 10pA,
50 pA, 125 pA, 250 pA and 300 pA. As shown in FIG. 2, a
very large increase in current is observed when the voltage
applied to the nanopillar array by the anode is increased past
a value of about 100 V. The observed increase in current is due
to field emission from the nanopillars in the array initiated by
the applied potential difference. These experimental results
demonstrate that the present electron emission devices and
structures are capable of generating field emission, in addi-
tion to secondary electron emission. Specifically, FIG. 6
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shows that the device configuration provided in FIG. 2 and
described in detail above is capable of operating in a second-
ary emission mode for applied voltages less than about 100V
and operating in a field emission mode for applied voltages
greater than about 100 V. In some applications, it is useful to
operate the present electron emission systems in a voltage
domain near the transition between secondary emission and
field emission operating modes.

In summary we demonstrated that a nano-structured mem-
brane strongly enhances secondary electron emission. Since
the geometry of the nanopillars and the arrays can be freely
chosen the interaction of the incident particle and thus the
energy bandwidth can be optimized. Furthermore, nanopil-
lar-membranes can be stacked for achieving even higher gain.
In addition, the present device configuration can be adapted to
integrate different heterostructure materials to integrate p-n
junctions, quantum wells, etc., which further enhances the
functionality of this nanopillar-membrane system. This
enables achieving an active device with gain and to tailor the
energy resolution of this ‘window’-type detector. The func-
tions of the membrane and nanopillars could also be sepa-
rated so that the membrane will act as a filter for incident
particles while the nanopillars are the active detector ele-
ments. This architecture has applications in radiation and
particle detectors and non-contact bio/chemical sensors.

Example 2

Incorporation of a Gaseous Medium within the
Nanopillar Arrays

In some embodiments of the present invention, additional
gain in signal is realized by operating the nanopillar array
with selected gases, such as a mixture of gases such as Ar, Ne,
He, N,, O,, CO,, and CH, gases, encapsulated between the
nanopillar side of the membrane and the collection anode/
Faraday cup. In this device configuration, the electrons emit-
ted by the nanopillars are accelerated by the potential differ-
ence between the collector and the nanopillar array provided
in electrical contact with the internal surface of the semicon-
ductor membrane. If the voltage is adjusted such that the
electric field in this region reaches a threshold magnitude, for
example 100 kV/cm for a mixture of Ar and CH, gases, a
single electron emerging from a pillar will acquire enough
energy to ionize the gas and start an electron cascade, result-
ing in the generation of 10* to 10° electrons. Embodiments of
this aspect of the present invention are capable of provide a
large overall detector gain, e.g., on the order of 10°.

Example 3

Secondary Electron Generation Using an Embedded
N P Junction Structure

The present invention includes electron emission devices
having an array of nanopillars comprising embedded N P
junction structures. To evaluate the capabilities of nanopillars
having embedded N P junction structures, a semiconductor
membrane made of silicon and silicon oxide embedded N P
junctions was fabricated and exposed to a source of electrons.
The results of this Example demonstrate that embedded N P
junctions provide useful structures for generating secondary
electron emission and field emission.

Conventional electron multipliers typically have many cas-
cade stages with each stage has a gain of only 1-10 depending
on the secondary electron emission (SEE) yield. The semi-
conductor membrane electron multipliers described in this
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example are capable of providing a gain larger than 1000 from
a single stage comprising a semiconductor membrane as the
cathode, an anode and an insulating layer provided between
the cathode and anode. In the present systems, the gain is
realized by field emission enhanced electron extraction. The
semiconductor membrane upon bombardment of an incident
electron beam holds a large number of electrons moving
towards the exit side. Only a small fraction of the electrons
can escape the membrane, however, and thereby become the
so-called secondary emitted electrons. Most of the electrons,
however, can not be released because of the energy is lower
than the work function. This situation is changed once there is
a high electric field applied on the exit side. From the experi-
ments described herein, we clearly show that a gain of 10 k
possible using the present semiconductor membrane struc-
tures. These measurements demonstrate that the present
semiconductor membrane structures allow extraction of the
‘produced’ electrons in the semiconductor membranes via a
field emission mechanism involving an applied electric field.

FIG. 7 provides a schematic of an experimental setup for
evaluating the electron emission properties of a semiconduc-
tor membrane structure comprising an embedded N P junc-
tion structure. Starting from the sensing side ofthe membrane
where electrons impact the membrane, the layer sequence is:
(a) a thin layer of silicon membrane, the thickness should be
thinner for lower energy electrons; an optimal thickness for
18 keV is about 1.5 um. (b) a thin layer of silicon oxide (~1
um), the thickness can be tuned to match to the threshold field
for field emission and the break down field of silicon oxide;
(c) a layer of silicon nitride (~300 nm) is optional; and (d) a
layer of gold doped poly silicon as anode, the thickness of this
layer is not critical. As will be understood by those having
ordinary skill in the art, the membrane can be made of other
materials such as diamond which will yield a higher gain due
to a lower work function or a negative electron affinity.

As illustrated in this figure, an electron beam is directed at
a copper reflector in a manner resulting in generation of
secondary electrons. The secondary electrons from the cop-
per block are directed at the semiconductor membrane com-
prising a silicon-silicon oxide N P junction. Electrons emitted
from the semiconductor membrane are detected using a
micron-sized anode in close proximity to the semiconductor
membrane structure.

FIGS. 8a-8b provide measurements of the current detected
upon exposure of the semiconductor membrane to secondary
electrons from the copper reflector. FIG. 8(a) shows the onset
of SEE (secondary electron emission) and FE (field emission)
plotted as anode current I, vs. anode voltage V , with electron
beam energies ranging from 0-27 keV. FIG. 8(b) shows the
pure field emission current by subtracting the secondary elec-
tron emission current. FIG. 8(c) shows the Fowler-Nordheim
presentation of field emission. From the secondary electron
emission yield, the effective number of electrons injected is
about 0.1 pA, i.e., below the noise floor of the measurement
system. The gain from field emission is about 2500 for E=27
keV,

FIG. 9 provides the signal-to-noise ratio as a function of the
anode voltage. The noise results from the background current,
i.e., the field emission current without any e-beam excitation,
as shown in previous figures. It is clear that the SN ratio
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reaches its maximum at the sub-threshold voltage. A differ-
ence of two orders of magnitude can be seen.

STATEMENTS REGARDING INCORPORATION
BY REFERENCE AND VARIATIONS

The Appendix included herewith is a part of the present
specification and is incorporated by reference in its entirety.

All references throughout this application, for example
patent documents including issued or granted patents or
equivalents; patent application publications; and non-patent
literature documents or other source material; are hereby
incorporated by reference herein in their entireties, as though
individually incorporated by reference, to the extent each
reference is at least partially not inconsistent with the disclo-
sure in this application (for example, a reference that is par-
tially inconsistent is incorporated by reference except for the
partially inconsistent portion of the reference).

The terms and expressions which have been employed
herein are used as terms of description and not of limitation,
and there is no intention in the use of such terms and expres-
sions of excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that various
modifications are possible within the scope of the invention
claimed. Thus, it should be understood that although the
present invention has been specifically disclosed by preferred
embodiments, exemplary embodiments and optional fea-
tures, modification and variation of the concepts herein dis-
closed may be resorted to by those skilled in the art, and that
such modifications and variations are considered to be within
the scope of this invention as defined by the appended claims.
The specific embodiments provided herein are examples of
useful embodiments of the present invention and it will be
apparent to one skilled in the art that the present invention
may be carried out using a large number of variations of the
devices, device components, methods steps set forth in the
present description. As will be obvious to one of skill in the
art, methods and devices useful for the present methods can
include a large number of optional composition and process-
ing elements and steps.

When a group of substituents is disclosed herein, it is
understood that all individual members of that group and all
subgroups, including any isomers, enantiomers, and diaste-
reomers of the group members, are disclosed separately.
When a Markush group or other grouping is used herein, all
individual members of the group and all combinations and
subcombinations possible of the group are intended to be
individually included in the disclosure. When a compound is
described herein such that a particular isomer, enantiomer or
diastereomer of the compound is not specified, for example,
in a formula or in a chemical name, that description is
intended to include each isomers and enantiomer of the com-
pound described individual or in any combination. Addition-
ally, unless otherwise specified, all isotopic variants of com-
pounds disclosed herein are intended to be encompassed by
the disclosure. For example, it will be understood that any one
or more hydrogens in a molecule disclosed can be replaced
with deuterium or tritium. Isotopic variants of a molecule are
generally useful as standards in assays for the molecule and in
chemical and biological research related to the molecule or its
use. Methods for making such isotopic variants are known in
the art. Specific names of compounds are intended to be
exemplary, as it is known that one of ordinary skill in the art
can name the same compounds differently.

Whenever a range is given in the specification, for
example, a temperature range, a time range, or a composition
or concentration range, all intermediate ranges and sub-
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ranges, as well as all individual values included in the ranges
given are intended to be included in the disclosure. It will be
understood that any subranges or individual values in a range
or subrange that are included in the description herein can be
excluded from the claims herein.

All patents and publications mentioned in the specification
are indicative of the levels of skill of those skilled in the art to
which the invention pertains. References cited herein are
incorporated by reference herein in their entirety to indicate
the state of the art as of their publication or filing date and it
is intended that this information can be employed herein, if
needed, to exclude specific embodiments that are in the prior
art. For example, when composition of matter are claimed, it
should be understood that compounds known and available in
the art prior to Applicant’s invention, including compounds
for which an enabling disclosure is provided in the references
cited herein, are not intended to be included in the composi-
tion of matter claims herein.

Asused herein, “comprising” is synonymous with “includ-
ing,” “containing,” or “characterized by,” and is inclusive or
open-ended and does not exclude additional, unrecited ele-
ments or method steps. As used herein, “consisting of”
excludes any element, step, or ingredient not specified in the
claim element. As used herein, “consisting essentially of”
does not exclude materials or steps that do not materially
affect the basic and novel characteristics of the claim. In each
instance herein any of the terms “comprising”, “consisting
essentially of” and “consisting of” may be replaced with
either of the other two terms. The invention illustratively
described herein suitably may be practiced in the absence of
any element or elements, limitation or limitations which is not
specifically disclosed herein.

One of ordinary skill in the art will appreciate that starting
materials, biological materials, reagents, synthetic methods,
purification methods, analytical methods, assay methods, and
biological methods other than those specifically exemplified
can be employed in the practice of the invention without
resort to undue experimentation. All art-known functional
equivalents, of any such materials and methods are intended
to be included in this invention. The terms and expressions
which have been employed are used as terms of description
and not of limitation, and there is no intention that in the use
of'such terms and expressions of excluding any equivalents of
the features shown and described or portions thereof, but it is
recognized that various modifications are possible within the
scope of the invention claimed. Thus, it should be understood
that although the present invention has been specifically dis-
closed by preferred embodiments and optional features,
modification and variation of the concepts herein disclosed
may be resorted to by those skilled in the art, and that such
modifications and variations are considered to be within the
scope of this invention as defined by the appended claims.
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We claim:

1. An electron emission device comprising:

a semiconductor membrane having an external surface
positioned to receive incident electrons from an electron
source and an internal surface positioned opposite to
said external surface; wherein said semiconductor mem-
brane is at least partially transmissive to said incident
electrons or is capable of generating secondary electrons
or other charged particles from said incident electrons;
and

an array of semiconductor nanopillars provided in electri-
cal contact with said internal surface, wherein electrons
or other charged particles transmitted or generated by
said semiconductor membrane cause at least a portion of
said nanopillars on said internal surface to emit elec-
trons.

2. The device of claim 1 further comprising an anode
positioned close enough to said internal surface of said semi-
conductor membrane so as to establish a selected extraction
voltage at said internal surface of said membrane.

3. The device of claim 2 wherein said extraction voltage at
said internal surface of said membrane is selected from the
range of 50 V to 1000 V.

4. The device of claim 1 wherein said membrane is con-
nected to ground.

5. The device of claim 1 wherein said membrane has an
average thickness selected from the range of 10 nanometers to
10 microns.

6. The device of claim 1 wherein said semiconductor nano-
pillars extend lengths along axes that intersect the internal
surface of said membrane, said lengths selected from the
range of 100 nanometers to 10 microns.
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7. The device of claim 1 wherein said semiconductor nano-
pillars have average cross sectional lengths, widths or diam-
eter selected from the range of 20 nanometers to 500 nanom-
eters.

8. The system of claim 1 wherein said semiconductor nano-
pillars have aspect ratios selected from the range of 1 to 10*.

9. The system of claim 1 wherein said semiconductor nano-
pillars extend lengths along axes that intersect the internal
surface of said membrane that are between 1 to 20 times the
cross sectional length, width or diameter of said membrane.

10. The device of claim 1 wherein the average shortest
distance between adjacent nanopillars in said array is selected
from the range of 30 nanometers to 30 microns.

11. The device of claim 1 wherein said array has an average
density of semiconductor nanopillars selected from the range
of 1x10> micron™2 to about 2500 micron==.

12. The device of claim 1 wherein said membrane, said
nanopillars or both comprise single crystalline semiconduc-
tor materials.

13. The device of claim 1 wherein said membrane, said
nanopillars or both are n-type doped semiconductors or
p-type doped semiconductors.

14. The device of claim 1 wherein:

said membrane is a n-type doped semiconductor and said

nanopillars are p-type doped semiconductors; or

said membrane is a p-type doped semiconductor and said

nanopillars are n-type doped semiconductors.

15. The device of claim 1 wherein said membrane and said
nanopillars form a plurality of p-n junctions.

16. The device of claim 1 wherein at least a portion of said
nanopillars comprise one or more device components
selected from the group consisting of:

a p-n junction;

a field emissive device component;

a semiconductor heterostructure;

a resonant tunneling diode;

a quantum well;

a light emitting diode;

a laser;

a vertical-cavity surface-emitting laser; and

a semiconductor base in electrical contact with a metallic

field emitting tip.

17. The device of claim 1 wherein said incident electrons
have energies ranging from 1 keV to 200 keV.

18. An electron emission system comprising a plurality of
devices of claim 1 provided in a stacked configuration.

19. An amplifier for increasing the intensity of incident
electrons from an electron source; said amplifier comprising:

a semiconductor membrane having an external surface

positioned to receive said incident electrons from said
electron source and an internal surface positioned oppo-
site to said external surface; wherein said semiconductor
membrane is at least partially transmissive to said inci-
dent electrons or is capable of generating secondary
electrons or other charged particles from said incident
electrons; and

an array of semiconductor nanopillars provided in electri-

cal contact with said internal surface, wherein electrons
or other charged particles transmitted or generated by
said semiconductor membrane cause at least a portion of
said nanopillars on said internal surface to emit elec-
trons, thereby amplifying the intensity of electrons from
said electron source.

20. An electronic device comprising:

a plurality of electron emission devices; wherein each of

said electron emission devices comprises:
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a semiconductor membrane having an external surface
positioned to receive incident electrons and an inter-
nal surface positioned opposite to said external sur-
face; wherein said semiconductor membrane is at
least partially transmissive to said incident electrons
or is capable of generating secondary electrons or
other charged particles from said incident electrons;
and

an array of semiconductor nanopillars provided in elec-
trical contact with said internal surface, wherein elec-
trons or other charged particles transmitted or gener-
ated by said semiconductor membrane cause at least a
portion of said nanopillars on said internal surface to
emit electrons;

wherein said electron emission devices are provided in a
series configuration, such that a first electron emission
device is positioned to receive incident electrons from an
electron source, thereby generating emitted electrons
from said first electron emission device, and wherein a
second electron emission device is positioned to receive
at least a portion of said electrons emitted said first
electron emission device, thereby generating emitted
electrons from said second electron emission device.

21. The device of claim 20 wherein said the array of said
first electron emission device has an average density of semi-
conductor nanopillars larger than that of said array of said
second electron emission device.

22. The device of claim 20 further comprising additional
electron emission devices provided in said series configura-
tion.

23. The device of claim 22 comprising 1 to 20 of said
additional electron emission devices.

24. A detection system for detecting incident electrons;
said detector comprising:

a semiconductor membrane having an external surface
positioned to receive said incident electrons and an inter-
nal surface positioned opposite to said external surface;
wherein said semiconductor membrane is at least par-
tially transmissive to said incident electrons or is capable
of generating secondary electrons or other charged par-
ticles from said incident electrons; and

an array of semiconductor nanopillars provided in electri-
cal contact with said internal surface, wherein electrons
or other charged particles transmitted or generated by
said semiconductor membrane cause at least a portion of
said nanopillars on said internal surface to emit elec-
trons; and

an electron detector positioned to detect at least a portion of
said electrons emitted by said nanopillars on said inter-
nal surface.

25. The detection system of claim 24 further comprising an
anode positioned between said internal surface of said semi-
conductor membrane and said detector.

26. The detection system of claim 24 further comprising
one or more gases provided between said array of semicon-
ductor nanopillars and said detector.

27. The detector system of claim 26 wherein said one or
more gases are provided in chamber positioned between said
array of semiconductor nanopillars and said detector.

28. The detector of claim 26 wherein said one or more
gases are selected from the group consisting of Ar, Ne, He,
CH,.

29. A system for generating electrons comprising:

an electron source for generating incident electrons;

a semiconductor membrane having an external surface
positioned to receive said incident electrons from said
electron source and an internal surface positioned oppo-
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site to said external surface; wherein said semiconductor
membrane is at least partially transmissive to said inci-
dent electrons or is capable of generating secondary
electrons or other charged particles from said incident
electrons; and

an array of semiconductor nanopillars provided in electri-
cal contact with said internal surface, wherein electrons
or charged particles transmitted or generated by said
semiconductor membrane cause at leasta portion of said
nanopillars on said internal surface to emit electrons,
thereby generating electrons.

30

internal surface positioned opposite to said external
surface; wherein said semiconductor membrane is at
least partially transmissive to said incident electrons
or is capable of generating secondary electrons or
other charged particles from said incident electrons;
and

an array of semiconductor nanopillars provided in elec-
trical contact with said internal surface, wherein elec-
trons or other charged particles transmitted or gener-
ated by said semiconductor membrane cause at least a
portion of said nanopillars on said internal surface to
emit electrons; and

30. A method for increasing the intensity of incident elec-

trons from an electron source; said method comprising the an electron detector positioned to detect electrons emit-

steps: ted by said nanopillars; and
providing said electron source for generating incident elec- 15 exposing said external surface of said semiconductor mem-
trons; brane of said detector to said incident electrons; and

providing an electron amplifier comprising:

a semiconductor membrane having an external surface
positioned to receive said incident electrons from said
electron source and an internal surface positioned 20
opposite to said external surface; wherein said semi-
conductor membrane is at least partially transmissive
to said incident electrons or is capable of generating
secondary electrons or other charged particles from
said incident electrons; and 25

detecting at least a portion of said electrons emitted by said
nanopillars on said internal surface of said membrane,
thereby detecting said incident electrons.

32. A method for generating electrons; said method com-

prising the steps:

providing an electron source for generating incident elec-
trons;

providing a semiconductor membrane having an external
surface positioned to receive said incident electrons

an array of semiconductor nanopillars provided in elec-
trical contact with said internal surface; and

exposing said electron amplifier to said incident electrons

from said electron source, wherein electrons or other
charged particles transmitted or generated by said semi-
conductor membrane cause at least a portion of said
nanopillars on said internal surface to emit electrons,
thereby increasing the intensity of incident electrons
from said electron source.

30

from said electron source and an internal surface posi-
tioned opposite to said external surface; wherein said
semiconductor membrane is at least partially transmis-
sive to said incident electrons or is capable of generating
secondary electrons or other charged particles from said
incident electrons; and

providing an array of semiconductor nanopillars in electri-

cal contact with said internal surface, wherein electrons
or other charged particles transmitted or generated by

31. A method for detecting incident electrons; said method 35
comprising the steps:
providing a detector comprising:
a semiconductor membrane having an external surface
positioned to receive said incident electrons and an L

said semiconductor membrane cause at least a portion of
said nanopillars on said internal surface to emit elec-
trons, thereby generating electrons.
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