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(57) ABSTRACT

A microchannel plate for detecting neutrons includes a
hydrogen-rich polymer substrate that defines a plurality of
channels extending from a top surface of the substrate to a
bottom surface of the substrate, where neutrons interact with
the plurality of channels to generate at least one secondary
clectron. A top electrode 1s positioned on the top surface of the
substrate and a bottom electrode 1s positioned on the bottom
surface of the substrate. A resistive layer 1s formed over an
outer surface of the plurality of channels that provides ohmic
conduction with a resistivity that is substantially constant. An
emissive layer 1s formed over the resistive layer. Neutron
interaction products interact with the plurality of channels
defined by the substrate and the emissive films to generate
secondary electrons that cascade within the plurality of chan-
nels to provide an amplified signal related to the detection of
neutrons.
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MICROCHANNEL PLATE DEVICES WITH
TUNABLE RESISTIVE FILMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application 1s a continuation-in-part of
copending U.S. patent application Ser. No. 12/143,732, filed
on Jun. 20, 2008. The entire contents U.S. patent application
Ser. No. 12/143,732 1s herein incorporated by reference.

FEDERAL RESEARCH STATEMENT

[0002] This mnvention was made with Government support
under Grant Number HR0011-035-9-0001 awarded by the
Detfense Advanced Research Projects Agency (DARPA). The
Government has certain rights 1n this invention.

[0003] The section headings used herein are for organiza-
tional purposes only and should not to be construed as limit-
ing the subject matter described 1n the present application.

BACKGROUND OF THE INVENTION

[0004] Microchannel plates (MCPs) are used to detect very
low fluxes (down to single event counting) including 1ons,
clectrons, photons, neutral atoms, and neutrons. For example,
microchannel plates are commonly used as electron multipli-
ers 1n 1mage intensitying devices. A microchannel plate 1s a
slab of high resistance material having a plurality of tiny tubes
or slots, which are known as pores or microchannels, extend-
ing through the slab. The microchannels are parallel to each
other and may be positioned at a small angle to the surface.
The microchannels are usually densely packed. A high resis-
tance layer and a layer having high secondary electron emis-
s1on elficiency are formed on the mnner surface of each of the
plurality of channels so that it functions as a continuous
dynode. A conductive coating 1s deposited on the top and
bottom surfaces of the slab comprising the microchannel
plate.

[0005] In operation, an accelerating voltage 1s applied
between the conductive coatings on the top and bottom sur-
faces of the microchannel plate. The accelerating voltage
establishes a potential gradient between the opposite ends of
cach of the plurality of channels. Ions and/or electrons trav-
cling in the plurality of channels are accelerated. These 10ns
and electrons collide against the high resistance outer layer of
the pore having high secondary electron emission efficiency,
thereby producing secondary electrons. The secondary elec-
trons are accelerated and undergo multiple collisions with the
emissive layer. Consequently, electrons are multiplied inside
cach of the plurality of channels. The electrons eventually
leave the channel at the output end of each of the plurality of
channels. The electrons can be detected or can be used to form
images on an electron sensitive screen, such as a phosphor
screen or on a variety of analog and digital readouts.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The mvention, 1 accordance with preferred and
exemplary embodiments, together with further advantages
thereol, 1s more particularly described 1n the following
detailed description, taken 1n conjunction with the accompa-
nying drawings. The drawings are not necessarily to scale,
emphasis 1nstead generally being placed upon illustrating
principles of the mvention.

[0007] FIG. 1A illustrates a perspective view of a cross
section of a microchannel plate according to the prior art.
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[0008] FIG. 1B illustrates a perspective view of a single
channel of a microchannel plate according to the prior art.
[0009] FIG. 1C 1llustrates a cross section of a single chan-
nel of a microchannel plate according to the prior art.
[0010] FIG. 2 1llustrates a cross section of a single channel
ol a microchannel plate according to the present invention.
[0011] FIG. 3A presents experimental data for resistance
per channel as a function of percent CZO by ALD cycles for
films deposited according to the present invention and for
channel resistance of conventional microchannel plates.
[0012] FIG. 3B presents data for resistance as a function of
percent copper for films fabricated according to the present
invention.

[0013] FIG. 3C presents data for normalized microchannel
plate current as a function of voltage for a commercial micro-
channel plate device, an intrinsic silicon microchannel plate
device, and for a microchannel plate device with a nanolami-
nate resistive layer deposited according to the present mnven-
tion.

[0014] FIG. 3D presents data for both microchannel plate
gain and for resistance as a function of bias voltage for micro-
channel plates with resistive layers fabricated according to
the present invention.

[0015] FIG. 3E presents data for relative gain as a function
of dose in C/cm” for a commercial microchannel plate and for
a microchannel plate with a resistive layer fabricated accord-
ing to the present mnvention.

[0016] FIG. 3F presents data for normalized resistance as a
function of temperature observed with the resistive film for a
state-of-the-art commercial reduced lead silicate glass
(RLSG) microchannel plate device, intrinsic polysilicon, and
for a microchannel plate device fabricated according to the
present invention.

[0017] FIG. 4A 1llustrates a schematic diagram of a plastic
microchannel plate comprising a substrate suitable for detect-
ing fast neutrons according to the present invention.

[0018] FIG. 4B 1illustrates a schematic view of a cross-
sectional diagram of a single microchannel of the plastic
microchannel plate shown in FIG. 4A that illustrates the
neutron-proton interaction and secondary electron generation
within the microchannel plate.

[0019] FIG. 4C 1llustrates a schematic diagram of the elec-
tron avalanche process 1n a single plastic microchannel of a
plastic microchannel plate according to the present invention.
[0020] FIG. 51llustrates graphs of neutron interaction prob-
ability as a function of neutron energy 1n MeV for four dii-
terent plastic substrate thicknesses.

[0021] FIG. 6 1llustrates a schematic view of a cross-sec-
tional diagram of a plastic microchannel plate doped with
Boron and the interaction of an incident thermal neutron with
a '°B nucleus to produce a ’Li ion and an alpha particle.

DETAILED DESCRIPTION

[0022] Reference 1n the specification to “one embodiment™
or “an embodiment” means that a particular feature, structure,
or characteristic described in connection with the embodi-
ment 1s included 1n at least one embodiment of the mnvention.
The appearances of the phrase “in one embodiment™ 1n vari-
ous places in the specification are not necessarily all referring
to the same embodiment.

[0023] It should be understood that the individual steps of
the methods of the present invention may be performed in any
order and/or simultaneously as long as the invention remains
operable. Furthermore, 1t should be understood that the appa-



US 2012/0273689 Al

ratus and methods of the present invention can include any
number or all of the described embodiments as long as the
invention remains operable.

[0024] The present teachings are described 1n more detail
with reference to exemplary embodiments thereof as shown
in the accompanying drawings. While the present teachings
are described 1n conjunction with various embodiments and
examples, 1t 1s not intended that the present teachings be
limited to such embodiments. On the contrary, the present
teachings encompass various alternatives, modifications and
equivalents, as will be appreciated by those of skill 1n the art.
Those of ordinary skill 1n the art having access to the teach-
ings herein will recognize additional implementations, modi-
fications, and embodiments, as well as other fields of use,
which are within the scope of the present disclosure as
described herein.

[0025] FIG. 1A illustrates a perspective view of a cross
section ol a microchannel plate 100 according to the prior art.
The microchannel plate 100 includes a substrate 102 that
defines a plurality of pores or microchannels 104 extending
from a top surface 106 of the substrate 102 to a bottom surface
108 of the substrate 102. The top surtace 106 1s coated with
clectrode material 110. The bottom surface i1s coated with
electrode material 112. The electrode materials 110, 112 are
conductive coatings that provide an electron transport
medium for generating an electric field that enables cascade
amplification of electrons. The microchannels 104 are hollow

channels, which may be cylindrical, with channel densities
that are on order of 10°/cm? or higher.

[0026] In operation, the microchannels 104 are evacuated
to pressures that are less than or equal to about 1x10™> Torr
and biased by an external power supply 114. The microchan-
nels support the generation of large electron avalanches in
response to a suitable mput signal. The electron multiplica-
tion process does not critically depend on either the absolute
diameter (D) or length (L) of the channel, but rather on the
ratio of L/D, which 1s sometimes referred to as o.. This geo-
metric ratio largely determines the average number of colli-
sions (and 1ts distribution) with the pore walls (n) for the
clectrons forming an avalanche. However, MCPs with
smaller channel diameters tend to have slightly smaller gain
than MCPs with larger channels diameters and the same L/D
rat10. Typical values of a. range from 30 to 80 for conventional
MCPs with channel diameters D on the order of 2-12.5 um.

[0027] FIG. 1B 1illustrates a perspective view of a single
channel of a microchannel plate (MCP) 150 according to the
prior art. The channel 152 includes dynode 160 that performs
clectron multiplication. The operation of the MCP 150 1s
similar to the operation of photo-emissive detectors using
discrete dynodes (e.g., an ordinary photomultiplier tube). In
operation, the dynode 160 must be suiliciently resistive to
support a biasing electric field (€)=10°-10° V/cm without
drawing excessive current. The dynode 160 must also be
conductive enough so that a resistive layer (or strip) current 1s
available to replenish electrons emitted from the dynode 160
during an electron avalanche. For example, when a signal
event 162, such as an electrically charged particle (e.g., an
clectron or an 1on), neutral atom/molecule or suificiently
energetic radiation (e.g., an X-ray or UV photon), strikes the
dynode 160 near the negatively biased input end 156, there 1s
a good probability that secondary electrons 164 will be
¢jected from the surface 160. These secondary electrons 164
are accelerated down the channel defined by the dynode 160
by an applied electric field € produced by the bias potential
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(V) represented by the power supply 154. The applied elec-
tric field €=V 5/L, where V5 1n volts 1s about 20-23¢. for a

conventional straight-channel MCP.

[0028] Collisions of the emitted secondary electrons 164
with the dynode 160 cause the emission of additional second-
ary electrons 164. These secondary electrons subsequently
collide with the dynode 160, thereby producing another set of
secondary electrons. An output electron avalanche 166 of
magnitude on 1s achieved provided that on average more than
one secondary electron 1s emitted for every incident primary
clectron, e.g. secondary electron yield (0)>1, and n repeti-
tions of this primary collision-secondary emission sequence
in the direction of the output end 158.

[0029] FIG. 1C illustrates a cross section of a single chan-
nel 180 of a microchannel plate according to the prior art. A
resistive layer 182 1s formed on the outer surface of glass
channel material 184. The glass channel material 184 pro-
vides mechanical support for the channel 180 1n the geometry
of arrays of microscopic channels within the MCP. The resis-
tive layer 182 functions as an electronically conductive path
for both discharging the emissive layer and supporting the
clectric fields required for the cascade amplification. An inter-
face layer 186 1s shown to illustrate the transition from the
resistive layer 182 to the emaissive layer 188. A superficial
silica-rich and alkali-rich (but lead-poor) dielectric emissive
layer 188 (or dynode surface) that 1s about 2-20 nm 1n thick-
ness 1s formed over the resistive layer 182. The emissive layer
188 produces adequate secondary emission to achieve useful
clectron multiplication.

[0030] Calculations 1ndicate that a reduced lead silicate
glass (RLSG) dynode including channels 180 must have a
bulk electrical resistivity that is in the range of 10°-10” Qcm
in order to have proper operation assuming the resistive layer
182 has a thickness t=100 nm. Single channel electron mul-
tipliers (CEM), which are similar 1n construction and opera-
tion to the MCP, use only a single electron multiplication
channel. This results 1n a resistive requirement for the CEM
that 1s reduced by six orders of magnitude.

[0031] The microchannel plate 100 1s typically manufac-
tured using a glass multifiber draw (GMD) process. In the
GMD process, individual composite fibers, consisting of an
ctchable core glass and an alkali lead silicate cladding glass,
are formed by drawdown of a rod-in-tube perform. The rod-
in-tube performs are then packed together 1n a hexagonal or
rectangular array. This array 1s then redrawn into hexagonal/
rectangular multifiber bundles, which are stacked together
and fused within a glass envelope to form a solid billet. The
solid billet 1s then sliced, typically at a small angle of approxi-
mately 4°-15° from the normal to the fiber axes.

[0032] Individual slices are then polished into a thin plate.
The soluble core glass 1s removed by a chemical etchant,
resulting in an array ol microscopic channels with channel
densities of 10°-10"/cm?®. Further chemical treatments, fol-
lowed by a hydrogen reduction process, produces the resistive
and emissive surface properties required for electron multi-
plication within the microscopic channels. Metal electrodes
110 and 112 are thereafter deposited on the faces of the water
to complete the manufacture of a microchannel plate. An
alternative manufacturing technique performs the draw pro-
cess on the clad glass only, without core glass. This technique
climinates the need to etch the latter on the final stages.

[0033] Thehydrogenreduction step is critical for the opera-
tion of prior art MCP devices and determines both the resis-
tive and the emissive properties of the continuous dynode.
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Lead cations 1n the near-surface region of the continuous
glass dynode are chemically reduced, 1n a hydrogen atmo-
sphere at temperatures of 350°-650° C., from the Pb” state to
lower oxidation states with H,O as a reaction by-product.
This process results in the development of significant electri-
cal conductivity within a submicron distance to the surface of
the RLSG dynode. The physical mechanism responsible for
the conductivity 1s not well understood but 1s believed to be
due to either an electron hopping mechanism via localized
clectronic states 1n the band gap or a tunneling mechanism
between discontinuous islands of metallic lead within the

RLSG film.

[0034] The observed electrical conductivity 1s ohmic 1n
nature and 1s similar to the conductivity of a metal due to the
observed material properties. The term “ohmic” means that
the electrical conductivity follows Ohm’s law where the resis-
tance 1s substantially constant as a function of applied volt-
age. For example, the Temperature Coellicient of Resistance
(TCR) 1s typically less than 1% per degree C. Also, there 1s an
insensitivity of resistance to applied external electric field and
a stability of resistance with applied bias that 1s observed 1n
common metals. The presence of ohmic conduction is essen-
tial for stable MCP device operation. The resulting RLSG
dynode exhibits an electrically conductive surface with a
nominal sheet resistance of 10'* ©Q/sq. It is known in the art
that the electrical characteristics of RLSG dynodes represent
a complex function of the chemical and thermal history of the
glass surface as determined by the details of 1ts manufacture.

[0035] During hydrogen reduction, other high-temperature
processes, such as diffusion and evaporation of mobile
chemical species 1n the lead silicate glass (e.g., alkali alkaline
carth, and lead atoms), act to modity the chemistry and struc-
ture of RLSG dynodes. Materials analysis of the near-surface
region the microchannel surface of MCPs has indicated that
RLSG dynodes have a two-layer structure including a resis-
tive layer and an emissive layer as described in connection

with FIG. 1C.

[0036] The RLSG manufacturing technology 1s mature and
results 1n the fabrication of relatively inexpensive and high
performance devices. However, the RLSG manufacturing
technology has certain undesirable limitations. For example,
both electrical and electron emissive properties of RLSG
dynodes are quite sensitive to the chemical and thermal his-
tory of the glass surface comprising the dynode. Therelore,
reproducible performance characteristics for RLSG MCPs
critically depend upon stringent control over complex, time-
consuming, and labor-intensive manufacturing operations. In
addition, the ability to enhance or tailor the characteristics of
RLSG MCPs 1s constrained by the limited choices of mate-
rials which are compatible with the present manufacturing
technology. Performance 1s adversely affected by material
limitations of the lead silicate glasses that are used in the
manufacture of conventional MCPs. These limitations
include gain amplitude and stability, count rate capabilities,
maximum processing temperature, maximum operating tem-
perature, background noise, reproducibility, size, shape, and
heat dissipation 1n high-current devices.

[0037] The manufacture of microchannel plates according
to the GMD process 1s limited in the choice of materials
available. The multifiber drawdown technique requires that
the core and cladding starting materials both be glasses with
carefully chosen temperature-viscosity and thermal expan-
sion properties. The fused billet must have properties suitable
for walering and finishing. The core material must be prefer-
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entially etched over the cladding with very high selectivity. In
addition, the clad material must ultimately exhibit sufficient
surface conductivity and secondary electron emission prop-
erties to function as a continuous dynode for electron multi-
plication. This set of constraints greatly limits the range of
materials suitable for manufacturing MCPs with the present
technology.

[0038] Most known microchannel plates are fabricated
from glass fibers as described herein in connection with
FIGS. 1A-1C. See also “Microchannel Plate Detectors,”
Joseph Wiza, Nuclear Instruments and Methods, Vol. 162,
1979, pages 587-601 for a detailed description of fabricating
microchannel plates from glass fibers. Numerous types of
substrate materials can be used for the microchannel plate

100.

[0039] Recently, silicon has been used as a substrate for
microchannel plates. See, for example, U.S. Pat. No. 6,522,
061B1 to Lockwood, which 1s assigned to the present
assignee. Silicon microchannel plates have several advan-
tages compared with glass microchannel plates. Silicon
microchannel plates can be more precisely fabricated because
the channels can be lithographically defined rather than
manually stacked like glass microchannel plates. Silicon pro-
cessing techniques, which are very highly developed, can be
applied to fabricating such microchannel plates. Also, silicon
substrates are much more process compatible with other
materials and can withstand high temperature processing.

[0040] In contrast, glass microchannel plates melt at much
lower temperatures than silicon microchannel plates. Further-
more, silicon microchannel plates can be easily integrated
with other devices. For example, a silicon microchannel plate
can be easily integrated with various types of other electronic
and optical devices, such as photodetectors, MEMS, and vari-
ous types of integrated electrical and optical circuits. One
skilled in the art will appreciate that the substrate material can
be any one of numerous other types of insulating substrate
materials.

[0041] Inone embodiment of the present invention, plastic
materials are used to form the microchannel plates. For
example, the microchannel plates can be formed of polycar-
bonate, Kapton, Radel R, and Udel materials. One skilled in
the art will appreciate that the microchannel plates can be
formed of numerous other polymer and plastic materials. In
fact, a wide variety of plastic and polymer materials are
available that can be used to form the required geometries of
a microchannel plate substrate. For example, hydrogen-rich
plastic microchannel devices can be used to fabricate high
gain detectors with long operating lifetimes.

[0042] Plastic molding processes are well known 1n the art.
There are many plastic manufacturing processes, such as
injection molding processes that are suitable for forming
microchannel plates. There are also numerous fiber optic
multidraw manufacturing processes that can be used to form
plastic microchannel plates. Emissive and conductive mate-
rials can be formed on the plastic microchannel plates by the
low temperature deposition techniques of the present mven-
tion. Plastic microchannel plate processes can be relatively
inexpensive to implement. The plastic MCPs can also be
manufactured with much larger dimensions than the present
glass microchannel plates.

[0043] In various embodiments, plastic microchannel
plates can be used to detect thermal neutrons. The term “ther-
mal neutron” 1s defined herein as a neutron that 1s near ther-
mal equilibrium with 1ts surroundings and that exhibit aver-
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age energies of about 0.025 eV. The interaction between
thermal neutrons and specific materials contained in the plas-
tic materials 1s nuclear and typically produces energetic,
heavy, charged particles such as alpha particles

[0044] In some embodiments, plastic microchannel plates
are doped with boron, lithium or gadolinium so that they are
sensitive to thermal neutrons. In these plastic microchannel
plates, the reaction by-products, such as alpha particles, beta
particles, gamma quanta, and L1 particles 1n some cases,
generate secondary electrons through interactions with the
pore walls. Those secondary electrons cascade within the
MCP pore colliding with the emissive film coating the pores
of the plastic microchannel plates, thereby providing event
detection and signal amplification.

[0045] For example, thermal neutrons interact with the
Boron-10 1sotope, which has a natural abundance of about
19.8% and a thermal neutron reaction cross section of about
3840 barns. The result of the interaction 1s the production of
alpha particles and ’Li particles, both with energies in the
MeV range. In addition, thermal neutrons interact with
Lithium-6 1sotopes, which have a natural abundance of about
7.4%, and a thermal neutron reaction cross section of 940
barns. The result of the interaction 1s the production of an
energetic triton with an energy of about 2.73 MeV and alpha
particles with energies that are about 2.05 MeV. In addition,
thermal neutrons can efficiently interact with the gadolinium-
157 1sotope, which has a natural abundance of about 15.7%
and a neutron reaction cross section of 225,000 barns. The
result of the interaction 1s the production of gamma rays and
conversion electrons.

[0046] Plastic microchannel plates can also be used to
detect fast neutrons. The term “fast neutron™ 1s defined herein
as neutrons that have energies greater than 0.5 MeV. The
detection of fast neutrons i1s accomplished through conver-
s1on of incoming fast neutrons nto a pulse of electrons gen-
erated by a neutron-proton (n-p) recoil interaction within the
hydrogen-rich polymer microchannel structures. The fast
neutrons interact through scattering with atomic nuclei and
can transfer an appreciable amount of energy in a single
collision. Recoil nucler have measurable quantities of energy
that are gained from the neutron collision. These recoil nuclei
produce secondary electrons upon escape from the bulk mate-
rial comprising the MCP walls and upon interacting with the
films deposited onto the pore walls according to methods of
the present invention. At each scattering site, the neutron
loses energy and 1s moderated to a lower energy. The most
eificient moderator 1s hydrogen because the neutron can lose
up to all of 1ts energy 1n a single collision with a hydrogen
nucleus (proton).

[0047] Plastic microchannel plate devices for detecting fast
neutrons can be fabricated from plastic materials comprising,
hydrogen and deposited with the thin film emissive and con-
ductive materials as described herein. Such plastic micro-
channel plate fast neutron detectors have relatively low back-
ground noise and relatively high efficiency with timing
resolutions that are below 10 ns for fast neutrons. In addition,
such plastic microchannel plate fast neutron detectors can be
relatively inexpensive to manufacture.

[0048] Plastic microchannel plate devices for detecting fast
neutrons according to the present mvention will generate
protons from neutron-proton (n-p) recoil reaction that waill
excite secondary electrons when they interact with the walls
of the microchannel structure. The secondary electrons will
be subsequently amplified within the pore using the amplifi-
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cation process supported by the bias across the resistive film
component. The resulting signal generated by such devices
can be easily detected by a large variety of available 1nstru-
ment technologies, such as resistive anode, cross delay line
anode, cross-strip anode as well as readout Application Spe-
cific Integrated Circuits (ASICs). One of the latter devices 1s
known 1n the art as the Medipix II.

[0049] Plastic microchannel plate devices for detecting fast
neutrons according to the present invention enables the poten-
tial for direct detection of fast neutrons with the very low dark
counting rates (<0.01 counts/cm2/s) which are characteristic
of microchannel plate detectors. These microchannel plate
devices can also be used in conjunction with coincidence
techniques to greatly increase the gamma rejection ratio and
to provide neutron directional sensitivity enabling localiza-
tion and fast neutron counting 1n the presence of relatively
large gamma background.

[0050] Also, U.S. Pat. No. 3,378,960 entitled “Thin Film
Continuous Dynodes For Electron Multiplication” to Tasker
teaches that the current carrying layer of the RLSG dynode of
prior art MCP devices can be replaced with a semiconducting,
current carrying layer, such as a S1 or Ge semiconductor layer,
doped semiconductors (P-doped S1), silicon-oxides (S10.) or
silicon nitrides (SiN,). U.S. Pat. No. 5,378,960 also
describes that the MCP current carrying layer must have a
resistivity in the range of 10°-10” €2-cm for nominal 100 nm
films, which corresponds to a sheet resistance of 10**-10"*
(2/sq. This value of sheet resistance 1s necessary in order to
sustain the MCP bias voltage, which for an L/D of 40:1 must
be about 1,000V, with optimized current draw so that the
device can be recharged with suflicient speed without excess
power dissipation. In fact, commercially available MCP
devices, such as those used 1n charged particle detectors and
image intensifier tubes require the sheet resistances to be
greater than 10™* ©Q/sq for many applications.

[0051] The resistivity of pure Si is about 2.3x10° Q-cm
assuming the maximum possible resistance value for the pure
semiconducting maternials as the value obtained with the
intrinsic carrier concentration (e.g. undoped). Similarly, the
resistivity of pure Ge 1s about 47 £2-cm assuming the maxi-
mum possible resistance value for the pure semiconducting
materials as the value obtained with the intrinsic carrier con-
centration (e.g. undoped). Thus, the maximum sheet resis-
tance for an MCP device (assuming a minimum, viable, film
thickness of 100 nm) is 5.8x10'° Q/sq for Si and is 2x10’
(2/sq for Ge, which are both several orders of magnitude
below the sheet resistance required for stable MCP operation.
By stable operation we mean an operating mode where the
MCP 1s not generating excess Joule heat that causes thermal
runaway due to a negative temperature coelilicient of resis-
tance. Consequently, these S1 and Ge films are suited only for
the CEM class of electron multipliers.

[0052] Another fundamental limitation on the use of semi-
conducting thin films as the current carrying layer for CEMs
and MCPs 1s the susceptibility of these thin films to electric
fields. Applying an electric field transverse to the direction of
current conduction results in a characteristic which 1s similar
to that of the field effect transistors (FETs). The field effect in
CEMs and MCPs devices causes modulation of the conduc-
tivity of the semiconducting layer due to the external applied
field. More specifically, during the operation of a MCP chan-
nel, positive charge builds up on the emissive film surface due
to the departure of secondary electrons during the amplifica-
tion cascade process. This positive charge sets up a relatively
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strong electric field across the thin emissive film which serves
to decrease the resistance of the underlying, intrinsic current
carryving layer, by increasing the concentration of carriers
(electrons) at the 1interface between the resistive layer and the
emissive layer (shown as the interface 186 FIG. 1C). This
elfect 1s readily measured in MCP devices mcluding a resis-
tive layer formed of a semiconducting material by observing,
changes in the current which flows through the device as a
function of applied mput. The field effect 1n semiconductors
results 1n a device resistance that 1s not stable. This 1nstability
in the device resistance 1s independent of doping levels.

[0053] The increased carrier concentration can result 1n a
resistance decrease of several orders of magnitude within the
current carrying layer. Semiconducting films also show large

values of resistance change with temperature or Temperature
Coetlicient of Resistance (TCR). For mtrinsic Si1, the TCR 1s
as high as 8% per degree C. as compared with less than 1% per
degree C. for the RLSG films found 1n prior art glass MCP
devices. The low maximum resistance of the semiconducting
films, which can be four orders of magnitude below prior art
glass MCPs, and the high resulting current draw when com-
bined with the field effect, which in MCP operation results in
a further lowering of the layer resistance and an increase 1n
current draw, results 1n an MCP device that will not function
with a stable resistance. Such an MCP may experience ther-
mal runaway due to the relatively high Joule heating that 1s
positively remforced in localized areas by the high negative

value of the TCR. Thus, for these reasons, the semiconducting,
films are not suitable for the MCP device.

[0054] Also, U.S. Pat. No. 5,378,960 describes the use of

oxides and nitrides of semiconductors as a conduction layer.
Conduction within oxides and nitrides of semiconductors,
such as S10, and 51N, 1s achieved through one of tfour
mechanisms: Fowler-Nordhiem tunneling; Poole-Frenkel
conduction; space charge limited conduction; and ballistic
transport. Space charge limited conduction and ballistic
transport cannot occur in MCP devices because they require
very high currents (space charge~V~) or very high fields
(ballistic~V*-).

[0055] It 1s well known that electrons can travel through a
thin S10,, {ilm by means of direct tunneling or Fowler-Nord-
heim (F-N) tunneling. Direct tunneling indicates the presence
of a trapezoidal potential barrier whereas F-N tunneling takes
place when electrons tunnel through a potential barrier, which
1s triangular 1n shape. Direct tunneling requires an extremely
thin dielectric layer in the direction of the applied field of
about 4 nm or less for S10,. In MCPs, the etfective thickness
of the conduction layer in the direction of the applied field 1s
typically several hundred microns. A large electric field 1s
typically needed for F-N tunneling 1n order to transform a
rectangular potential barrier to a triangular potential barrier.
Theretore, Fowler-Nordheim tunneling usually dominates 1n

relatively high electric fields while direct tunneling 1s the
main conduction mechanism for thin films i1n low electric

fields.

[0056] The Frenkel-Poole effect has also been observed 1n
S10, even through tunneling 1s considered to be mainly
responsible for charge transport 1n S10,. The Frenkel-Poole
elfect relates to the electric field enhanced thermal emission
of charge carriers from charged traps. It 1s known that S1 traps
can be charged. Thus, 1t1s possible that Si traps can efficiently
emit charge carriers 1n silicon oxide with an applied electric

field.
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[0057] The current conduction mechanism 1n silicon
nitride 1s well known. Typically current conduction 1n silicon
nitride 1s a defect-assisted current conduction mechanism that
1s dominated by electrons jumping between geometrically
close defects. This mechanism 1s described by the Frenkel-
Poole equation.

[0058] For both S10, and S1, N, current carrying layers, the
clectric fields required to supply the appropriate leakage
(strip) current to support the channel emissive layer re-charge
is at least two orders of magnitude higher (10° vs. 10* V/cm)
than the known MCP bias supplies are capable of providing
(1,000V vs. 100,000V). Bias voltages of 100,000V are not
practical for the typical MCP application. Also, these high
voltages will substantially increase the mean iree path of the
clectrons within the channel. In addition, these high voltages
will significantly reduce the number of collisions, and signifi-
cantly reduce the resulting gain of the device. For these rea-
sons, silicon oxide and silicon nitride based films will not
function as resistive films for the MCP applications.

[0059] U.S. Pat. No. 7,097,526 entitled “Method of Form-
ing Nitrogen and Phosphorus Doped Amorphous Silicon as
Resistor for Field Emission Display Device Baseplate” to
Raina describes using nitrogen or oxygen doping of silicon to
increase the thin film resistance. This patent teaches that 1t 1s
possible to change the conductivity of bulk amorphous silicon
over a range of 500 to 10* ©Q-cm by varying the nitrogen
doping. Similarly, U.S. Pat. No. 6,268,229 enfitled “Inte-
grated Circuit Devices and Methods Employing Amorphous
Silicon Carbide Resistor Materials” to Brandes et al.
describes that amorphous silicon-carbide, through selection
ol the silicon-to-carbide ratio and concentrations of various
dopants, can demonstrate resistivity 1n a range from 1 £2-cm
to 10" Q-cm. While it has been demonstrated that these films
are capable of achieving the resistivity required for MCP
operation, the films remain semiconducting and subject to the
same previously identified problems that are observed for all
semiconducting {ilms. Moreover, the high resistivity range of
those films was found to be very hard to reproduce between
different experimental runs due to their extremely high sen-
sitivity to any impurities, dopants, and grain dimensions.
[0060] The present invention relates to microchannel plate
devices with continuous dynodes having widely tunable con-
ductivity during fabrication. In one embodiment, the resis-
tance of layers can be tuned over a range from about 10°-10"°
(2/sq. Film layers can also have electrical conductivity essen-
tially similar to the ohmic electrical conductivity of metals.
Films can also have a conductivity that is not affected by an
applied external transverse electric field, a relatively small
TCR wvalue, and a resistance value that 1s stable as a function
of applied bias.

[0061] Invariousembodiments of the present invention, the
resistive layer, either alone or 1n conjunction with at least an
emissive layer, are formed 1n each of the plurality of channels
of the microchannel plates by various deposition techniques,
such as atomic layer deposition. One skilled 1n the art waill
appreciate that the methods of the present invention can be
used with any type of microchannel plate substrate including
conventional glass microchannel plates, semiconductor
microchannel plates, ceramic microchannel plates and plastic
microchannel plates.

[0062] FEach of the plurality of channels 1n the microchan-
nel plate according to the present invention includes at least a
resistive and an emissive layer or a combined emissive/resis-
tive layer. Microchannel plates according to the present
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invention can include a resistive layer combined with any
number of emissive layers formed on the channels. In various
embodiments, other resistive layers can be formed on the
outer surface of the plurality of channels, between emissive
layers, and/or on the outer surface of the outer emissive layer.
Also, 1n various embodiments, thin resistive layers can be
formed on the outer surface of the plurality of channels,
between emissive layers, and/or on the outer surface of the
outer emissive layer. Various possible resistive and emissive
layers are described 1n more detail 1n connection with FIG. 2

[0063] FIG. 2 illustrates a cross section of a single channel
280 of a microchannel plate according to the present imnven-
tion. A resistive layer 282 1s formed on the outer surface of the
channel 280. The resistance of the resistive layer 282 can be
tuned to achieve a predetermined level of conductivity during,
fabrication. In some embodiments, the resistive layer 282 1s a
nanolaminate structure, containing alternating thin films
comprised of Aluminum Oxide (Al,O,) msulating layers
stacked with zinc doped copper oxide nanoalloy (CZO) con-
ducting films. Materials that comprise the conducting and
insulating layers can be selected, for example, based upon the
bandgap of candidate materials. Candidate materials can be
divided 1nto three primary groups, based upon bandgap: no-
bandgap (metals); moderate bandgap (semi-conducting/
semi-insulating); and large bandgap (insulators). For
example, the no-bandgap materials can include: Ru, Rh, Pd,
Re, Os, Ir, Pt, and Au. The moderate bandgap materials can
include oxides of Zn, V, Mn, Ti1, Sn, Ru, In, Cu, N1, and Cd.
The large bandgap materials can include oxides and nitrides
of Al, S1, Mg, Sn, Ba, Ca, Sr, Sc, Y, La, Zr, Hf, Ta, 11, V, Cs,
B, Nb, Be, and Cr.

[0064] Invarious other embodiments, the conducting layer
of the nanolaminate resistive layer 282 1s formed using mid-
bandgap materials, such as oxides of Zn, V, Mn, T1, Sn, Ru, In,
Cu, N1, and Cd. The conducting layer can include any 1nsu-
lating oxide or nitride (large bandgap materials) doped with
metallic (no-bandgap materials) species, such as Ru, Rh, Pd,
Re, Os, Ir, Pt, and Au. In various embodiments, the insulating
film used 1n the nanolaminate resistive layer 282 can be
formed using very large bandgap materials, such as oxides
and nitrides of: Al, S1, Mg, Sn, Ba, Ca, Sr, Sc,Y, La, Zr, Hf, Ta,
11, V, Cs, B, Nb, Be, and Cr, and any mixture thereof. The
nanolaminate structure can also include a resistive film,
which can be a metal oxide alone or a nanoalloy. The resistive
film can also be a doped semi-insulating oxide or a pure
semi-insulating oxide.

[0065] Theterm “nanolaminate™ 1s defined herein as a com-
posite film of ultra thin layers of two or more materials in a
layered stack, where the layers are alternating layers of mate-
rials of the composite film. For extremely thin alternating
layers, the term “nanoalloy” 1s often used. However, the dis-
tinction between the term “nanolaminate” and the term
“nanoalloy™ 1s not clear in the art. The term “nanoalloy” as
used herein describes films formed from extremely thin nano-
laminates, which are no more than a few monolayers thick.
Typically, each layer in a nanolaminate has a thickness in the
few Angstrom range up to several nanometers. Each indi-
vidual material layer of the nanolaminate can have a thickness
that 1s as thin as a monolayer of the material.

[0066] For example, a nanolaminate of zinc doped copper
oxide nanoalloy (CZ0) and aluminum oxide includes at least
one thin layer of CZ0O, and one thin layer of the aluminum
oxide. Such a layer can be described as a nanolaminate of
CZO/aluminum oxide. A CZO/aluminum oxide nanolami-
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nate 1s not limited to alternating one CZO layer after an
aluminum oxide layer, but can include multiple thin layers of
CZO alternating with multiple thin layers of aluminum oxide.
Furthermore, the number of thin layers of CZ0O and the num-
ber of thin layers of aluminum oxide can vary independently
within a nanolaminate structure.

[0067] Additionally, CZ0O/aluminum oxide nanolaminate
can include layers of different conducting and insulating
oxides, where each layer 1s selected according to 1ts insulating
or conducting properties. A dielectric layer containing alter-
nating layers of conducting oxides and insulating oxides has
an elffective conductivity that is related to the combination of
the layers of the nanolaminate. The effective conductivity
depends on the relative thicknesses of the conducting oxide
layers and the insulating oxide layers. Thus, such a film
containing a conducting oxide/insulating oxide nanolaminate
can be engineered to effectively provide a predetermined
resistance that can be varied over a wide range during fabri-
cation.

[0068] The conductivity of the dynode film can also be
modulated by doping the conducting film. The zinc doped
copper oxide nanoalloy 1s an example of such a film, where
the zinc content of the zinc doped copper oxide nanoalloy can
be used to determine the conductivity of the zinc doped cop-
per oxide nanoalloy. Thus doping may be used alone, or in
conjunction with the nanolaminate, to engineer a selected
film resistance.

[0069] In some embodiments, a thin barrier layer 284 is
formed on the outer surface of the channel 280 before the first
resistive layer 282 1s formed. The thin barrier layer 284 can
also be used to improve or to optimize MCP device functions,
such as secondary electron emission, gain, uniformity, life-
time, and/or process yield. The thin barrier layer 284 can also
be used to achieve a predetermined current output of the
microchannel plate. The thin barrier layer 284 can also be
used to control charge trapping characteristics of the MCP. In
addition, the thin barrier layer 284 can be used to passivate the
outer surface of the channel 280 to prevent 10ns from migrat-
ing out of the surface of the channel 280.

[0070] Theelectrostatic fields maintained within the micro-
channel plate that move electrons through the channel 280
also move any positive 1ons that migrate through the channel
280 towards a photocathode or other up-stream device or
instrument used with the microchannel plate. These positive
ions include the nucleus of gas atoms which can be of con-
siderable size, such as hydrogen, oxygen, and nitrogen. These
gas atoms are much more massive than electrons. Such posi-
tive 10ons can be accelerated toward the channel entrance and
even farther to impact other components which may be used
in concert with the MCP. An example of such a device 1s the
image mtensifier tube component of night vision devices
which uses a photocathode (typically GaAs) to generate elec-
trons which are amplified by the MCP to provide low light
imaging. Ion impact upon the photocathode causes physical
and/or chemical damage or can modily the electron affimity of
the surface crucial for efficient photoconversion. The same
ions or other atoms present within the channel 280 or proxi-
mate to the photocathode may destroy the negative electron
ailinity of the photocathode required for high efficiency and/
or may be etlective to chemically combine with and poison
the photocathode.

[0071] In addition, the channel 280 includes an emissive
layer 288 that 1s formed over the resistive layer 282 or over the
barrier layer 286. In various embodiments, the emissive layer
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288 comprises oxides and nitrides of at least one element
selected from the group consisting of: Al, S1, Mg, Sn, Ba, Ca,
Sr, Sc, Y, La, Zr, Hi, Ta, T1, V, Cs, B, Nb, Be, Cr, and any
mixture thereof. In some embodiments, the thickness and
material properties of the emissive layer 288 are generally
chosen to increase the secondary electron emission efficiency
of the microchannel plate compared with conventional micro-
channel plates fabricated with the lead-glass, multi-draw pro-
cess. In some embodiments, the thickness and material prop-
erties ol the emissive laver 288 are generally chosen to
provide a barrier to 1on migration. Such a barrier to 10n
migration can be used to control charge trapping characteris-
tics.

[0072] FIG. 21llustrates a microchannel plate with resistive
and emissive layers 282, 288. However, one skilled 1n the art
will understand that microchannel plates can be fabricated
according to the present invention with any number and com-
bination of resistive and emissive layers. In such embodi-
ments, there are many possible combinations of different
emissive and resistive layer compositions and thicknesses. In
addition, the multiple resistive and emissive layers can be
stacked with or without barrier layers.

[0073] Experiments have shown that depositing resistive
films by atomic layer deposition (ALD) significantly
enhances the performance of the microchannel plate. Atomic
layer deposition has been shown to be effective i producing
highly uniform, pinhole-free films having thicknesses that are
as thin as a few Angstroms. Films deposited by ALD have
relatively high quality and high film integrity compared with
other deposition methods, such as physical vapor deposition
(PVD), thermal evaporation, and chemical vapor deposition

(CVD), especially taking into account large aspect ratios of
MCP pores.

[0074] Atomic Layer Deposition 1s achemical process used
to create extremely thin coatings. Atomic layer deposition 1s
a variation of CVD that uses a self-limiting reaction. The term
“self-limiting reaction” 1s defined herein to mean a reaction
that limaits 1tself 1n some way. For example, a self-limiting
reaction can limit itself by terminating after a reactant 1s
completely consumed by the reaction or once the reactive
sites on the deposition surface have been occupied.

[0075] A cycle of an ALD deposition sequence includes
pulsing a precursor material, completely evacuating the
chamber with the assistance of an inert purging gas, pulsing a
reactant precursor, and then completely evacuating the cham-
ber of the reactant precursor using an inert purge gas. The
result of an ALD deposition sequence 1s a very consistent
deposition thickness that depends upon the amount of the first
precursor that adsorbs onto and then saturates the surface.
This cycle can be repeated until the desired thickness 1is
achieved 1n a single material layer. This cycle can also be
alternated with pulsing a third precursor material, completely
evacuating the chamber of the reactant precursor using an
inert purge gas for the third precursor, pulsing a fourth reac-
tant precursor, and then completely evacuating the chamber
of the reactant precursor using an nert purge gas. In some
methods of the present invention, there does not need to be a
reactant gas 1f the precursor material interacts with the sub-
strate directly. For example, 1n one embodiment of the present
invention, the ALD deposition sequence includes pulsing
dopant metal precursor material onto a conducting oxide
layer.

[0076] Nanolayer and nanolaminate materials are compos-
ite materials that include ultra-thin layers of two or more
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different materials 1n a layered stack, where the layers are
alternating layers of diflerent materials having a thickness
that 1s on the order of a nanometer or less. Nanolayer and
nanolaminate materials may be continuous films that are a
single monolayer thick. Nanolayer and nanolaminate mate-
rials are formed when the thickness of the first series of cycles
results 1n a layer that 1s only a few molecular layers thick, and
the thickness of the second series of cycles results 1n a difier-
ent layer that 1s only a few molecular layers thick.

[0077] Nanolayer and nanolaminate materials are not lim-
ited to alternating single layers of each material. Instead,
nanolayer and nanolaminate materials can include several
layers of one material alternating with a single layer of the
other material that form a desired ratio of the two or more
materials. Such an arrangement can achieve a film having a
conductivity that varies over a wide range. Nanolayer and
nanolaminate materials can also include several layers of one
material formed by an ALD reaction either over or under a
single layer of a different material formed by another type of
reaction, such as a MOCVD reaction. The layers of different
materials may remain separate after deposition, or they may
react with each other to form an alloy layer. The alloy layer
can be a doping layer. Doping the layer can be used to vary the
properties of the layer.

[0078] Nanolaminate zinc-doped copper oxide (CZO)
films can be formed by ALD deposition using an alkyl-type
precursor chemical, such as Diethylzinc (DEZ), an acetonate-
type precursor, such as Copper (11) hexatluoroacetylacetonate
hydrate, or Cu(htac),, and an oxidizing precursor, such as
De-10nized (DI) water. Such films can be formed at relatively
low temperatures, which can be 250° C. or lower. Such films
can be amorphous or polycrystalline and possess smooth
surfaces. Such films may provide enhanced electrical prop-
erties as compared to films formed with physical deposition
methods, such as sputtering, or typical chemical layer depo-
sitions, due to their relatively smooth surface and reduced
damage which results in more repeatable electrical perfor-
mance.

[0079] In one embodiment, a CZ0O/Al,O; nanolaminate
resistive layer 1s formed using atomic layer deposition
(ALD). Such a film has a relatively smooth surface relative to
other processing techniques. The transitions can be controlled
during the formation of such a film by using atomic layer
deposition. Thus, the deposited CZ0O/Al,O, nanolaminate
layers can be engineered to provide the required electrical or
physical characteristics. In addition, the ALD deposited
CZ0/Al,O; nanolaminate layers provide conformal coverage
on the surfaces on which they are deposited.

[0080] Another aspect of the microchannel plates of the
present invention 1s that the resistive layer 282 and any other
resistive and emissive layers formed on the substrate 280
protect and passivate the substrate 280. That 1s, the resistive
layer 282 and any other resistive and emissive layers formed
on the substrate layer 280 can provide a barrier to 1on migra-
tion that can be used to control outgassing characteristics.
Conventional resistive and emissive layers can be easily dam-
aged.

[0081] In glass microchannel plates, the alkaline metals
contained 1n the Pb-glass formulation are relatively stable 1n
the bulk material. However, alkaline metals contained in the
reduced lead silicate glass (RLS(G) on the outer surface of the
microchannels which forms the emissive layer are only
loosely held within the film structure because of their expo-
sure to the high temperature hydrogen environment that
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removes oxygen and breaks bonds 1n material structure. The
clectron bombardment that occurs during electron multipli-
cation erodes these elements from the film. This erosion
degrades the gain of the microchannel plate over time. In
s1licon microchannel plates, the emissive layer 1s typically a
very thin coating that also erodes during electron bombard-
ment which occurs during normal device operation. One
aspect of the present invention 1s that resistive and emissive
can be engineered to better withstand the effects of electron
bombardment and thus to increase the device stability and
lifetime.

[0082] Thus, 1mn various embodiments, at least one of a
thickness and a composition of the resistive layer can be
chosen to passivate the microchannel plate so that the number
of 10ns released during 1mitial operation (outgassing of 10n
species, such as H, CO, CO.,, and H,O) as well as longer term
removal of adsorbed alkali metals, such as Na, K, and Rb
from the substrate 1s reduced. Reducing the number of 10ns
released from the substrate will improve the lifetime of the
microchannel plate as well as the lifetime of devices which
utilize the MCP 1n combination with a photocathode. Photo-
cathodes are particularly susceptible to 10n poisoning from
outgassed or desorbed 1ons from the MCP. Choosing the
thickness and the composition of the resistive layer to passi-
vate the microchannel plate substrate will also improve the
process yield.

[0083] Another aspect of the microchannel plates of the
present invention 1s that the resistive and emissive layers 282,
288 can be optimized independently of each other. The resis-
tive and emissive layers 282, 288 can also be optimized inde-
pendently of other microchannel plate parameters to achieve
various performance, lifetime, and yield goals. For example,
the resistive layer 282 can be optimized to enable a specific
output current operating range. The secondary electron emis-
s1on layers 288 can be optimized separately to achieve high or
maximum secondary electron emission eificiency or high or
maximum lifetime and/or have high count rate capabilities.
Such a microchannel plate can have significantly improved
microchannel plate gain, count rate, and lifetime performance
compared with prior art microchannel plate devices.

[0084] The ability to independently optimize the various
resistive and emissive layers 1s important because the perfor-
mance of microchannel plates 1s determined by the properties
of these combined layers that form the continuous dynodes 1n
the channels. The continuous dynodes must have emissive
and resistive surface properties that provide at least three
different functions. First, the continuous dynodes must have
emissive surface properties desirable for efficient electron
multiplication. Second, the continuous dynodes must have
conductive properties that allow the emissive layer to support
a current adequate to replace emitted electrons. Third, the
continuous dynodes must have resistive properties that allow
for the establishment of an accelerating electric field for the
emitted electrons.

[0085] Consequently, the performance of these three func-
tions: emitting secondary electrons; replacing emitted elec-
trons; and establishing an accelerating electric field for the
emitted electrons, cannot typically be simultaneously maxi-
mized within the current, state-oi-the-art MCP technology
that utilizes a single, combined RLSG resistive and emissive
layer. Thus, in prior art single emissive layer microchannel
plate devices, the secondary emission properties of the emis-
stve layer cannot be optimized to maximize secondary elec-
tron emission and, therefore, cannot be optimized to maxi-
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mize the sensitivity performance of the microchannel plates.
In fact, most known microchannel plates are fabricated to
optimize the resistance of the device over a very narrow range
that 1s determined by the macroscopic material composition
of the glass, rather than to optimize the secondary electron
emission. The method of the present invention allows the
various resistive and emissive layers to be independently
optimized for one or more performance, lifetime, or yield
goal.

[0086] FIG. 3A presents experimental data 300 for resis-
tance per channel as a function of percent CZO by ALD
cycles for films deposited according to the present invention
and for channel resistance of conventional microchannel
plates. Resistance per channel data 302 for conventional
microchannel plates 1s presented for conventional state-oi-
the-art microchannel plates having a single, combined resis-
tive and emissive layer. The data 302 indicate that the resis-
tance per channel is about 10'*. These data were taken for a
manufactured microchannel plate device that 1s commonly
used 1n state-of-the-art night vision devices.

[0087] FIG. 3A also presents data 304 for resistance per
channel as a function of percent CZO by ALD cycles for an
alternating combination of (CZ0/Al,O;)xN layers of resis-
tive films deposited according to the present invention. In
addition, data 306 are presented for resistance per channel as
a Tunction of percent CZO by ALD cycles for an alternating
combination of CZOx2 layers/Al,O;xN layers resistive film
deposited according to the present invention.

[0088] In order to present a fair comparison, the data 304,
306 was obtained for the same conventional microchannel
plate devices with the resistance per channel data 302 shown
in FIG. 3A, but where processing was terminated immedi-
ately prior to the hydrogen reduction step that would have
resulted 1 the simultaneous formation of the resistive and
emissive layers. Resistive and emissive layers were then
formed according to the present invention. The data 300 dem-
onstrates the wide possible range of channel conductivity that
can achieved using the methods of the present invention com-
pared with prior art microchannel plate fabrication methods.

[0089] FIG. 3B presents data 320 for resistance as a func-
tion of percent copper for films fabricated according to the
present invention. Data 322 1s presented for zinc doped cop-
per oxide (CZO) films. The data 322 indicate that by modu-
lating the percent of zinc contained 1n the zinc doped copper
oxide nanoalloy film according to the present invention, it 1s
possible to vary the resistance over nearly two orders of
magnitude. Data 324 1s also presented for CZ0/Al, O nano-
laminate films fabricated according to the present invention.
The data 324 indicate that by fixing the percentage of zinc
within the CZO film and by varying the CZ0O/Al,0O; nano-
laminate ratios according to the present invention, it 1s pos-
sible to achieve a much wider range of resistivity. The range
in this experiment 1s limited by test structure design, to an
upper value which 1s much less that that shown in FIG. 3A.

[0090] FIG. 3C presents data 330 for normalized micro-
channel plate current as a function of voltage for a commer-
cial RLSG microchannel plate device, an intrinsic silicon
microchannel plate device, and for a microchannel plate
device with a nanolaminate resistive layer deposited accord-
ing to the present invention. Normalized current-voltage data
332 1s presented for a commercial RLSG microchannel plate
device. Normalized current-voltage data 334 1s presented for
a microchannel plate device with a nanolaminate resistive
layer deposited according to the present invention.
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[0091] The normalized current-voltage data 332 for the
commercial RLSG microchannel plate and the normalized
current-voltage data 334 for the microchannel plate device
with the nanolaminate resistive layer deposited according to
the present invention shows a nearly identical linear normal-
1zed current-voltage characteristic. The nearly linear data
characteristic suggests that both the commercial device and
the device with the nanolaminate resistive layer according to
the present invention demonstrate ohmic behavior by pos-
sessing a nearly i1dentical and substantially constant resis-
tance as a function of applied voltage. The inherent stability
ol resistance of the nanolaminate resistive layer deposited
according to the present invention 1s due to the ability to tailor
the conduction of the resistive layer using the combined nano-
laminate/nanoalloy microstructure described herein.

[0092] Normalized current-voltage data 336 1s presented
for an 1ntrinsic silicon microchannel plate device. The non-
ohmic behavior shown by the data 336 suggests that the
intrinsic silicon microchannel plate shows a resistance that 1s
not substantially constant as a function of applied voltage,
which can be attributed to thermal and electric field effects
which alter the conductivity of the semiconducting intrinsic
s1licon dynode.

[0093] FIG. 3D presents data 350 for both microchannel
plate gain and for resistance as a function of bias voltage for
microchannel plates with resistive layers fabricated accord-
ing to the present invention. The microchannel plate devices
include channels having a diameter that 1s about 5 microns
and an L/D ratio that 1s equal to about 50:1. The data were
acquired by varying the bias voltage trom 500 to 1,000V with
a constant input current.

[0094] Data 352 1s presented for microchannel plate resis-
tance as a function of bias voltage for a microchannel plate
with resistive layers fabricated according to the present inven-
tion. Data 354 1s presented for microchannel plate gain as a
function of bias voltage for a microchannel plate with a resis-
tive layer fabricated according to the present invention. The
data 352, 354 indicate that the microchannel plate devices
according to the present invention achieve a stable resistance
across the operating voltage and a higher gain for equivalent
bias and input conditions compared with prior art microchan-
nel plate devices.

[0095] FIG. 3E presents data 370 for relative gain as a
function of dose in C/cm” for a commercial RLSG micro-
channel plate and for a microchannel plate with a resistive
layer fabricated according to the present invention. Data 372
1s presented for relative gain data as a function of the total
extracted charge density in coulombs/cm? for the commercial
RLSG microchannel plate. Data 374 1s presented for relative
gain data as a function of the total extracted charge density 1in
coulombs/cm” for a microchannel plate with a resistive layer
fabricated according to the present invention.

[0096] The data 372, 374 demonstrate the enhanced life-
time observed with the combined resistive and emissive films
fabricated according to the present invention, as compared
with lifetime data collected using present state-oi-the-art
microchannel plate technology. The relative gain degradation
data indicate that there 1s significantly less gain degradation
tor microchannel plates having a resistive and emissive layer
tabricated according to the present invention as a function of
the total extracted charge. Thus, the gain degradation data
indicate that fabricating the resistive and emission layers
according to the present invention can significantly improve
microchannel plate device lifetimes.
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[0097] FIG. 3F presents data 390 for normalized resistance
as a function of temperature observed with the resistive film
for a state-of-the-art commercial reduced lead silicate glass
(RLSG) microchannel plate device, intrinsic polysilicon, and
for a microchannel plate device fabricated according to the
present invention. Data 392 1s presented for the resistive film
for a state-of-the-art commercial RLSG microchannel plate
device. Data 394 is presented for intrinsic polysilicon. Data
396 1s presented for a microchannel plate device fabricated
according to the present invention.

[0098] The data 392 and 396 indicate that the temperature

coellicient of resistance for the microchannel plate device
tabricated according to the present invention 1s comparable to
the temperature coellicient of resistance for the commercial
RLSG microchannel plate device. The temperature coetfi-
cient of resistance of both the present invention and the RLSG
device 1s less than 1% per degree C., which exhibits ohmic or
“metallic” conduction behavior that significantly exceeds the
temperature coelficient of resistance performance of the
intrinsic polysilicon, which 1s more than 8% per degree C.

[0099] In another aspect of the present invention, plastic
microchannel plate detectors that are neutron sensitive are
tabricated with the resistive and emissive films of the present
invention. These microchannel plate detectors indirectly
detect neutrons. Neutrons interact through nuclear reactions
inside the MCP or transfer their energy to short range charged
particles, such as protons and alpha particles. These second-

ary particles are used to produce measurable electrical sig-
nals.

[0100] FIG. 4A 1llustrates a schematic diagram of a plastic
microchannel plate 400 comprising a substrate 402 suitable
for detecting fast neutrons 404 according to the present inven-
tion. The plastic substrate 402 defines a plurality of pores or
microchannels that extend through the substrate 402 as
described in connection with FIG. 1A. Plastic microchannel
plate substrates containing high hydrogen concentrations
provide relatively high efliciency for the neutron-proton
recoil reaction. Resistive and emissive films are deposited on
the walls of the plurality of microchannels as described
herein. The composition and thickness of the resistive and
emissive thin films can be optimized to provide optimal pore
resistance and secondary electron emission.

[0101] FIG. 4B 1illustrates a schematic view of a cross-
sectional diagram of a single microchannel 450 of the plastic
microchannel plate 400 shown 1n FIG. 4 A that illustrates the
neutron-proton interaction and secondary electron generation
within the microchannel plate The cross-sectional diagram of
the microchannel 450 shows the resistive film 454 deposited
on the surface of the microchannel 450. In addition, the cross-
sectional diagram 450 shows the emissive film 452 deposited
on the resistive film 454. The plastic microchannel plate 400
1s designed to detect fast neutrons with energies that are
greater than 0.1 MeV.

[0102] The cross-sectional diagram of the microchannel
450 shows that the fast neutrons 404 interact with the plastic
substrate 402 through a neutron-proton (n-p) recoil reaction
that generates recoil protons 456. The recoil protons 4356
generated 1n the bulk plastic substrate material can reach the
surface of the microchannel 450 and interact with the emis-
stve and/or resistive films thereby releasing secondary elec-
trons 458. The secondary electrons 438 initiate an electron
avalanche process in the microchannel plate 400 as shown 1n

FIG. 4C.
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[0103] FIG. 4C illustrates a schematic diagram of the elec-
tron avalanche process 1n a single plastic microchannel 480 of
a plastic microchannel plate according to the present mven-
tion. The microchannel 480 shows the emissive film 452 and
the resistive film 454 described 1n connection with FIG. 4B.
Once the secondary electrons 458 are produced 1n the micro-
channel, the process of amplification and detection 1s 1denti-
cal to the standard operation of amicrochannel plate device as
implemented 1n low flux applications.

[0104] A plastic microchannel plate fabricated according to
the present invention can form a fast neutron detector with
background counting rates at levels that are lower than 0.01
count/cm2/sec. Such background counting rates are signifi-
cantly lower than background counting rates of current state-
of-the-art glass microchannel plates. The improved perfor-
mance 1s due, at least in part, to the absence of heavy metals
and radioactive traces, such as Rb and K, within the plastic
substrates. The timing resolution of a plastic microchannel
plate fast neutron detector fabricate according to the present
invention will only be limited by the depth of neutron absorp-
tion and the speed of neutron propagation. Timing resolution
can be better than 10 ns 1n these devices.

[0105] The detection efficiency of the plastic microchannel
plate according to the present ivention 1s a function of the
composition, such as the concentration of hydrogen, and the
geometry (thickness, pore diameter, and wall thickness) of
the plastic substrate. In some embodiments, it 1s desirable to
maximize the concentration of hydrogen. However, as the
concentration of hydrogen increases, the glass transition tem-
perature ol the plastic reduces. Therefore, the maximum con-
centration of hydrogen 1s limited by the required processing
temperatures for depositing the resistive layer, emissive layer,
top electrode and bottom electrode. The fast neutron detec-
tion efficiency can be tailored for specific applications and
can reach levels as high as 10% or greater for some designs.

[0106] FIG. S illustrates graphs 500 of neutron 1nteraction
probability as a function of neutron energy in MeV for four
different plastic substrate thicknesses. The graphs 500 1ndi-
cate that thicker plastic substrate thicknesses have greater
neutron interaction probabilities. For example, the graphs
500 indicate that plastic substrates with a 5 mm thickness
have neutron 1nteraction probabilities for fast neutrons that
range from about 50% for low energies to approximately 10%
for energies greater than 5 MeV. However, the detection eifi-
ciency for low energy range fast neutrons will be reduced by
the range of the recoil protons in the plastic. Therefore, opti-
mization of MCP geometry and hydrogen concentration 1s
required in order to achieve the optimal performance.

[0107] Thus, plastic microchannel plates according to the
present invention can directly detect fast neutrons with low
gamma sensitivity. Such a capability 1s not possible with
conventional thermal neutron-based (He-3, 10B-doped)
microchannel plate devices. Thermal neutron detectors, when
used 1n this application, require moderation of the fast neu-
trons, which substantially reduces the event counting rates
and effectively destroys any spatial information about the
original fast neutron. Also, the absence of heavy elements 1n
plastic MCP substrates makes them very insensitive to

gamma ray background radiation compared to conventional
glass-based MCPs.

[0108] There are many possible designs for plastic micro-
channel plate devices according to the present invention. For
example, in one embodiment, a highly directional fast neu-
tron detector 1s fabricated with the plastic microchannel plate
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devices according to the present invention. Highly directional
plastic microchannel plate detectors can be achieved by form-
ing the microchannels with a bias angle and then rotating the
microchannels through an angular range. Only neutrons that
strike the walls of the microchannels will be detected. Thus,
the sensitivity to incoming radiation 1s greatly reduced for
neutrons arriving in very narrow cone angles, which are
defined by the microchannel bias angle. Such directional
plastic microchannel plate detectors can still be capable of
detecting fast neutrons arriving in a wide range of angles.
Numerous other approaches can be used to create directional
fast neutron detectors. For example, the microchannel plate
can be scanned along various angles relative to the neutron
source. In some embodiments, microchannel plates are posi-
tioned 1n series to increase directionality. Such directional
microchannel plate devices can be used to locate a neutron
source for various applications including homeland security
applications.

[0109] FIG. 6 1llustrates a schematic view of a cross-sec-
tional diagram of a plastic microchannel plate 600 doped with
Boron and the interaction of an incident thermal neutron with
a '“B nucleus to produce a ’ Li ion and an alpha particle. In
this embodiment, the plastic microchannel plates 1s doped
with thermal and cold neutron sensitive elements, such as
boron, lithium, or gadolinium, which sensitize the detector to
thermal neutrons having average energies of about 0.025 eV
and cold neutrons having energy of about 5 meV. The micro-
channel plate 600 includes a boron-doped plastic substrate
602 comprising a plurality of microchannels 604. A resistive
f1lm 1s deposited on the surface of each of the microchannels
604. An emissive film 1s deposited on the resistive film as
described in connection with FIG. 4A.

[0110] FIG. 6 illustrates that an 1ncident thermal neutron
606 interacts with a "°B nucleus 614 in the plastic substrate to
produce a ’Li ion 608 and an alpha particle 610. The '“B
nucleus 614 has a relatively large capture cross section. High
energy alpha particles 610, which have energies that are on
order of 1.47 MeV 1nteract with the resistive and the emissive
f1lm layers to produce a large number of secondary electrons
and 1ons (in turn producing secondary electrons) 612, which
1s typically more than twenty electrons. These secondary
clectrons are accelerated within the microchannel plate 600 1n
the usual manner to result 1n a signal amplifying cascade. The
large number of secondary electrons 612 that are generated by
the alpha particle 610 within the microchannel plate 600 are
more than a factor of ten greater than the number of secondary
clectrons generated due to the neutron-proton recoil reaction
of the fast neutrons.

[0111] Thus, 1t may be possible to distinguish the signal
generated by the thermal neutrons from the signal that is
generated by the fast neutrons by processing the signals gen-
crated by the plastic microchannel detector. For example,
operation of the plastic neutron detector 1n a unity gain mode,
whereby the detected signal 1s amplified 1n subsequent gain
stages, allows for the signals to be processed to determine
pulse amplitudes that can be used to distinguish the thermal
neutron signals from the fast neutron signals. Many other
methods of signal processing can also be used to distinguish
the thermal neutron signals from the fast neutron signals.

EQUIVALENTS

[0112] While the present teachings are described 1n con-
junction with various embodiments and examples, it 1s not
intended that the present teachings be limited to such embodi-
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ments. On the contrary, the present teachings encompass
various alternatives, modifications and equivalents, as will be
appreciated by those of skill in the art, which may be made
therein without departing from the spirit and scope of the
ivention.

1-35. (canceled)

36. A microchannel plate for detecting neutrons, the micro-
channel plate comprising:

a) a hydrogen-rich polymer substrate that defines a plural-
ity of channels extending from a top surtace of the sub-
strate to a bottom surface of the substrate, wherein neu-
trons interacting with the plurality of channels generate
neutron-proton interaction products and secondary elec-
trons;

b) a top electrode positioned on the top surface of the
substrate;

¢) a bottom electrode positioned on the bottom surface of
the substrate;

d) a resistive layer formed over an outer surface of the
plurality of channels, the resistive layer having a prede-
termined level of ohmic conductivity; and

¢) an emissive layer formed over the resistive layer,
wherein the neutron-proton interaction products interact
with the plurality of channels and the emissive layer to
generate secondary electrons that cascade within the
plurality of channels to provide an amplified signal
related to the detection of neutrons.

37. The microchannel plate of claim 36 wherein the hydro-
gen-rich polymer substrate comprises between 2-6 weight
percent hydrogen.

38. The microchannel plate of claim 36 wherein the hydro-
gen-rich polymer substrate comprises at least some plastic
material.

39. The microchannel plate of claim 36 wherein the hydro-
gen-rich polymer substrate comprises polycarbonate.

40. The microchannel plate of claim 36 wherein the hydro-
gen-rich polymer substrate 1s doped with at least one of
boron, lithium and gadolinium.

41. The microchannel plate of claim 36 wherein the plu-
rality of channels 1s oriented so that a sensitivity to incoming,
radiation 1s greatly reduced for neutrons arriving 1n certain
narrow cone angles.

42. The microchannel plate of claim 36 wherein the resis-
tive layer comprises a combination of a metal oxide conduct-
ing layer and an insulating layer.

43. The microchannel plate of claim 42 wherein the metal
oxide conducting layer comprises an oxide of at least one
clement selected from the group consisting of Zn, V, Mn, Ti,
Sn, Ru, In, Cu, N1, and Cd.

44. The microchannel plate of claim 42 wherein the 1nsu-
lating layer comprises at least one oxide of at least one ele-
ment selected from the group consisting of Al, S1, Mg, Sn, Ba,
Ca, Sr, Sc, Y, La, Zr, Hf, Ta, T1, V, Cs, B, Nb, Be, and Cr.

45. The microchannel plate of claim 42 wherein the 1nsu-
lating layer comprises at least one mitride of at least one
clement selected from the group consisting of Al, S1, Mg, Sn,
Ba, Ca, Sr, Sc, Y, La, Zr, Hf, Ta, T1, V, Cs, B, Nb, Be, and Cr.

46. The microchannel plate of claim 36 wherein the resis-
tive layer comprises a metal oxide layer, wherein a known
doping of the metal oxide layer determines the predetermined
level of ohmic conductivity.

477. The microchannel plate of claim 46 wherein the metal
oxide layer comprises an alloy of an msulating oxide doped
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with at least one of an element from the group consisting of
Ru, Rh, Pd, Re, Os, Ir, Pt, and Au.

48. The microchannel plate of claim 36 wherein at least one
of the predetermined level of ohmic conductivity and a profile
of the resistivity 1s chosen to achieve a desired current output
of the microchannel plate.

49. The microchannel plate of claim 36 wherein the emis-
stve layer comprises an oxide of at least one element selected
from of the group consisting of Al, S1, Mg, Sn, Ba, Ca, Sr, Sc,
Y, La, Zr, Hi, Ta, 11, V, Cs, B, Nb, Be, and Cr.

50. The microchannel plate of claim 36 wherein the emis-
stve layer comprises a nitride of at least one element selected
of the group consisting of Al, S1, Mg, Sn, Ba, Ca, Sr, Sc, Y, La,
Zr, Hi, Ta, 11, V, Cs, B, Nb, Be, and Cr.

51. The microchannel plate of claim 36 wherein the resis-
tive layer and the emissive layer comprise a single layer.

52. The microchannel plate of claim 36 wherein at least one
of a thickness and composition of the resistive layer 1s chosen
to passivate the plurality of channels so that a number of 10ns
released from the plurality of channels 1s reduced.

53. A microchannel plate for detecting both thermal neu-
trons and fast neutrons, the microchannel plate comprising:

a) a hydrogen-rich polymer substrate doped with at least
one of boron, lithium, and gadolintum that defines a
plurality of channels extending from a top surface of the
substrate to a bottom surface of the substrate, wherein
neutrons reacting with the substrate generate at least one
of alpha particles, L1-6 nucle, triton, gamma rays, recoil
protons, and beta particles;

b) a top electrode positioned on the top surface of the
substrate;

¢) a bottom electrode positioned on the bottom surface of
the substrate;

d) a resistive layer having a predetermined level of ohmic
conductivity formed over an outer surface of the plural-
ity of channels; and

¢) an emissive layer formed over the resistive layer,
wherein the at least one of the alpha particles, Li-6
nuclei, triton, gamma rays, recoil protons, and beta par-
ticles generated by the interaction of the neutrons and
the polymer substrate collide with the emissive layer to
generate secondary electrons that cascade within the
plurality of channels to provide an amplified signal
related to the detection of both thermal neutrons and fast
neutrons.

54. The microchannel plate of claim 53 further comprising,

a bias voltage power supply having an output that 1s electri-
cally connected to a bias iput of the microchannel plate, the
bias voltage power supply generating a bias voltage that 1s
chosen to achieve unity gain 1n the microchannel plate.

55. The microchannel plate of claim 53 further comprising,
an electron amplifier having an input that 1s coupled to an
output of the microchannel plate, the electron amplifier fur-
ther amplitying the amplified signal related to the detection of
both thermal neutrons and fast neutrons.

56. The microchannel plate of claim 53 further comprising,
a signal processor having an input that recerves the amplified
signal, the signal processor processing the amplified signal to
distinguish signal components generated by thermal neutrons
from signal components generated by fast neutrons.

57. The microchannel plate of claim 56 wherein the signal
processor processes the amplified signal to distinguish ther-
mal neutrons from fast neutrons by measuring amplitudes of
various signal components.
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58. The microchannel plate of claim 53 wherein the hydro-
gen-rich polymer substrate comprises at least some plastic
material.

59. The microchannel plate of claim 53 wherein the hydro-
gen-rich polymer substrate comprises polycarbonate.

60. The microchannel plate of claim 53 wherein the hydro-
gen-rich polymer substrate 1s doped with Boron-10 1sotopes.

61. The microchannel plate of claim 33 wherein the hydro-
gen-rich polymer substrate 1s doped with Lithium-6 1sotopes.

62. The microchannel plate of claim 53 wherein the hydro-
gen-rich polymer substrate 1s doped with gadolinium-157
1sotopes.

63. The microchannel plate of claim 53 wherein the plu-
rality of channels 1s oriented so that a sensitivity to incoming,
radiation 1s greatly reduced for neutrons arriving in certain
narrow cone angles.
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64. The microchannel plate of claim 53 wherein the resis-
tive layer having a predetermined level of ohmic conductivity
comprises a combination of a metal oxide conducting layer
and an isulating layer.

65. The microchannel plate of claim 53 wherein the resis-
tive layer having a predetermined level of ohmic conductivity
comprises a metal oxide layer, wherein a doping of the metal
oxide layer determines the resistivity.

66. The microchannel plate of claim 53 wherein the resis-
tive layer and the emissive layer comprise a single layer.

67. The microchannel plate of claim 33 wherein at least one
of a thickness and composition of the resistive layer 1s chosen

to passivate the plurality of channels so that a number of 10ns
released from the plurality of channels 1s reduced.
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