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(57) ABSTRACT

Described herein are devices incorporating plasmon Casimir
cavities, which modify the distribution of allowable plasmon
modes within the cavities. The plasmon Casimir cavities can
drive charge carriers from or to an electronic device adjoin-
ing the plasmon Casimir cavity by modifying the distribu-
tion of zero-point energy-driven plasmons on one side of the
electronic device to be different from the distribution of
zero-point energy-driven plasmons on the other side of the
electronic device. The electronic device can exhibit a struc-
ture that permits transport or capture of carriers in very short
time intervals, such as in 1 picosecond or less.
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QUANTUM PLASMON FLUCTUATION
DEVICES

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of and priority
to U.S. Provisional Application No. 62/904,666, filed on
Sep. 23, 2019, and U.S. Provisional Application No. 62/920,
636, filed on May 10, 2019, which are hereby incorporated
by reference in their entireties.

FIELD

[0002] This invention is in the field of electronic devices.
This invention relates generally to quantum devices for
harvesting and generating electrical energy.

BACKGROUND

[0003] According to quantum theory the quantum vacuum
is filled with electromagnetic radiation in the form of
quantum vacuum fluctuations and materials are also filled
with quantum fluctuations of charge density and other oscil-
lations. There has been substantial discussion about whether
this energy can be harvested, and if so, how. A chief problem
in harvesting this energy is that it forms the energy ground
state, and so it does not flow from one region to another.
However, the quantum vacuum energy is geometry-depen-
dent, and its density is lower in a Casimir cavity than in free
space. The use of Casimir cavities therefore opens the
possibility of making use of the quantum vacuum fluctua-
tions to drive energy from one location to another.

SUMMARY

[0004] Devices for generation of electrical energy are
described herein. In embodiments, devices described herein
use two different regions in which the distribution of quan-
tum plasmon fluctuations is different to drive energy across
an electronic device such that a portion of it can be har-
vested.

[0005] In an aspect, devices are disclosed for generation
and capture of charge carriers that are excited by quantum
plasmon fluctuations. Devices of this aspect may use an
asymmetry in quantum plasmon modes with respect to a
transport layer to drive a flow of energy or particles or waves
across the transport layer, such as between conductors
positioned on opposite sides of the transport layer. Devices
of this aspect may also or alternatively comprise a structure
permitting fast transport and/or capture of a charge carrier,
such as in 1 ps or less. In some embodiments, a device of this
aspect may be referred to as a plasmon injector or a plasmon
injector device.

[0006] An example device of this aspect may comprise a
zero-point-energy-density-reducing structure, a device com-
ponent, and a transport layer. The transport layer may be
positioned between and adjoining the zero-point-energy-
density-reducing structure and the device component. The
zero-point-energy-density-reducing structure can advanta-
geously provide an asymmetry with respect to the transport
layer that drives a flow of energy between the zero-point-
energy-density-reducing structure and the device compo-
nent. For example, the asymmetry can produce a net charge
flow between the zero-point-energy-density-reducing struc-
ture and the device component. The devices disclosed herein
are distinguished from solar cells, photodiodes, or other
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devices that convert light from an external illumination
source into an electrical current and are capable of produc-
ing a flow of energy that occurs even in the absence of
external sources of illumination. Stated another way, the
disclosed devices are capable of producing power whether in
dark conditions or in light conditions. The asymmetry
described above may provide a difference between a first
zero-point energy density on a first side of the transport
layer, such as within the zero-point-energy-density-reducing
structure, and a second zero-point energy density on a
second side of the transport layer, such as within the device
component, that drives the flow of energy. A load may be
positioned to receive electric current from the zero-point-
energy-density-reducing structure and the device compo-
nent, such as an electric current driven by the difference in
zero-point energy densities.

[0007] The zero-point-energy-density-reducing structure
of the devices of this aspect may comprise a conductor,
structured to limit a range of zero-point energy plasmon
modes within the conductor. Such a structured conductor
may be referred to herein as a plasmon Casimir cavity. For
example, the conductor may include a metasurface, option-
ally exemplified as a set of spatially periodic structures
characterized by a pitch. The metasurface may serve, at least
in part, as a reflector for plasmons, and limit the plasmon
modes supported within the conductor. In another example,
the conductor comprises a series of alternating sublayers of
at least two different conductors.

[0008] The devices of this aspect may comprise or corre-
spond to an electronic device. For example, the zero-point-
energy-density-reducing structure may correspond to at least
a part of a first conductive layer of an electronic device,
while the device component may correspond to at least a part
of a second conductive layer of the electronic device. In
specific examples, the electronic device is a conductor/
insulator/conductor device or a Schottky diode, though other
device structures may also be used.

[0009] In some examples, the zero-point-energy-density-
reducing structure comprises a first conductor, structured to
limit a range of zero-point energy plasmon modes within the
first conductor and the device component comprises a sec-
ond conductor, such as a second conductor that does not
comptise a structure that limits of zero-point energy plas-
mon modes within the second conductor. In this way, an
asymmetry is created across the transport layer that can
drive a flow of energy between the first conductor and the
second conductor, as described above.

[0010] Another device of this aspect can comprise nano-
particles pairs in which zero-point energy densities are
different to drive a flow of energy. For example, such a
device may incorporate a Casimir cavity as the zero-point-
energy-density-reducing structure and a first nanoparticle at
least partially within the Casimir cavity. The device com-
ponent in this example may comprise a second nanoparticle
electrically coupled to the first nanoparticle. The second
nanoparticle may be positioned outside of the Casimir
cavity. The transport layer in this example may comprise a
portion of the second nanoparticle. Zero-point energy
excited plasmons can drive a flow of charges between the
second nanoparticle and the first nanoparticle. Useful nano-
particle pairs include, but are not limited to, those where the
first nanoparticle comprises a conductor, and where the
second nanoparticle comprises a semiconductor.
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[0011] In another aspect, device arrays are disclosed. An
example device array may comprise a plurality of devices,
such as any of those described above or elsewhere in this
disclosure, arranged in an array configuration. For example,
the plurality of devices may be arranged in a combination of
series and parallel configurations.

[0012] In another aspect, device stacks are disclosed. An
example device stack may comprise a plurality of device
layers arranged in a stacked configuration. Each device layer
may comprise one or more of the devices described above or
elsewhere in this disclosure. Optionally, each device layer
may comprise a device array.

[0013] In another aspect, plasmon Casimir cavities are
disclosed. In some examples, a plasmon Casimir cavity
comprises a conductor structured to limit a range of zero-
point energy plasmon modes within the conductor. For
example, the conductor may optionally be structured by a
metasurface, such as a metasurface that exhibits spatially
periodic structures characterized by a pitch. In another
example, the conductor comprises a series of alternating
sublayers that include at least one conductor. Optionally, the
thicknesses of the alternating sublayers can all be the same
or they can all be different or some can be the same while
some are different. Optionally, a dielectric or a semiconduc-
tor comprises at least a part of one sublayer.

[0014] Without wishing to be bound by any particular
theory, there can be discussion herein of beliefs or under-
standings of underlying principles relating to the invention.
It is recognized that regardless of the ultimate correctness of
any mechanistic explanation or hypothesis, an embodiment
of the invention can nonetheless be operative and useful.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 provides a plot showing energy density
spectra for quantum vacuum radiation and blackbody radia-
tion.

[0016] FIG. 2 provides a schematic illustration of an
example device driven by an energy density difference, in
accordance with at least some embodiments.

[0017] FIG. 3A and FIG. 3B provide cross-sectional illus-
trations of example plasmon Casimir cavities, in accordance
with some embodiments.

[0018] FIG. 4 provides a cross-sectional illustration of an
example plasmon Casimir cavity adjacent to an example
electronic device, in accordance with some embodiments.
[0019] FIG. 5A and FIG. 5B provide cross-sectional illus-
trations of example plasmon injector devices, in accordance
with some embodiments.

[0020] FIG. 6 provides a cross-sectional illustration of
another example plasmon injector device, in accordance
with some embodiments.

[0021] FIG. 7 provides a cross-sectional illustration of an
example plasmon injector device incorporating nanopar-
ticles, in accordance with some embodiments.

[0022] FIG. 8 provides a schematic circuit diagram of an
example device array, in accordance with some embodi-
ments.

[0023] FIG. 9A provides a layout of patterns for fabricat-
ing an example plasmon injector device, in accordance with
at least some embodiments.

[0024] FIG. 9B provides a cross-sectional illustration of
an example plasmon injector device, in accordance with at
least some embodiments.
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DETAILED DESCRIPTION

[0025] Quantum vacuum fluctuations fill all space with
electromagnetic radiation. The energy density of this radia-
tion in free space is

87er( W W Eq. 1
exp(hf kT) -1 2

pUf) = ——

where his Planck’s constant, f is the frequency of the
radiation, c is the speed of light, k is Boltzmann’s constant,
and T is the temperature. The first term in brackets in Eq. 1
is due to thermal blackbody radiation at non-zero tempera-
tures, and the second term is temperature independent and
corresponds to the quantum vacuum radiation.

[0026] The energy density (p(hf)) spectrum for both the
temperature dependent term and the temperature indepen-
dent term in Eq. 1 is shown in FIG. 1, where the data is
plotted as a function of photon energy, hf, where h is
Planck’s constant and f is optical frequency, which varies
with the reciprocal of the wavelength. At 300 K, the thermal
component (labeled Blackbody(hf) in FIG. 1) reaches its
maximum in the infrared through visible parts of the spec-
trum, whereas the quantum vacuum radiation (labeled QVR
(hf) in FIG. 1) component grows with the frequency cubed
and becomes much larger than the thermal component of the
spectrum at visible light frequencies and beyond (as shown
in Eq. 1, above). For 300 K blackbody radiation, the
quantum vacuum radiation component exceeds the thermal
part for any frequencies above 7 THz, corresponding to a
photon energy of approximately 29 meV. Because the
energy density of the quantum vacuum radiation part of the
spectrum at high frequencies is much larger than that of the
thermal spectrum, much more power may be available from
the quantum vacuum radiation.

[0027] Harvesting energy arising out of the quantum
vacuum radiation does not appear to violate any physical
laws, but because the energy corresponds to that of the
ground-state, there is generally no driver for the energy to
flow. However, the quantum vacuum radiation is geometry
dependent, and its density can be different in different
regions of space. For example, a zero-point-energy-density-
reducing structure can establish a geometric condition where
the zero-point energy density in one region of space can be
lower than in free space, such as outside the structure,
which, therefore, provides a difference and a condition for
energy flow to occur. One approach is described in U.S. Pat.
No. 7,379,286, which is hereby incorporated by reference.
[0028] To be able to make use of a difference in zero-point
energy densities, an asymmetry with respect to a zero-point-
energy-density-reducing structure may be used, allowing a
portion of the energy to be harvested. As shown in FIG. 2,
a zero-point-energy-density-reducing structure 200 can be
used to establish an asymmetry in zero-point energy densi-
ties between one side of a transport medium 250 and the
other, such as by having one side of the transport medium
250 adjacent to, and energetically constrained by, the zero-
point-energy-density-reducing structure 200 and the other
side adjoining device component 225, which is uncon-
strained by the zero-point-energy-density-reducing structure
200. By using a structure for producing an asymmetry in the
zero-point energy density on one side of the device with
respect to the other, and a structure for transport (e.g., the
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transport medium 250) of energy or waves or charge, a net
power across the transport medium from the device com-
ponent 225 that has no zero-point-energy-density-reducing
structure, and hence has a higher zero-point energy level, to
the side with the zero-point-energy-density-reducing struc-
ture 200, which has a lower zero point energy density, can
flow across the transport medium 250, as schematically
shown by arrow 255, The same concept applies if both sides
have zero-point-energy-density-reducing structures, but
having different critical dimensions or frequency cutoffs.
[0029] Another way to look at an asymmetry requirement
is in terms of equilibrium and detailed balance. In equilib-
rium, the flow of energy from any first element to any second
element must be balanced by an equal energy flow from the
second element to the first element. This results from a
detailed balance. A zero-point-energy-density-reducing
structure can facilitate a means to break this balance, so that
there is a smaller flow of energy from the side of a device
with the zero-point-energy-density-reducing structure than
from the side of a device without it.

[0030] One example of a zero-point-energy-density reduc-
ing structure is a Casimir cavity, which can be formed using
two closely-spaced, parallel reflecting plates. As a result of
the requirement that the tangential electric field must vanish
(for an ideal reflector) at the boundaries, limits are placed on
which quantum vacuum modes (i.e., field patterns) are
allowed between the plates. In general, the modes allowed
include those where the gap spacing is equal to an integer
multiple of half of the wavelength. Modes having wave-
lengths longer than twice the gap spacing are largely
excluded. This results in the full spectrum of quantum
vacuum modes exterior to the plates, described by Eq. 1,
being larger and more numerous than the constrained set of
modes in the interior, and thus there is a lower energy
density in the interior. The critical dimension, which deter-
mines the wavelength above which quantum vacuum modes
are suppressed, is the gap spacing (for the case of a one
dimensional Casimir cavity). Casimir cavities can also be
constructed in the form of cylinders (nanopores), in which
case the critical dimension is the diameter. Casimir cavities
may be formed having other geometries as well.

[0031] Quantum vacuum radiation is one type of zero-
point energy that exists in free space and transparent media.
Zero-point energy-driven modes exist in media beside free
space, and in waves besides electromagnetic waves. Other
waves include phonons, polaritons including plasmons,
plasma oscillations, and electromagnetic waves in matter,
spin waves, and acoustic waves. Only high frequency waves
that carry sufficient energy are of interest for harvesting,
similar to the condition for quantum vacuum radiation
shown in FIG. 1. For each of these waves supporting
zero-point energy-driven modes, the energy can be extracted
if a spatial gradient in the zero-point energy magnitude can
be provided, similar to the way a Casimir cavity can create
a spatial difference in zero-point energy densities in the form
of quantum vacuum radiation.

[0032] Plasmons are charge oscillations and include sur-
face plasmons and volume or bulk plasmons. Surface plas-
mons can exist at interfaces between conductors, plasmas, or
charged gases, and dielectrics, such as insulators, semicon-
ductors, and air. Bulk or volume plasmons are longitudinal
charge oscillations inside conductors, plasmas, or charged
gases, and generally have a higher energy and frequency
than surface plasmons. The term plasmon is used herein to
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refer to both surface and bulk plasmons, and other infrared
through ultraviolet light frequency polaritons in materials.
Plasmons in conductors, including metals, or at conductor
interfaces can support waves having frequencies of interest,
and therefore cavities that suppress a range of plasmon
modes can provide the sort of asymmetry needed for zero-
point energy harvesting and can be used as zero-point-
energy-density reducing structures.

[0033]

[0034] In contrast to a Casimir cavity, where zero-point
energy electromagnetic oscillations in vacuum or transpar-
ent media are suppressed, a cavity in which zero-point
energy plasmon oscillations are suppressed is referred to
herein as a plasmon Casimir cavity. Plasmon Casimir cavi-
ties can be used as another type of zero-point-energy-density
reducing structure.

[0035] A plasmon Casimir cavity can be formed by struc-
turing a conductive medium in a way that limits the zero-
point energy plasmon modes that are supported by the
medium. This can be accomplished, for example, by incor-
porating a periodic structure having a pitch that suppresses
a band of zero-point energy plasmons. Plasmon wavelengths
of twice the pitch are reflected, and longer wavelengths are
largely suppressed. This results in the full spectrum of
zero-point energy modes exterior to the plasmon Casimir
cavity being larger and more numerous than the constrained
set of modes in the interior, and thus there is a lower energy
density in the interior.

[0036] One way to produce such a periodic structure is
with use of a distributed Bragg reflector. Such a reflector can
be formed using metamaterials and metasurfaces, and can
suppress a range of plasmonic modes in a conductor, similar
to the way that a Casimir cavity suppresses a range of
electromagnetic modes. In that way it forms a Casimir cavity
for plasmons. The plasmon Casimir cavity can be used in
specific structures to provide an asymmetry in zero-point
energy density, as described below.

[0037] FIG. 3A provides a schematic illustration of an
example plasmon Casimir cavity 300 including a distributed
Bragg reflector type metasurface 325 in a conductor 320.
Metasurface 325 limits the plasmon spectrum in the con-
ductor 320 and can correspond to periodic protrusions of the
conductor 320 that extend into a dielectric 360 supporting
the conductor 320, and can suppress plasmon modes in the
horizontal direction in FIG. 3A, as shown by arrow 330.
Metasurface 325 may comprise any structure that interacts
with plasma oscillations within the conductor and may be
constructed as spatially periodic set of structured regions in
the conductor 320, as shown. In some examples, metasur-
face 325 may comprise a series of raised regions, recessed
regions, ridges, grooves, corrugations, or the like. The
metasurface may extend to the edge of the structure but does
not have to and can stop at some distance before the edge.
Plasmons modes tend to have smaller wavelengths for a
given frequency than free-space optical modes, and so the
pitch must be small to suppress zero-point energy modes of
interest. The pitch may be in the range of 5 nm to 500 nm,
for example, and may depend on the wavelength and energy
of interest. Conductor 320 may comprise a metal, such as
silver, gold, copper, aluminum, nickel, graphene, or other
materials that support plasmons. It will be appreciated that
other surface or interface structures incorporating conduc-

Plasmon Casimir Cavities.
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tors known to those skilled in the art may also be used to
restrict the plasmon spectrum and provide a plasmon Casi-
mir cavity.

[0038] A different configuration that can be used to form
a plasmon Casimir cavity is a distributed Bragg reflector
type multilayer stack, as schematically illustrated in FIG.
3B. Plasmon Casimir cavity 301 is analogous to a dielectric
stack reflector that is used 1o form an optical mirror, but is
instead formed from layers of conductors 321 and 322 to
form a plasmon reflector, which can be used to suppress
plasmon modes in the vertical direction, as shown by arrow
331. The configuration shown in FIG. 3B incorporates two
types of conductors 321 and 322 that differ in their plas-
monic properties, such as free electron density, electron
mass, electron mobility, Fermi level or morphology. At high
frequencies where the conductors become transparent, usu-
ally in the ultraviolet, the two types of conductors differ in
index of refraction. Conductors 321 and 322 are formed as
an alternating stack in which the thickness of each pair of
layers characterizes the pitch. Plasmon wavelengths of twice
the pitch are reflected, and longer wavelengths are largely
suppressed. The layer thicknesses may further be chirped to
enhance the spectral width of the reflections. Optionally, a
very thin dielectric or semiconductor (e.g., comprising SiO,,
Al 05, NiO, Nb,Os, Ta,05, CrO, a-Si:H (hydrogenated
amorphous silicon), or TiO,), such as having a thickness
between 0.2 and 20 nm, can substitute for an individual
conductor layer 321 or 322 or can be incorporated into an
individual conductor layer 321 or 322 to supplement the
plasmon reflection characteristics. The suppression results in
the full spectrum of zero-point energy modes exterior to the
plasmon Casimir cavity being larger and more numerous
than the constrained set of modes in the interior, and thus
there is a lower energy density in the interior. One example
is alternating conductor layers of Ag (electron density of
6x10% ¢cm™2) and Al (electron density of 18x10%% em™2) in
which each layer is 50 nm thick, to provide a pitch of 100
nm. If each pair of alternating layers is 100 nm thick, ten
pairs of such alternating layers would be 1 um thick. Any
suitable number of alternating layers of conductors 321 and
322 can be used, such as from 2 layers to 100 layers, or
more. As an example, FIG. 3B shows 3 pairs. It will be
appreciated that other multilayer structures incorporating
conductors known to those skilled in the art may also be
used to restrict the plasmon spectrum and provide a plasmon
Casimir cavity.

[0039] The plasmon Casimir cavity 300 making use of a
structured metasurface, or corrugations, is most effective for
suppressing surface plasmons, while the multilayer stack
plasmon Casimir cavity 301 is most effective for suppress-
ing volume (or bulk) plasmons. However, both plasmon
Casimir cavities will suppress wavelength bands of both
surface and volume plasmons. Other forms of periodic
structures formed from conducting media can also perform
that function.

[0040] Since plasmon Casimir cavities can suppress a
range of plasmon modes, they can provide the sort of
asymmetry needed for zero-point energy harvesting. FIG. 4
provides a schematic illustration of an example plasmon
Casimir cavity 400 shown adjacent to a region 450 in which
the plasmon mode density is not suppressed, or is suppressed
less. Region 450 includes a means for transporting energy or
charge or waves, and may comprise or correspond to an
electronic device or a portion thereof. Plasmon Casimir
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cavity 400 generally comprises at least one conductive
material 420. Plasmon Casimir cavity 400 may correspond
to any suitable plasmon Casimir cavity, including those
described above, for limiting zero-point energy plasmon
modes, such as by including a metasurface or metamaterial
in a conductive material, or a stack of alternating conduc-
tors.

[0041] In FIG. 4, region 450 is positioned adjacent to the
plasmon Casimir cavity 400 such that one side of the region
450 is adjacent to and energetically constrained by the
plasmon Casimir cavity 400, establishing an asymmetry.
Region 450 can comprise an electric device adjoining plas-
mon Casimir cavity 400, for example. Region 450 may
include material that permits transmission of charge carriers,
which can be used in a process of harvesting energy via the
difference in zero-point energy densities established by the
presence of the plasmon Casimir cavity 400. Electrical leads
495 can be connected to the conductive material 420 and
region 450 to provide captured energy, such as in the form
of hot electrons or tunneling electrons, to an external load.
It will be appreciated that, although aspects described herein
may be explained by reference to electrons as charge carri-
ers, other charge carriers may be substituted for electrons for
various implementations and operations of the disclosed
devices, systems, techniques, and methods. Example charge
carriers include, but are not limited to electrons, holes,
Cooper pairs, any charged species, or magnetic fluxes, such
as used in the field of spintronics.

[0042] To harvest or capture energy in the form of'a charge
carrier, the charge carrier will need to be transported away
from the point at which it is launched and captured. Trans-
port and capture of the charge carrier may need to performed
at very fast time scales. For example, the transport and/or
capture may occur in a time interval of less than or about 1
ps, less than or about 100 fs, less than or about 10 fs, less
than or about 1 fs, or less than or about 0.1 fs. In some cases,
the longer the time is, the smaller the fraction of energy
available will be captured. Description of fast transport and
capture of charge carriers is described in further detail
below.

[0043]

[0044] Plasmons within a conductor can transfer energy to
charge carriers in the conductor so that they become excited,
producing hot carriers. When the conductor is adjacent to a
thin insulator, herein called a transport medium or transport
layer, which is adjacent to a second conductor, the hot
carriers can traverse the transport layer and enter the second
conductor. In addition, plasmons can induce carrier tunnel-
ing through a transport layer.

[0045] An example of a device that can make use of a
difference in the flux of plasmon excited charge carriers in
two directions for harvesting energy is a plasmon injector. A
schematic cross-sectional illustration of an example plas-
mon injector is provided in FIG. 5A. The plasmon injector
in FIG. 5A comprises a conductor/transport layer/conductor
device including a plasmon Casimir cavity 500 as the first
conductor 520, a transport layer 550 adjacent to and in
contact with the first conductor 520, and a second conductor
530 adjacent to and in contact with the transport layer 550.
Transport layer 550 is positioned between the first conductor
520 and the second conductor 530. Plasmon Casimir cavity
500 can correspond a configuration where the first conductor
520 has a metasurface 525 that limits the plasmon spectrum

Plasmon Injector.



US 2020/0357997 Al

in the first conductor 520, as illustrated in FIG. 5A, though
other plasmon Casimir cavity configurations can be used.
[0046] Metasurface 525 can correspond to periodic pro-
trusions of first conductor 520 that extend into a first
dielectric 560 supporting the first conductor. The periodic
protrusions can be repeated all the way toward the side of
first conductor 520 adjacent to the transport layer 550, as
shown in FIG. 5A; in some cases, however, the periodic
protrusions can stop in first conductor 520 at some distance
from the transport layer 550. Although metasurface 525 is
shown at an interface between first conductor 520 and first
dielectric 560, in some cases, metasurface 525 can be on the
other side (e.g., the top side) of first conductor 520, opposite
the interface between first conductor 520 and first dielectric
560.

[0047] Second conductor 530 is shown supported by sec-
ond dielectric 565, which may comprise the same or a
different dielectric as first dielectric 560. In some configu-
rations, transport layer 550 does not extend all the way down
between first dielectric 560 and second dielectric 565. For
example, transport layer 550 may only separate first con-
ductor 520 and second conductor 530 in some cases, allow-
ing first dielectric 560 and second dielectric 565 to comprise
a unitary structure underlying first conductor 520, second
conductor 530, and transport layer 550. In some configura-
tions, first dielectric 560, second dielectric 565, and trans-
port layer 550 all comprise the same material and optionally
correspond to a contiguous unitary structure, supporting and
between first conductor 520 and second conductor 530.
[0048] A schematic cross-sectional illustration of another
example plasmon injector is provided in FIG. 5B. The
plasmon injector in FIG. 5B again comprises a conductor/
transport layer/conductor device including a plasmon Casi-
mir cavity 501 as the first conductor 520, a transport layer
550 adjacent to and in contact with plasmon Casimir cavity
501, and a second conductor 530 adjacent to and in contact
with transport layer 550. Transport layer 550 is positioned
between the plasmon Casimir Cavity 501 and the second
conductor 530. Plasmon Casimir cavity 501 is depicted in
FIG. 5B as a multilayer conductor stack, with alternating
layers of one conductor 521 and another conductor 522, but
can also be formed with other structures that restrict the
plasmon spectrum, such as those described above.

[0049] The orientation of plasmon Casimir cavity 501,
second conductor 530, and transport layer 550 shown in
FIG. 5B is not intended to be limiting, but may correspond
to one way for orienting these components relative to a
supporting dielectric and may allow for a simplified fabri-
cation, in some embodiments. Alternatively, the alternating
conductors 521 and 522 can be supported by a dielectric,
which can also support the transport layer 550 and second
conductor 530 (e.g., to provide a horizontal orientation
rather than the vertical orientation shown in FIG. 5B).
[0050] The conductor/transport layer/conductor devices
shown in FIG. 5A and FIG. 5B are electronic devices
adjoining the plasmon Casimir cavity 500 or 501, where the
plasmon Casimir cavity 500 or 501 functions a hybrid
component, corresponding to both a plasmon Casimir cavity
500 or 501 and the first conductor of the conductor/insulator/
conductor device.

[0051] Example materials for the conductor of the plas-
mon Casimir cavity, such as first conductor 520 in FIG. 5A,
or conductors 521 and 522 in FIG. 5B and/or the second
conductor 530, include, but are not limited to metals, super-
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conductors, semiconductors (e.g., low band-gap semicon-
ductors), two-dimensional conductive materials, conductive
ceramics and or other materials that support plasmons.
Fxample metals include, but are not limited to, Ag, Pd, Pr,
Au, Cu, Al, Ni, Ti, Cr, Nb, Ta, or the like. Graphene is one
example of a two-dimensional semiconductor. Other useful
materials include conductive ceramics. Other useful mate-
rials include molybdenum disulfide and niobium nitride.
Other useful materials include graphite, nickel silicide, or
other silicides. In some cases, the first conductor 520 and/or
the second conductor 530 can include a multilayer structure,
such as a first layer of a first metal and a second layer of a
second metal, which may be different from the first metal.
An example of a bilayer structure may include a layer of
chromium and a layer of aluminum. As noted above, some
conductor layers can optionally include a thin layer of a
dielectric or a semiconductor, which can increase a resis-
tance of the conductor layer but can also serve to enhance
plasmon reflectivity.

[0052] In FIG. SA, first conductor 520 and second con-
ductor 530 may have different thicknesses from one another
or different lateral dimensions from one another, or their
thicknesses may be the same, or their lateral dimensions may
be the same. In FIG. 5B, the plasmon Casimir cavity 501 and
the second conductor 530 may have different overall thick-
nesses from one another or different lateral dimensions from
one another, or their overall thicknesses may be the same, or
their lateral dimensions may be the same. For example, first
conductor 520 may have a thickness in the range of 3 nm to
2 um and/or may have lateral dimensions in the range of 10
nm to 5 cm, while second conductor 530 may have dimen-
sions within the same ranges. Plasmon Casimir cavity 301
may have similar lateral dimensions, and the overall thick-
ness of plasmon Casimir cavity 301 may depend upon the
number of alternating layers of conductors 521 and 522 and
the thickness of each conductor 521 and 522, which may
have thicknesses of from 0.3 nm to 1 um for example.

[0053] Example materials for transport layer 550, include,
but are not limited to, dielectrics or some semiconductors.
Example dielectrics can include oxide dielectrics or nitride
dielectrics, such as aluminum oxide, aluminum nitride,
silicon oxide, silicon nitride, nickel oxide, titanium oxide,
niobium oxide, and other insulating metal oxides or metal
nitrides. In some cases, ceramic, glass, or plastic dielectrics
may be used. An example of a suitable semiconductor is
hydrogenated amorphous silicon. In some cases, transport
layer 550 can include a multilayer structure, such as a first
layer of a first insulator and a second layer of a second
insulator, which may be different from the first insulator. An
example of a bilayer structure may include a layer of nickel
oxide and a layer of aluminum oxide. Transport layer 350
may have a thickness along a direction between the plasmon
Casimir cavity 500 or 501 and the second conductor 530 of
from 0.3 nm to 50 nm, for example.

[0054] As noted above, plasmon Casimir cavities 500 or
501 limit the plasmon spectrum therein, but second conduc-
tor 530 has no limiting metasurface and so the full spectrum
of surface plasmon modes that the second conductor 530 can
support are allowed. In the plasmon Casimir cavity 500 or
501, carriers can be excited into the hot carrier state by
zero-point energy-driven plasmon modes, and these hot
carriers can enter the transport layer 550, and also carriers
can tunnel from the first conductor 520 through the transport
layer 550 to the second conductor 530. In the second
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conductor 530, a similar situation exists, where carriers can
be excited into the hot carrier state by zero-point energy-
driven plasmon modes, and also carriers can tunnel from the
second conductor 530 through the transport layer 550 to the
first conductor 520. Under equilibrium conditions in the
absence of a plasmon Casimir cavity configuration, the
carrier current from a first conductor on one side of a
transport layer must be exactly the same as the carrier
current from a second conductor on the opposite side of
transport layer. On the other hand, with the configuration of
a plasmon Casimir cavity 500 or 501, the supported zero-
point energy-driven plasmon modes therein are reduced.
Hence, the generation rate of hot carriers from plasmon
Casimir cavity 500 or 501 is reduced, and also the density
of plasmons available to induce tunneling from first con-
ductor 520 is reduced. This upsets the balance in the current
of carriers between the plasmon Casimir cavity 500 or 501
and the second conductor 530, such that a there is a net
current of carriers (e.g., electron current) from the second
conductor 530 to the first conductor 520. Because the
carriers are usually electrons, which carry a negative charge,
the conventional positively-charged current flows from the
plasmon Casimir cavity 500 or 501 to the second conductor
530.

[0055] The plasmon injector is a DC (direct current)
device, in which differing average currents originating from
plasmon Casimir cavity 500 or 501 and second conductor
530 produce a voltage between them. The plasmon injector
may be connected directly to a load via electrical leads 595
connected to plasmon Casimir cavity 500 or 501 and second
conductor 530.

[0056] Regarding the time interval for how quickly energy
from the zero-point energy driven plasmon fluctuations must
be extracted before it is returned to its source or is cancelled
by an opposite-energy pulse, and becomes unavailable, this
time interval may be governed by a tradeoff in the amount
of energy that is available to be extracted from the zero-point
field, AE, and time interval that is available for extraction,
At. This results in a AEAt=<constant so that the larger the
energy to be extracted, the shorter the time that it is
available. If that constant is equal to /i/2, where i is Planck’s
constant divided by 2m, then, based on this relationship,
harvesting the energy of a photon of 2 eV (AE), would
indicate that At<0.16 fs. Since hot electron transport across
a thin insulating layer and tunneling through it can occur in
times that approach 1 fs, under this condition the transport
process can be used to extract at least a fraction of the
zero-point energy-excited charge carriers.

[0057] One advantage of the use of plasmon injectors
relates to the injection efficiency of the zero-point energy
driven plasmon excited charge carriers into the transport
layer, which can be higher than a comparable injection
efficiency from a free space Casimir cavity based photoin-
jector system. The reason is that, in a free space Casimir
cavity based photoinjector system, photons must be
absorbed in the first conductor, which is an inefficient
process. In contrast, in a plasmon Casimir cavity system, the
plasmons exist in the first conductor and do not need to be
absorbed to excite charge carriers. However, this advantage
may be offset, in part, by a limit on the plasmon frequencies
that a conductor, such as a metal, will support, which may
be lower than the optical modes supported by a free space
Casimir cavity, though the supported plasmon frequencies
are still sufficient for substantial energy extraction. Further,
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lithographic resolution may impose some constraints, as fine
lithography may be needed to pattern the fine structure for
a plasmon Casimir cavity. The resolution required for the
systems described herein, however, are well within the limits
of what current technology can provide. In some cases,
nanoimprint technology can be used to pattern the fine
structure for a plasmon Casimir cavity, for example.
[0058] Schottky Diode-Based Plasmon Injectors.

[0059] Other structures that support charge transport from
plasmon generated carriers can be used in a plasmon injector
in place of the conductor/transport layer/conductor arrange-
ment described above. These include Schottky diodes, and
metal/insulator/semiconductor (MIS) diodes, Mott diodes,
quantum well diodes, carbon nanotube diodes, superconduc-
tor/insulator/superconductor (SIS) devices, and other struc-
tures that facilitate the injection of charge as known to those
skilled in the art. An example of another plasmon injector
device comprising a Schottky diode is schematically illus-
trated in FIG. 6, but it will be appreciated that the other
structures described may be substituted for the Schottky
diode.

[0060] In FIG. 6, a plasmon Casimir cavity 600 is shown,
comprising a conductor having a metasurface 625, but other
plasmon Casimir cavity configurations described herein can
be used. Metasurface 625 limits the plasmon spectrum in the
conductor 620. Metasurface 625 can correspond to periodic
protrusions of conductor 620 that extend into a dielectric
660. Although metasurface 625 is shown at an interface
between conductor 620 and dielectric 660, in some cases,
metasurface 625 can be at an opposite side of conductor 620.
A semiconductor 650 is shown adjacent to and in contact
with conductor 620.

[0061] Contact between conductor 620 and semiconductor
650 provides a junction with a band structure that is different
from the band structure of the conductor/transport layer/
conductor structures described above. Instead of being trans-
ported directly from a first conductor through a transport
layer to a second conductor, in the Schottky diode-based
plasmon injector, the hot carriers are transported from
conductor 620 through an accumulation layer or depletion
layer and into the bulk of semiconductor 650, where the hot
carriers can be captured. Electrical leads 695 can be con-
nected to conductor 620 and semiconductor 650 to extract
the net flow of electrons for use by an external load.
[0062] The transport distance, and hence transport time,
for a Schottky-diode can be larger than for the case of the
conductor/transport layer/conductor structures described
herein. Because of the longer transport time, the fraction of
hot carriers that are captured and collected can be dimin-
ished. A shorter accumulation or depletion width may result
in a quicker capture time. To reduce the width of the
accumulation or depletion layer, the semiconductor may be
doped heavily, for example, such as with a dopant concen-
tration of from 10 cm™ to 10*' cm™, or a subrange
thereof. In some cases, a thin semiconductor region between
conductive layers, which is a variation on a Schottky barrier
called a thin Mott barrier, can be used to reduce the transport
distance. Both of these methods of reducing the transport
distance can reduce the transport time and hence increase the
fraction of hot carriers that are captured and collected.
[0063] Plasmon-Driven Asymmetric Charge Carrier Injec-
tion in Nanoparticles.

[0064] Energy from plasmons can also be extracted via the
asymmetric injection of electrons in a nanoparticle system.
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An example of a system using the asymmetric injection of
electrons via plasmons is shown in FIG. 7. In this system, a
Casimir cavity 700 is used to restrict the distribution of
quantum vacuum modes that a first nanoparticle 720 is
subjected to, while a second nanoparticle 730 is not sub-
jected to a restriction in the distribution of quantum vacuum
modes.

[0065] Casimir cavity 700 comprises a first reflector 705,
a second reflector 710, and a gap 715 between the first
reflector 705 and the second reflector 710. Gap 715 (also
referred to herein as a cavity layer) may be an empty gap
(e.g., evacuated or corresponding to a vacuum) or filled with
a gas, which may be achieved with rigid substrates and
spacers, or filled with an at least partially transparent optical
material for at least some wavelengths of electromagnetic
radiation, such as condensed-phase material (e.g., a solid,
liquid, or liquid crystal). Example materials useful as a
cavity layer include, but are not limited to, silicon oxide or
aluminum oxide. Alternatively, it may be sufficient or desir-
able to fill the gap with a polymer such as PMMA (polym-
ethyl methacrylate), polyimide, polymethyl methacrylate, or
silicone, which can provide adequate transparency at wave-
lengths of interest. In some examples, the material of a
cavity layer, such as those materials described above, may
have a transmittance of greater than 20% for at least some
wavelengths of electromagnetic radiation from 100 nm to 10
pm. Advantageously, the material of a cavity layer may have
a transmittance of greater than 50% for at least some
wavelengths of electromagnetic radiation from 100 nm to 10
pm. In some cases, the material of the cavity layer, including
at least some of the materials described above, may have a
transmittance of greater than 70% or greater than 90% for at
least some wavelengths of electromagnetic radiation from
100 nm to 10 pm. The thickness or spacing of gap 715 can
be set by the target wavelength range for the Casimir cavity.
In some examples, the gap 715 of a Casimir cavity can have
a spacing of from 10 nm to 2 um.

[0066] The reflector material for first reflector 705 and/or
second reflector 710 can be chosen based upon its reflec-
tivity over the wavelength range of interest, ease of depo-
sition, and/or other considerations, such as cost. The reflec-
tor thickness must be sufficient to provide adequate
reflectivity, but not so thick as to be difficult to pattern. In
some examples, a reflector can have a thickness of at least
10 nm, such as from 10 nm to 1 cm. Example materials
useful as a reflector of a Casimir cavity include, but are not
limited to, metals, dielectric reflectors, or diffractive reflec-
tors, such as Bragg reflectors or metamaterial reflectors.
Example metals useful for a reflector of a Casimir cavity
include, but are not limited to, Al, Ag, Au, Cu, Pd, or Pt.
Example dielectrics useful for a dielectric reflector include,
but are not limited to ZrO,, SiO,, Si;N,, Nb,O,, TiO,,
MgF,, LiF, NasA F,, Ta,Os, LaTiO,, HfO,, ZnS, ZnSe, or
the like. Example reflectivity for at least one of the two
reflectors of a Casimir cavity is from 50% to 100% for at
least some wavelengths of electromagnetic radiation from
100 nm to 10 pm. The reflectors of a Casimir cavity do not
have to be metals or dielectric reflectors, and instead a
reflective interface may be used. For example, the reflective
layer can be a step in the index of refraction at an interface
between two adjacent materials, such as between the cavity
layer and its surrounding material. In some cases the cavity
walls can provide a step in dielectric constant or index of
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refraction on transitioning from one dielectric material to
another one or more, or between a dielectric material and
free space.

[0067] In this system, nonequilibrium photons absorbed
by the first nanoparticle can produce plasmons that induce
injection of electrons from the first nanoparticle 720 to the
second nanoparticle 730, as described by Du et al., Journal
of Photochemistry and Photobiology C: Photochemistry
Reviews, 15, 21-30, 2013, hereby incorporated by reference.
In equilibrium and in the absence of Casimir cavity 700, a
detailed balance shows a flow electrons from the first
nanoparticle 720 to the second nanoparticle 730 is balanced
by an equal flow of electrons from the second nanoparticle
730 to the first nanoparticle 720, with the result that there is
no net flow of charge.

[0068] With the introduction of the Casimir cavity 700
surrounding the first nanoparticle 720, as shown in FIG. 7,
or adjoining it, there is a net deficit of quantum vacuum
modes impinging on the first nanoparticle 720. The result is
a net flow of electrons from the second nanoparticle 730
because the distribution of quantum vacuum modes that the
second nanoparticle 730 is subjected to is not restricted. The
net flow of electrons may be captured to provide electrical
power by electrical leads 795. The electron injection effi-
ciency of this system can be as high as 50%, for example.
[0069] Insome examples, first nanoparticle 720 may com-
prise a conductor. Useful conductors include many metals,
such as gold, for example. In some examples, second
nanoparticle 730 may comprise a semiconductor. Useful
semiconductors may comprise some metal oxides, such as
titanium dioxide, for example. First nanoparticle 720 may
have a cross-sectional dimension (e.g., a diameter) in the
range of 5 nm to 50 nm. Second nanoparticle 730 may have
a cross-sectional dimension (e.g., a diameter) in the range of
5 nm to 100 nm. In some cases, a plurality of second
nanoparticles 730 may be used to form a layer or film
external to Casimir cavity 700. In some cases, a plurality of
first nanoparticles 720 may be present within or adjacent to
Casimir cavity 700, though it may be desirable to limit the
relative quantity of first nanoparticles 720 such that only a
single first nanoparticle 720 is in contact with any second
nanoparticle 730.

[0070] Device Arrays.

[0071] To achieve large power output, multiple devices
can be configured into an array, such that the power from
each device is added to provide a higher total power output
from the array. An example array 800 is schematically
illustrated in FIG. 8. Array 800 is illustrated as an array of
individual devices 805 connected in a series and parallel
combination, with two output electrodes 810 and 815. FEach
device 805 in FIG. 8 represents any suitable device, such as
those depicted in FIGS. 5A, 5B, 6, and 7. A load is not
shown in FIG. 8 but may be connected between electrodes
810 and 815. The load can correspond to any suitable
electrical device, such as, and without limit, a battery, a
motor, a light, an electrolysis system to produce chemical
fuel, a communication device, a computer, a circuit compo-
nent, or any combination thereof.

[0072] In the 64-device array shown, the DC output volt-
age between electrodes 810 and 815 is the sum of voltages
along a series path between the output electrodes. In this
case, there are 8 devices 805 in series, and so if each device
provides 0.25 V at its maximum power point, the total output
voltage is 2'V, for example. The current is proportional to the
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number of devices 805 in parallel. In this case, there are 8
devices in parallel. For example, if each device 805 pro-
duces 400 nA at its maximum power point, the total output
current is 3.2 pA. The total power output in this configura-
tion 1s calculated (using P=IV) as 2 Vx3.2 pA or 6.4 uW.
[0073] Itwill be appreciated that these values are provided
merely as an example and are not intended to be limiting on
the output voltage or current provided by any particular
device array. Further, it will be appreciated that the 64-de-
vice array with 8 devices in series and 8 devices in parallel
is also an example and that other array sizes and configu-
rations can be used. For example, linear arrays, square arrays
where the number of devices in series and in parallel is the
same, rectangular arrays where the number of devices in
series and in parallel is different, or non-regular arrays can
be used.

[0074] Although linear arrays (i.e., 1-dimensional arrays
of only series arranged devices 805 or only parallel arranged
devices 805) are contemplated, advantages can be obtained
by using devices 805 with a series and parallel combination.
For example, in the event of a short circuit across any single
device 805 in array 800, the voltage between electrodes 810
and 815 is only reduced by a small amount, rather than
completely (i.e., to 0 V), as would be the case in an only
parallel constructed array with a short circuit across any one
device. Similarly, in the event of a disconnect or broken
circuit path at any single device 805 in array 800, the current
between electrodes 810 and 815 is only reduced by a small
amount, rather than completely (i.e., to 0 A), as would be the
case in an only series constructed array with a disconnect or
broken circuit path.

[0075] Each device 805 in array 800 can have any suitable
dimensions and physical arrangement. As an example, the
devices can be arranged in a planar configuration across an
area, such as similar to that depicted in FIG. 8. In one
specific example, the devices 805 can have an area of 1 um?
each (e.g., 1 umx1 um) and be spaced from one another with
a 2 um pitch. The interconnects between the different
devices and the leads for carrying DC power out may be
sufficient for operation of such an array and additional
complex supporting circuitry may not be needed. For an
array having a pitch of 2 um (4 pm? total area occupied by
each device 805 and accompanying space between adjacent
devices), a 10 cmx10 c¢cm array can include 2.5 billion
individual devices 805. For the voltages and currents per
device described above (0.25 V and 400 nA), the output of
the 10 cmx10 cm array can be up to 250 W. In some cases,
thermal management techniques, such as known in the art,
can be used to address heat transfer and temperature control,
if needed.

[0076] The devices and arrays described above have been
described with reference to planar configurations. To form
compact systems with further areal density, multiple layers
of these devices can optionally be stacked on top of each
other and separated by insulators or free space. The devices
can also be formed in a nonplanar configuration. For
example, the devices can be formed on the surfaces of
trenches formed in a substrate or on flexible substrates that
can be rolled up.

[0077] Device Fabrication.

[0078] An example fabrication process according to a
pattern 901 shown in FIG. 9A for a plasmon injector device
900 as schematically illustrated in cross-section in FIG. 9B
is described below.
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[0079] Plasmon injector device 900 is shown comprising
a plasmon Casimir cavity conductor/insulator/conductor
device, which comprises a first metal layer 920 including a
metasurface 925, a transport layer 950, and a second metal
layer 930. Pattern 901 includes a metasurface pattern 926, a
first metal layer pattern 921, and a second metal layer pattern
931. For the specific fabrication scheme described below,
transport layer 950 is formed out of an oxide layer grown out
of first metal layer 920 at region 951 shown in FIG. 9A.

[0080] Inanexample, acell comprising a plasmon injector
900 may have an area of 4 umx10 pm, where the 4 um is the
horizontal length shown in FIG. 9A, and 10 um is the width
of the device shown in FIG. 9A. The plasmon injector device
900 can be electrically linked to those of adjacent cells to
form an array comprising series and parallel combinations,
as described above. For cells on a 6 um pitch in one direction
and a 12 um pitch in the other to allow sufficient area around
the active area for interconnects, there can be a total of 1.25
billion elements in an array with an overall substrate area of
30 cmx30 cm.

[0081]
[0082] Periodic grooves in the substrate 960 will be used
to form the metasurface 925. By way of example, the
following steps can be used to prepare the grooves in the
substrate 960.

1. Resist is spun onto the SiO, substrate 960 and soft baked.
2. Using nanoimprinting, the metasurface pattern 926 is
formed in the resist.

Metasurface.

3 Using inductively coupled plasma etching (ICP) and C,Fgq
gas, 30 nm deep grooves are etched into the substrate 960.
4. The remaining photoresist is cleaned off with an oxygen
plasma.

[0083]

[0084] First metal layer 920 forms the plasmon Casimir
cavity, and the insulator 970 prevents first the first metal
layer 920 from shorting to the second metal layer 930 along
the edge. By way of example, the following steps can be
used to prepare first metal layer 920 and insulator 970

First Metal Layer and Insulator.

1. 40 nm of nickel is sputtered onto the substrate 960, filling
the grooves in substrate 960 for metasurface 925 and form-
ing a nickel structure for metal layer 920.

2. 40 nm of Si0, is sputtered over the nickel for insulator
970.

3. Negative photoresist is spun onto the nickel/SiO, layer
and soft baked.

4. Using an aligner, the first metal layer pattern 921 shown
in FIG. 9A is exposed, followed by a post-exposure bake,
develop and rinse.

5. Using inductively coupled plasma etching (ICP) and
Cl,+Ar gas, the exposed nickel and SiO, is removed, leaving
an exposed edge of the nickel structure.

[0085]
[0086] Hot electrons are transported through a thin trans-
port layer 950 along the edge of the nickel structure used for

the first metal layer 920. By way of example, the following
steps can be used to prepare transport layer 950.

Transport Layer.

1. The nickel is exposed to oxygen briefly to allow a
controlled growth of NiO to 3 nm on the exposed edge. The
resultant NiO corresponds to transport layer 950, which is
surrounded by substrate 960, first metal layer 920, and
insulator 970.
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[0087] Second Metal Layer.

[0088] Second metal layer 930 forms the second contact to
the transport layer 950. By way of example, the following
steps can be used to prepare second metal layer 930.

1. 40 nm of aluminum is evaporated onto the substrate 960
and lifted off the resist-coated area with acetone, followed
by isopropanol and then a water rinse, to form the second
metal layer 930 according to second metal layer pattern 931.
[0089] It will be appreciated that the above description of
a fabrication scheme for making plasmon injector device
900 is merely exemplary and that a variety of different
dimensions, processing schemes, materials, patterns, or the
like may be used by the skilled artisan to prepare a plasmon
injector element.

[0090] Example Ranges of Dimensions.

[0091] Although a cell size of 4 pmx10 um is described
above, other cell sizes can be used. Example cell sizes may
be from 0.1 pm on an edge up to 1 cm. In some examples,
the chosen size can be determined by (i) the desired output
characteristics, (i1) redundancy to compensate for defective
cells, and (iii) the ease of fabrication.

[0092] Regarding of the pitch of the metasurface protru-
sions, the pitch determines the spectral range of zero-point
energy that are suppressed. For a smaller pitch, the range of
suppressed modes extends to higher frequency and energy,
and hence the greater the flux of plasmons and the higher the
energy of the plasmons will be. It is more challenging and
expensive to form smaller pitches. Pitch distances fall in the
range of 10 nm to 2 pm. For the nanoimprint patterning
described above, a pitch of 50 nm is appropriate.

[0093] Regarding the thickness of the first conductor and
of the second conductor, since the area of the transport layer
is determined by the thickness and width of the conductor
layer, a thicker conductor produces a larger transport layer
and hence a higher injection current and lower resistance.
For a 40 nm thick conductor that is 10 pm wide, the transport
layer area is 0.4 pm?. For the materials described above, the
resistance can be approximately 1 kQ, which can be a useful
resistance to work with. The thickness of the metal layers
through which hot electrons are generated is limited to the
penetration depth of the surface plasmons, which is usually
below 100 nm at multi-terahertz frequencies, and so the
thickness should usually be below that. A useful range of
conductor thicknesses is 10 to 500 nm.

[0094] There are tradeoffs involved in the choice of trans-
port layer thickness. The output power depends on the
product of the current and the voltage, and for a given
current the voltage increases with the resistance. Both cur-
rent and the resistance can vary roughly exponentially with
the thickness of the transport layer, and so a small change in
transport layer thickness can make a large difference in both
of those quantities. When the transport layer becomes too
thick, the current can be drastically reduced due to a much
smaller probability of electrons being injected through the
material.

[0095] A compounding factor is that there may be a native
oxide that has grown on the first conductive layer and adds
to the overall transport layer thickness. This can be taken
into account when choosing the thickness to deposit. The
desired transport layer thickness can also depend upon the
barrier height that the particular materials combination pro-
duces. A higher barrier increases the resistance and reduces
the injection current. In some examples, the thickness of the
transport layer can fall between 0.5 nm and 20 nm.
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ILLUSTRATIVE ASPECTS

[0096] As used below, any reference to a series of aspects
(e.g., “Aspects 1-4”) or non-enumerated group of aspects
(e.g., “any previous or subsequent aspect”) is to be under-
stood as a reference to each of those aspects disjunctively
(e.g., “Aspects 1-4” is to be understood as “Aspects 1, 2, 3,
or 47).

[0097] Aspect 1 is a device comprising: a zero-point-
energy-density-reducing structure; a device component; a
transport layer between and adjoining the zero-point-energy-
density-reducing structure and the device component,
wherein the zero-point-energy-density-reducing structure
provides an asymmetry with respect to the transport layer
that drives a flow of energy or particles or waves between the
zero-point-energy-density-reducing structure and the device
component.

[0098] Aspect 2 is the device of any previous or subse-
quent aspect, wherein the asymmetry produces a voltage
difference between the zero-point-energy-density-reducing
structure and the device component or wherein the asym-
metry produces a net charge flow between the zero-point-
energy-density-reducing structure and the device compo-
nent.

[0099] Aspect 3 is the device of any previous or subse-
quent aspect, wherein the asymmetry provides a difference
between a first Zero-point energy density on a first side of the
transport layer adjacent to the zero-point-energy-density-
reducing structure and a second zero-point energy density on
a second side of the transport layer adjacent to the device
component that drives the flow of energy.

[0100] Aspect 4 is the device of any previous or subse-
quent aspect, wherein the zero-point-energy-density-reduc-
ing structure corresponds to at least a part of a first conduc-
tive layer of an electronic device, and wherein the device
component corresponds to at least a part of a second
conductive layer of the electronic device.

[0101] Aspect 5 is the device of any previous or subse-
quent aspect, wherein the transport layer permits transport of
charge carriers in 1 ps or less, 100 fs or less, 10 fs or less,
1 fs or less, or 0.1 fs or less.

[0102] Aspect 6 is the device of any previous or subse-
quent aspect, wherein the transport layer permits capture of
charge carriers that pass through the transport layer in 1 ps
or less, 100 15 or less, 10 fs or less, 1 s or less, or 0.1 s or
less.

[0103] Aspect 7 is the device of any previous or subse-
quent aspect, wherein the zero-point-energy-density-reduc-
ing structure comprises a plasmon Casimir cavity.

[0104] Aspect 8 is the device of any previous or subse-
quent aspect, wherein the zero-point-energy-density-reduc-
ing structure comprises: a first conductor, structured to limit
a range of zero-point energy plasmon modes within the
conductor.

[0105] Aspect 9 is the device of any previous or subse-
quent aspect, wherein the first conductor includes a meta-
surface.

[0106] Aspect 10 is the device of any previous or subse-
quent aspect, wherein the metasurface exhibits spatially
periodic structures characterized by a pitch, wherein the
pitch is from 5 nm to 1 pm.

[0107] Aspect 11 is the device of any previous or subse-
quent aspect, wherein the first conductor is supported by a
dielectric and wherein the metasurface is positioned at an
interface between the first conductor and the dielectric.



US 2020/0357997 Al

[0108] Aspect 12 is the device of any previous or subse-
quent aspect, wherein the first conductor is supported by a
dielectric and wherein the metasurface is positioned oppo-
site an interface between the first conductor and the dielec-
tric.

[0109] Aspect 13 is the device of any previous or subse-
quent aspect, wherein the first conductor comprises a series
of alternating sublayers of at least two different conductors.
[0110] Aspect 14 is the device of any previous or subse-
quent aspect, wherein the alternating sublayers indepen-
dently have thicknesses of from 0.3 nm to 1 pm.

[0111] Aspect 15 is the device of any previous or subse-
quent aspect, wherein the device component comprises a
second conductor, and wherein the second conductor does
not comprise a plasmon Casimir cavity.

[0112] Aspect 16 is the device of any previous or subse-
quent aspect, comprising a Casimir plasmon injector.
[0113] Aspect 17 is the device of any previous or subse-
quent aspect, wherein the first conductor comprises a metal,
a semiconductor, a two-dimensional conductive material, or
a conductive ceramic and wherein the second conductor
comprises a metal, a semiconductor, a two-dimensional
conductive material, or a conductive ceramic.

[0114] Aspect 18 is the device of any previous or subse-
quent aspect, wherein the first conductor or the second
conductor comprise a multilayer structure including a plu-
rality of conductive sub-layers.

[0115] Aspect 19 is the device of any previous or subse-
quent aspect, wherein the device component comprises a
semiconductor.

[0116] Aspect 20 is the device of any previous or subse-
quent aspect, wherein the transport layer comprises at least
a portion of an accumulation region or depletion region in
the semiconductor.

[0117] Aspect 21 is the device of any previous or subse-
quent aspect, wherein the semiconductor has a dopant con-
centration of from 10*° cm™ to 10*' em™ or a subrange
thereof, such as from 10'° cm™ to 10'¢ cm™, from 10'°
cm™ to 107 em™, from 10'7 em™ to 10'® cm™3, from 10'8
em™ to 10" em™, from 10*° em™ to 10*° cm™>, from 10%°
cm™ 10 10*! cm™.

[0118] Aspect 22 is the device of any previous or subse-
quent aspect, wherein the zero-point-energy-density-reduc-
ing structure, the transport layer, and the device component
together comprises a diode selected from a metal/insulator/
metal diode (MIM), a Schottky diode, a metal/insulator/
semiconductor (MIS) diode, a Mott diode, a quantum well
diode, a ballistic diode, or a carbon nanotube diode, or
wherein the zero-point-energy-density-reducing structure,
the transport layer, and the device component together
comprises a superconductor/insulator/superconductor (SIS)
device.

[0119] Aspect 23 is the device of any previous or subse-
quent aspect, wherein the transport layer comprises a dielec-
tric.

[0120] Aspect 24 1s the device of any previous or subse-
quent aspect, wherein the transport layer comprises a semi-
conductor.

[0121] Aspect 25 1s the device of any previous or subse-
quent aspect, wherein a barrier height magnitude between
the transport layer and one or both of the first conductor or
the second conductor is from 0 eV to 10 eV.

[0122] Aspect 26 is the device of any previous or subse-
quent aspect, wherein the transport layer has a thickness
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between the zero-point-energy-density-reducing structure
and the device component of from 0.3 nm to 50 nm.
[0123] Aspect 27 is the device of any previous or subse-
quent aspect, wherein the transport layer comprises a mul-
tilayer structure including a plurality of sub-layers.

[0124] Aspect 28 is the device of any previous or subse-
quent aspect, electrically connected to a load positioned to
receive electric current from the zero-point-energy-density-
reducing structure and the device component.

[0125] Aspect 29 is the device of any previous or subse-
quent aspect, wherein the zero-point-energy-density-reduc-
ing structure comprises a Casimir cavity, the device further
comprising a first nanoparticle at least partially within the
Casimir cavity, wherein the device component comprises a
second nanoparticle electrically coupled to the first nano-
particle, and wherein the transport layer comprises a portion
of the second nanoparticle.

[0126] Aspect 30 is the device of any previous or subse-
quent aspect, wherein the second nanoparticle is positioned
outside of the Casimir cavity.

[0127] Aspect 31 is the device of any previous or subse-
quent aspect, wherein zero-point energy excited plasmons
drive a flow of charges between the second nanoparticle and
the first nanoparticle.

[0128] Aspect 32 is the device of any previous or subse-
quent aspect, wherein the first nanoparticle comprises a
conductor, and wherein the second nanoparticle comprises a
semiconductor.

[0129] Aspect 33 is the device of any previous or subse-
quent aspect, wherein the first nanoparticle comprises a
metal, and wherein the second nanoparticle comprises a
metal oxide.

[0130] Aspect 34 is the device of any previous or subse-
quent aspect, wherein the first nanoparticle comprises gold,
and wherein the second nanoparticle comprises titanium
dioxide.

[0131] Aspect 35 is the device of any previous or subse-
quent aspect, wherein the first nanoparticle has a cross-
sectional dimension of 5 nm to 50 nm.

[0132] Aspect 36 is the device of any previous or subse-
quent aspect, wherein the first nanoparticle has a cross-
sectional dimension of 5 nm to 100 nm.

[0133] Aspect 37 is a device array comprising: a plurality
of devices of any previous or subsequent aspect arranged in
an array configuration.

[0134] Aspect 38 is the device array of any previous or
subsequent aspect, wherein at least a subset of the plurality
of devices are arranged in a series configuration.

[0135] Aspect 39 is the device array of any previous or
subsequent aspect, wherein at least a subset of the plurality
of devices are arranged in a parallel configuration.

[0136] Aspect 40 is the device array of any previous or
subsequent aspect, wherein the plurality of devices are
arranged in a combination of series and parallel configura-
tions.

[0137] Aspect 41 is a device stack comprising: a plurality
of device layers arranged in a stacked configuration, wherein
each device layer comprises one or more devices of any
previous or subsequent aspect.

[0138] Aspect 42 is the device stack of any previous or
subsequent aspect, wherein each device layer is positioned
above and/or below another device layer.
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[0139] Aspect 43 is the device stack of any previous or
subsequent aspect, wherein each device layer corresponds to
an array comprising a plurality of the devices.

[0140] Aspect 44 is a plasmon Casimir cavity comprising:
a conductor structured to limit a range of zero-point energy
plasmon modes within the conductor.

[0141] Aspect 45 is the plasmon Casimir cavity of any
previous or subsequent aspect, wherein the conductor is
structured by a metasurface.

[0142] Aspect 46 is the plasmon Casimir cavity of any
previous or subsequent aspect, wherein the metasurface
exhibits spatially periodic structures characterized by a
pitch.

[0143] Aspect 47 is the plasmon Casimir cavity of any
previous or subsequent aspect, wherein the pitch is from 5
nm to 1 pm.

[0144] Aspect 48 is the plasmon Casimir cavity of any
previous or subsequent aspect, wherein the conductor com-
prises a series of alternating sublayers of at least two
different conductors.

[0145] Aspect 49 is the plasmon Casimir cavity of any
previous or subsequent aspect, wherein the alternating sub-
layers independently have thicknesses of from 0.3 nm to 1
pm.

[0146] Aspect 50 is the plasmon Casimir cavity of any
previous aspect, wherein a dielectric or a semiconductor
comprises at least a part of one sublayer.
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STATEMENTS REGARDING INCORPORATION
BY REFERENCE AND VARIATIONS

[0178] All references throughout this application, for
example patent documents including issued or granted pat-
ents or equivalents, patent application publications, and
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non-patent literature documents or other source material, are
hereby incorporated by reference herein, as though individu-
ally incorporated by reference.

[0179] 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 to indicate the
state of the art, in some cases as of their filing date, and it
is intended that this information can be employed herein, if
needed, to exclude (for example, to disclaim) specific
embodiments that are in the prior art.

[0180] When a group of substituents is disclosed herein, it
is understood that all individual members of those groups
and all subgroups and classes that can be formed using the
substituents are disclosed separately. When a Markush group
or other grouping is used herein, all individual members of
the group and all combinations and subcombinations pos-
sible of the group are intended to be individually included in
the disclosure. As used herein, “and/or” means that one, all,
or any combination of items in a list separated by “and/or”
are included in the list; for example “1, 2 and/or 3” is
equivalent to ““1” or 2’ or 3’ or ‘1 and 2’ or ‘1 and 3’ or 2
and 3’ or ‘1, 2 and 3°”.

[0181] Every formulation or combination of components
described or exemplified can be used to practice the inven-
tion, unless otherwise stated. Specific names of materials are
intended to be exemplary, as it is known that one of ordinary
skill in the art can name the same material differently. It will
be appreciated that methods, device elements, starting mate-
rials, and synthetic methods other than those specifically
exemplified can be employed in the practice of the invention
without resorting to undue experimentation. All art-known
functional equivalents, of any such methods, device ele-
ments, starting materials, and synthetic methods are
intended to be included in this invention. Whenever a range
is given in the specification, for example, a temperature
range, a time range, or a composition range, all intermediate
ranges and subranges, as well as all individual values
included in the ranges given are intended to be included in
the disclosure.

[0182] As used herein, “comprising” is synonymous with
“including,” “containing,” or “characterized by,” and is
inclusive or open-ended and does not exclude additional,
unrecited elements or method steps. As used herein, “con-
sisting 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. Any recitation herein of the term “comprising”,
particularly in a description of components of a composition
or in a description of elements of a device, is understood to
encompass those compositions and methods consisting
essentially of and consisting of the recited components or
elements. The invention illustratively described herein suit-
ably may be practiced in the absence of any element or
elements, limitation or limitations which is not specifically
disclosed herein.

[0183] The terms and expressions which have been
employed are used as terms of description and not of
limitation, and there is no intention 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
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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.

What is claimed is:

1. A device comprising:

a zero-point-energy-density-reducing structure;

a device component; and

a transport layer between and adjoining the zero-point-

energy-density-reducing structure and the device com-
ponent, wherein the zero-point-energy-density-reduc-
ing structure provides an asymmetry with respect to the
transport layer that drives a flow of energy between the
zero-point-energy-density-reducing structure and the
device component.

2. The device of claim 1, wherein the asymmetry produces
a net charge flow between the zero-point-energy-density-
reducing structure and the device component.

3. The device of claim 1, wherein the asymmetry provides
a difference between a first zero-point energy density on a
first side of the transport layer adjacent to the zero-point-
energy-density-reducing structure and a second zero-point
energy density on a second side of the transport layer
adjacent to the device component that drives the flow of
energy.

4. The device of claim 1, wherein the zero-point-energy-
density-reducing structure corresponds to at least a part of a
first conductive layer of an electronic device, and wherein
the device component corresponds to at least a part of a
second conductive layer of the electronic device.

5. The device of claim 1, wherein the transport layer
permits transport of charge carriers across it in 1 ps or less.

6. The device of claim 1, wherein charge carriers that pass
through the transport layer are captured in 1 ps or less.

7. The device of claim 1, wherein the zero-point-energy-
density-reducing structure comprises:

a first conductor, structured to limit a range of zero-point

energy plasmon modes within the first conductor.

8. The device of claim 7, wherein the first conductor
includes a metasurface.

9. The device of claim 8, wherein the metasurface exhibits
spatially periodic structures characterized by a pitch,
wherein the pitch is from 5 nm to 1 um.

10. The device of ¢laim 8, wherein the first conductor is
supported by a dielectric and wherein the metasurface is
positioned at an interface between the first conductor and the
dielectric.

11. The device of claim 8, wherein the first conductor is
supported by a dielectric and wherein the metasurface is
positioned opposite an interface between the first conductor
and the dielectric.

12. The device of claim 7, wherein the first conductor
comprises a series of alternating sublayers of at least two
different conductors.

13. The device of claim 12, wherein the alternating
sublayers independently have thicknesses of from 0.3 nm to
1 pum.

14. The device of claim 7, wherein the device component
comprises a second conductor, and wherein the second
conductor does not comprise a plasmon Casimir cavity.
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15. The device of claim 14, wherein the first conductor
comprises a metal and wherein the second conductor com-
prises a metal.

16. The device of claim 15, wherein the first conductor or
the second conductor comprise a multilayer structure includ-
ing a plurality of conductive sub-layers.

17. The device of claim 7, wherein the device component
comptises a semiconductor.

18. The device of claim 1, wherein the zero-point-energy-
density-reducing structure, the transport layer, and the
device component together comprises a diode.

19. The device of claim 1, wherein the transport layer
comprises a dielectric.

20. The device of claim 1, wherein the transport layer
comprises a semiconductor.

21. The device of claim 1, wherein the transport layer has
a thickness between the zero-point-energy-density-reducing
structure and the device component of from 0.3 nm to 50
nm.

22. The device of claim 1, wherein the transport layer
comprises a multilayer structure including a plurality of
sub-layers.

23. The device of claim 1, electrically connected to a load
positioned to receive electric current from the zero-point-
energy-density-reducing structure and the device compo-
nent.

24. The device of claim 1, wherein the zero-point-energy-
density-reducing structure comprises a Casimir cavity,

the device further comprising a first nanoparticle at least

partially within the Casimir cavity,

wherein the device component comprises a second nano-

particle electrically coupled to the first nanoparticle,
and

wherein the transport layer comprises a portion of the

second nanoparticle.

25. The device of claim 24, wherein the second nanopar-
ticle is positioned outside of the Casimir cavity.
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26. The device of claim 24, wherein zero-point energy
excited plasmons drive a flow of charges between the second
nanoparticle and the first nanoparticle.

27. The device of claim 24, wherein the first nanoparticle
comprises a conductor, and wherein the second nanoparticle
comprises a semiconductor.

28. A device array comprising:

a plurality of devices of claim 1 arranged in an array

configuration.

29. The device array of claim 28, wherein the plurality of
devices are arranged in a combination of series and parallel
configurations.

30. A device stack comprising:

a plurality of device layers arranged in a stacked configu-
ration, wherein each device layer comprises one or
more devices of claim 1.

31. The device stack of claim 30, wherein each device
layer corresponds to an array comprising a plurality of the
devices.

32. A plasmon Casimir cavity comprising:

a conductor structured to limit a range of zero-point

energy plasmon modes within the conductor.

33. The plasmon Casimir cavity of claim 32, wherein the
conductor is structured by a metasurface.

34. The plasmon Casimir cavity of claim 33, wherein the
metasurface exhibits spatially periodic structures character-
ized by a pitch, wherein the pitch is from 5 nm to 1 um.

35. The plasmon Casimir cavity of claim 32, wherein the
conductor comprises a series of alternating sublayers of at
least two different conductors.

36. The plasmon Casimir cavity of claim 32, wherein the
alternating sublayers independently have thicknesses of
from 0.3 nm to 1 pym.

37. The plasmon Casimir cavity of claim 32, wherein a
dielectric or a semiconductor comprises at least a part of one
sublayer.
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