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57 ABSTRACT

Described herein are devices incorporating Casimir cavities,
which modify the quantum vacuum mode distribution
within the cavities. The Casimir cavities can create energy
differences within layers or device to drive energy from or
to a portion of a layer disposed adjacent to or contiguous
with the Casimir cavity by modifying the quantum vacuum
mode distribution incident on one portion of the layer to be
different from the quantum vacuum mode distribution inci-
dent on another portion of the layer. Additionally, Casimir
cavities in which the cavity layer comprises a conductor that
can be used to carry a flow of electrical power induced by
the presence of the Casimir cavity.
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ENHANCED QUANTUM VACUUM ENERGY
DEVICES

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of and priority
to U.S. Provisional Application No. 63/134,303, filed on Jan.
6, 2021, which is hereby incorporated by reference in its
entirety.

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. 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-dependent, and its density is different in
a Casimir cavity than outside of a Casimir cavity. The use of
Casimir cavities therefore opens the possibility of making
use of the quantum vacuum fluctuations 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 energy density of the
quantum vacuum is different to drive energy across a layer
or between two separate portions of a layer such that a
portion of it can be harvested.

[0005] In an aspect, devices are disclosed for generation
and capture of charge carriers that are excited by quantum
vacuum fluctuations. Devices of this aspect may use an
asymmetry in quantum vacuum fluctuations with respect to
an electronic device to drive a flow of energy or particles or
waves across the electronic device. An example device of
this aspect comprises a conductive layer including a first
portion and a section portion; and a zero-point-energy-
density-modifying structure adjoining the first portion of the
conductive layer, the zero-point-energy-density-modifying
structure providing an asymmetry that drives a flow of
energy between the first portion of the conductive layer and
the second portion of the conductive layer. In some
examples, the asymmetry produces a net flow of charge
between the first portion and the second portion. In some
examples, the asymmetry produces a voltage difference
between the first portion and the second portion. In some
examples, the asymmetry provides a difference in a zero-
point energy density at the first portion of the conductive
layer as compared to the zero-point energy density at the
second portion of the conductive layer in an absence of the
zero-point-energy-density-modifying structure. Optionally,
wherein the zero-point-energy-density-modifying structure
is a zero-point-energy density-reducing structure.

[0006] Optionally, the conductive layer comprises a com-
ponent of the zero-point-energy-density-modifying struc-
ture. The first portion and second portion of the conductive
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layer can have any suitable arrangement. In some examples,
the first portion and the second portion of the conductive
layer correspond to laterally adjacent portions of the con-
ductive layer.

[0007] In some examples, the zero-point-energy-density-
modifying structure comprises a Casimir cavity adjoining
the conductive layer. For example, such a Casimir cavity
may comprise a first reflective layer; a cavity layer; and a
second reflective layer, such as a cavity layer that is between
the first reflective layer and the second reflective layer.
Optionally, the second reflective layer comprises the first
portion of the conductive layer. Optionally, the second
reflective layer is adjacent to or in contact with the first
portion of the conductive layer.

[0008] Optionally, multiple devices can be electrically
connected to one another, such as in a laterally adjacent
configuration. In some examples, the conductive layer fur-
ther includes a third portion and a fourth portion, such as
where a second zero-point-energy-density-modifying struc-
ture adjoins the third portion of the conductive layer. For
example, the third portion may be laterally adjacent to the
second portion and the fourth portion may be laterally
adjacent to the third portion. Alternatively, or in addition,
multiple devices can be electrically connected to one another
such as in a vertically adjacent configuration. For example,
the third portion may be vertically adjacent to the second
portion and the fourth portion may be laterally adjacent to
the third portion.

[0009] Various different materials and geometries can be
used for the conductive layer. Optionally, the conductive
layer comprises a metal, nichrome, nickel, silver, copper, or
graphene. In some examples, the conductive layer comprises
a geometric diode or exhibits a geometry characteristic of a
geometric diode. In examples, the conductive layer can any
suitable thickness, but it will be appreciated that the con-
ductive layer may comprise a thin layer, at least in some
examples. Optionally, the conductive layer has a thickness
of from 3 nm to 100 nm. In some examples the conductive
layer comprises a thickener region, such as a thickener
region that extends from the first portion to the second
portion. Optionally, the thickener region is present at part of
the first portion and at part of the second portion.

[0010] Optionally, one or more layers adjacent to or
adjoining a zero-point-energy-density-modifying structure
(e.g. a Casimir cavity) may have a Seebeck coefficient with
a room temperature absolute value of from 1 pV/K to 2000
uV/K or from 1 pV/K to 50 pV/K, such as a conductive layer
adjacent to or adjoining a Casimir cavity or an insulator
layer adjacent to or within a Casimir cavity. In examples,
such layers can have a positive Seebeck coeflicient or a
negative Seebeck coefficient within these ranges (e.g., from
+1 uV/K to +2000 pV/K or from -2000 pV/K to -1 pV/K).
[0011] In some examples, different layers having different
Seebeck coeflicients may be used in the devices of this
aspect. For example, the conductive layer may be a first
conductive layer having a first Seebeck coeflicient of one
polarity, and the device may further comprise: a second
conductive layer including a third portion and a second
portion, such as a second conductive layer that has a second
Seebeck coeflicient of opposite polarity as the first Seebeck
coeflicient. The first portion of the first conductive layer and
the third portion of the second conductive layer may be in
electrical contact with one another. Optionally, the zero-
point-energy-density-modifying structure adjoins the third
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portion of the second conductive layer. As a further example,
a device of this aspect may further comprise a third con-
ductive layer having a fifth portion and a sixth portion, such
as where the sixth portion of the third conductive layer is in
electrical contact with the fourth portion of the second
conductive layer. The third conductive layer may a third
Seebeck coeflicient of opposite polarity as the second See-
beck coeflicient. Optionally, a second zero-point-energy-
density-modifying structure adjoins the fifth portion of the
third conductive layer.

[0012] In some cases, the flow of energy that occurs may
generate a temperature difference between the first portion
of the conductive film and the second portion of the con-
ductive film. Optionally, a device of this aspect may further
comprise a voltage source configured to apply a potential
difference between the first portion of the conductive layer
and the second portion of the conductive layer. In some
examples, application of such a potential difference may
enhance the temperature difference.

[0013] In another aspect, devices comprising transparent
conductors are provided. A device of this aspect device may
comprising a first electrode, a second electrode, and a
Casimir cavity adjoining the first electrode and the second
electrode, such as a Casimir cavity in which the cavity layer
comprises a transparent conductor. For example, the Casimir
cavity may comprise a first reflector (e.g., comprising at
least a portion of the first electrode), a second reflector (e.g.,
comprising at least a portion of the second electrode), and a
cavity layer between the first reflector and the second
reflector. In some cases, the cavity layer comprises a trans-
parent conductor layer in contact with the second electrode
and a transport layer in contact with the first electrode. In
examples, the transparent conductor is more electrically
conducting than the transport layer.

[0014] The devices of this aspect may exhibit a range of
geometries. For example, the first electrode may have a
thickness of from 5 nm to 1 cm. Optionally, the transparent
conductor layer has a thickness of from 10 nm to 2 pm. In
some examples, the transport layer has a thickness of from
0.3 nm to 50 nm. Optionally, the second electrode has a
thickness of from 5 nm to 1 cm. Optionally, the first
conductive layer includes a metamaterial that enhances hot
carrier emission.

[0015] Various different materials may be used for device
components of the devices described herein. In some
examples, the transparent conductor comprises a conductive
polymer, a doped conductive polymer, a conductive polymer
blend, a doped conductive polymer blend, or a transparent
conducting oxide, wherein the first electrode or the second
electrode comprises a metal, or wherein the transport layer
comprises a dielectric, a semiconductor, or a metal oxide.
Specific examples include PEDOT:PSS, indium tin oxide
(ITO), or indium zinc oxide. In some examples, the cavity
layer comprises a material having a transmittance of greater
than 20% for at least some wavelengths of light from 100 nm
to 10 pm.

[0016] As noted above, at least a portion of the first
electrode may correspond to or comprise the first reflector of
the Casimir cavity and/or at least a portion of the second
electrode may correspond to or comprise the second reflec-
tor of the Casimir cavity. Optionally, the first reflector
comprises the first electrode. Optionally, the second reflector
comprises the second electrode. Optionally, the first reflector
comprises an interface between the first electrode and the
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transport layer. Optionally, the second reflector comprises an
interface between the second electrode and the transparent
conductor. In some examples, a reflectivity of at least one of
the first reflector or the second reflector is greater than 50%.
[0017] In another aspect cavity transport devices are
described herein. In some examples, a device of this aspect
comprises a Casimir cavity including a first reflector, a
second reflector, and a cavity layer between the first reflector
and the second reflector. In some examples, the reflectors are
conductive layers or conductive reflectors. An asymmetry
between the first reflector and the second reflector or
between an optical mode density at an interior of the Casimir
cavity and an optical mode density at an exterior of the
Casimir cavity may drives a flow of energy at least partially
through the Casimir cavity. For example, the flow of energy
may be at least partly between the first reflector and the
second reflector. In some examples, the flow of energy may
be at least partly between the interior of the Casimir cavity
and the exterior of the Casimir cavity in a direction parallel
to longitudinal axes of the first reflector and the second
reflector, such as along a lateral direction perpendicular to a
thickness direction of the first reflector or the second reflec-
tor.

[0018] Insome examples, the asymmetry between the first
reflector and the second reflector corresponds to one or more
of: the first reflector and the second reflector comprising
different metals, the first reflector and the second conductive
exhibiting different optical photoemission character from
one another, or the first reflector including a metamaterial
that enhances an optical absorption character of the first
reflector as compared to the second reflector. In some
examples, the asymmetry is between the optical mode
density at the interior of the Casimir cavity and the optical
mode density at an exterior of the Casimir cavity. Optionally,
the cavity layer includes a transparent conductor positioned
to collect charge flowing into the cavity layer from the first
reflector or the second reflector.

[0019] 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

[0020] FIG. 1 provides a plot showing energy density
spectra for quantum vacuum radiation and blackbody radia-
tion.

[0021] FIG. 2 provides a schematic illustration of an
example device driven by an energy density difference, in
accordance with at least some embodiments.

[0022] FIG. 3 provides a cross-sectional illustration of an
example vacuoelectric device in which a Casimir cavity is
partly adjacent to a conductive layer, in accordance with at
least some embodiments.

[0023] FIG. 4 provides cross-sectional and top view illus-
trations of example monopolar vertical configuration vacu-
oelectric devices, in accordance with at least some embodi-
ments.

[0024] FIG. 5 provides cross-sectional and top view illus-
tration of example bipolar vertical configuration vacuoelec-
tric devices, in accordance with at least some embodiments.
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[0025] FIG. 6 provides a cross-sectional illustration of an
example parallel plane configuration device, in accordance
with at least some embodiments.

[0026] FIG. 7 provides a cross-sectional illustration of an
example transparent conductive Casimir photoinjector
device, in accordance with at least some embodiments.
[0027] FIG. 8 provides cross-sectional and top view illus-
tration of an example geometric diode configuration vacu-
oelectric device, in accordance with at least some embodi-
ments.

[0028] FIG.9A, FIG. 9B, FIG. 9C, FIG. 9D, FIG. 9E, and
FIG. 9F provide cross-sectional illustrations of example
cavity transport devices, in accordance with at least some
embodiments.

[0029] FIG. 10A, FIG. 10B, FIG. 10C, FIG. 10D, FIG.
10E, and FIG. 10F provide cross-sectional illustrations of
example non-uniform thickness cavity devices, in accor-
dance with at least some embodiments.

[0030] FIG. 11 provides a cross-sectional illustration of an
example Casimir cavity photoinjector device, in accordance
with at least some embodiments.

[0031] FIG. 12A provides an illustration showing a cross-
sectional view of a layout of materials for a Casimir cavity
photoinjector device. FIG. 12B provides a scanning electron
microscope image of a Casimir cavity photoinjector device.
[0032] FIG. 13 provides an illustration showing a top
layout view of materials for another Casimir cavity photoin-
jector device prepared using photolithography techniques.
[0033] FIG. 14A provides data showing measured electri-
cal current as a function of voltage for Casimir cavity
photoinjector devices of different cavity thicknesses. FIG.
14B provides data showing short circuit current as a function
of cavity thickness for Casimir cavity photoinjector devices
filled with either PMMA or SiO,.

DETAILED DESCRIPTION

[0034] Quantum vacuum fluctuations fill all space with
electromagnetic radiation. The energy density of this radia-
tion in free space is

I3 I3 Eq. 1

phf) = c_3(exp(hf/kT)—l * 7]

where his Planck’s constant, f is the frequency of the
radiation, c is the speed of light, k is Boltzmann’s constant,
and Tis 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.

[0035] 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(N) 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, and Eq. 2, below). For 300 K blackbody
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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 radia-
tion 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.

[0036] 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-
modifying structure can establish a geometric condition
where the quantum vacuum radiation density in one region
of space can be lower than in free space, such as outside the
structure, which, therefore, provides 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.
[0037] One example of a zero-point-energy-density-modi-
fying 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 wavelengths longer than twice the gap spacing are
largely excluded. This results in the full spectrum of quan-
tum 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, which can
be used with the disclosed devices. Aspects described herein
make use of the fact that the quantum vacuum energy level
is dependent upon the local geometry, specifically the pres-
ence of a zero-point-energy-density-modifying structure,
like a Casimir cavity.

[0038] Zero-point energy is the ground state energy of a
system that remains even at zero temperature. Quantum
vacuum fluctuations include zero-point energy fluctuations
in the form of electromagnetic radiation. Internal zero-point
energy fluctuations also exist in materials that do not support
electromagnetic radiation, for example in the form of plas-
mons. To be able to make use of a difference in zero-point
energy densities, an asymmetry with respect to a zero-point-
energy-density-modifying structure may be used, allowing a
portion of the energy to be harvested. As shown in FIG. 2,
a zero-point-energy-density-modifying structure 200 can be
used to establish an asymmetry in zero-point energy densi-
ties between a first portion 210 of a conductive layer 205 and
a second portion 215 of the conductive layer 205, such as by
having the first portion 210 of the conductive layer 205
adjoin the zero-point-energy-density-modifying structure
200, for example. By using a structural configuration for
producing an asymmetry in the zero-point energy density at

EVERWAVE - Exhibit 1006
EVERWAVE v. LIMITLESS SPACE INSTITUTE - 1IPR2026-00469

Page 17 of 28



US 2022/0216812 Al

one portion of the conductive layer 205 with respect to the
other, energy can flow (e.g., as represented by the arrow in
FIG. 2) between the second portion 215 of the conductive
layer 205, that has no zero-point-energy-density-modifying
structure 200, and hence has a first zero-point energy level,
and the first portion 210 of the conductive layer with the
adjoining zero-point-energy-density-modifying structure
200, which has a second zero point energy density different
from the first zero point energy density. The same concept
applies if both portions have adjoining zero-point-energy-
density-modifying structures, but having different critical
dimensions or frequency cutoffs.

[0039] Another way to characterize an asymmetry require-
ment is in terms of equilibrium and detailed balance. In
equilibrium, 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-modi-
fying structure can facilitate a means to break this balance,
so that there is a different flow of energy from the portion of
a conductive layer with an adjoining zero-point-energy-
density-modifying structure than from the portion of a
conductive without it.

[0040] Casimir Cavities.

[0041] FIG. 3 provides a schematic illustration of an
example of a Casimir cavity 300 adjoining a conductive
layer 305 at first portion 310 of conductive layer 305, while
second portion 315 of conductive layer 305 has no adjoining
Casimir cavity. Casimir cavity 300 comprises a first reflec-
tor, corresponding to at least a portion of conductive layer
305, a second reflector 320, with a gap 325 between the first
reflector and the second reflector 310. Gap 325 (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.
[0042] In some embodiments, conductive layer 305 may
comprise any suitable conductor, such as a metal or in some
cases semiconductors, but conductors with Seebeck coeffi-
cients having a room temperature magnitude or absolute
value of from 1 pV/K to 2000 pV/K or from 1 pV/K to 50
uV/K may be particularly useful. Example conductors for
conductive layer include, but are not limited to nichrome,
nickel, silver, copper, graphene, or hydrogenated amorphous
silicon (a-Si:H). In some examples, the conductive layer 305
can have a thickness of from 3 nm to 100 nm. Different
regions of the conductive layer 305 can have different
thicknesses, in some examples.

[0043] In some embodiments, gap 325 may be filled with
a material 326, such an at least partially transparent optical
material for at least some wavelengths of electromagnetic
radiation supported by the Casimir cavity, preferably the
entire visible range through the near ultraviolet. In contrast
with a gas, material 326 may comprise a condensed-phase
material, such as a solid, liquid, or liquid crystal. Example
materials useful as a cavity layer include, but are not limited
1o, silicon oxide or aluminum oxide. Alternatively, it may be
sufficient or desirable to fill the gap with a polymer such as
PMMA (polymethyl methacrylate), polyimide, polymethyl
methacrylate, or silicone, which can provide adequate trans-
parency at wavelengths 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 um. Advantageously, the material of a cavity
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layer may have a transmittance of greater than 50% for at
least some wavelengths of electromagnetic radiation from
100 nm to 10 um. 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 electro-
magnetic radiation from 100 nm to 10 pm. The thickness or
spacing of gap 325 can be set by the target wavelength range
for the Casimir cavity. In some examples, the gap 325 of a
Casimir cavity can have a spacing of from 10 nm to 2 um.

[0044] The reflector material for second reflector 320 can
be chosen based upon its reflectivity over the wavelength
range of interest, ease of deposition, and/or other consider-
ations, such as cost. The reflector thickness must be suffi-
cient 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 reflectors, such as Bragg reflectors or meta-
material 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,, SizN,,
Nb,Os, TiO,, MgF,, LiF, Na,AlF, 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 refraction on transitioning from one dielectric
material to another one or more, or between a dielectric
material and free space.

[0045] Insome examples, a Casimir cavity may be formed
from or using a distributed Bragg reflector type multilayer
dielectric stack. For example such a stack can comprise
alternating layers of two or more dielectric materials having
different indices of refraction. For the case of two types of
materials, the thickness of each pair of layers characterizes
the pitch. Wavelengths of twice the pitch are reflected, and
longer wavelengths are largely suppressed. It is to be noted
that this differs from antireflection coatings, in which the
pitch is one quarter of a wavelength rather than one half of
a wavelength, which is the case here. The layer thicknesses
may further be chirped to enhance the spectral width of the
reflections. Any suitable number of alternating dielectric
layers of can be used, such as from 2 layers to 100 layers,
or more. For example, to suppress a wavelength of 250 nm
with a stack with alternating layers of SiO, and Al,O;, the
layer thickness would be 42 nm and 35 nm, respectively. For
a total of ten pairs of layers the overall thickness would be
770 nm.

[0046] In FIG. 3, a conductive layer 305 is arranged with
respect to the Casimir cavity 300 such that a first portion 310
of the conductive layer 305 adjoins the Casimir cavity 300,
establishing an asymmetry. Conductive layer 305 can thus
have a geometry that permits transmission of energy
between first portion 310 and second portion 315, which can
be used in a process of harvesting energy via the difference
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in zero-point energy densities established by the presence of
the Casimir cavity 300. Electrical leads 395 can be con-
nected to the conductive layer 305 at first portion 310 and
second portion 315 to provide captured energy to an external
load. Although electrical leads 395 are illustrated as con-
nected to edges of first portion 310 and second portion 315,
this illustration is for example purposes only and is not
limiting. Electrical leads 395 may optionally be connected to
first portion 310 and second portion 315 at any suitable
location. It will be appreciated that, although aspects
described herein may be explained by reference to electrons
as charge carriers, 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.
[0047] To harvest or capture energy in the form of charge
carrier excitation, the charge carrier will need to be trans-
ported away from the point at which it is launched and
captured. Transport and capture of the charge carrier may
need to be performed on very fast (i.e., short) 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 the need for fast transport and capture of
charge carriers is described in further detail below.

[0048] Vacuoelectric Device.

[0049] In thermoelectric power measured in a thin film,
one region is heated compared to another. That causes
energetic charge to move from the hot region to the colder,
producing a voltage difference between the two. By analogy,
if one region of a thin conductive layer is covered with a
Casimir cavity (CC) and another not, there will be a reduc-
tion in zero-point-fluctuation (ZPF) power in the CC-cov-
ered region compared to the uncovered region. Therefore,
there will be charge flow of energetic charge from the
uncovered region to the covered, producing voltage and
current. This is referred to herein as vacuoelectric power, for
quantum vacuum power, in contrast to thermoelectric power.

[0050] If lost vacuum energy results in lost thermal
energy, in addition to supplying power, the devices may
become cooler. This effect may be enhanced, in some
examples, by applying a voltage in the direction of that
being produced, but of greater magnitude.

[0051] Various features and configurations may be useful
to make this work, such as, but not limited to the following:
[0052] The vacuoelectric effect has some similarities to
the thermoelectric effect, in that energetic charge carriers
transport the energy from or to one region, without the CC,
to or from another, with the CC, and in doing so produce a
voltage difference between the two regions. Therefore,
materials that have a large Seebeck coefficient (SC) can
exhibit a large vacuoelectric effect.

[0053] The conductive layer may be sufficiently thin for
the effect of the CC to penetrate the whole layer; otherwise
the part shielded from the CC may short out the voltage.
[0054] The energized carriers moving laterally may need
to be scattered quickly, assuming that a limitation of
AEAt~h/2 applies. In some examples, graphene may have
too long a mean-free path length (MFPL) and scattering
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time. For example, it may be desirable to use a metal such
as Nichrome, Ni, Ag or Cu, which have short MFPLs.
[0055] Insome examples, the edge of the CC may be sharp
compared to the IMFPL of carriers in the conductive layer.
For example, fine lithography and use of a material having
a long MFPL may be advantageous. Graphene is one
example, because of its long 1MFPL, but other materials
having a lower MFPL may be used.

[0056] In some examples, the conductive layer may be
formed as one side of the CC. Optionally, the conductive
layer may be positioned with a reflector nearby below.
Although graphene has a large MFPL, it is a poor reflector.
Therefore, if graphene forms one of the reflecting surfaces
for a CC, the mode suppression in the CC can be poor, but
this can be mitigated by forming a reflecting surface close to
the graphene layer (e.g., immediately adjacent to the gra-
phene layer).

[0057] Monopolar Vertical Configuration.

[0058] In a monopolar vacuoelectric device, one material
type is used to form one type of junction, in the form of a
single device or in an array.

[0059] In some examples, the issue of unintended back-
to-back junctions may be addressed. So as not to have a
reverse voltage where the CC ends that cancels the voltage
produced at the first junction, a thicker conductive region
can be used to short out the reverse voltage.

[0060] FIG. 4 shows two monopolar vacuoelectric devices
in series. A thicker metal layer, the thickener, is formed
underneath one side of the CC to short out the back voltage.
Although the thickener is shown in FIG. 4 as a separate
component, such configuration is not limiting and it will be
appreciated that the thin conductive layer can be a unitary
body of a single material of varying thickness, as shown.
[0061] Generally materials in which the transport level is
at a higher energy than the Fermi level, such as semicon-
ductors, have a higher Seebeck coeflicient than materials in
which transport takes place at the Fermi level, such as
metals. The following materials may be used for monopolar
devices:

[0062] Nichrome and nickel have fairly large Seebeck
coefficients for metals, with an absolute value of approxi-
mately 20 pV/K, which is roughly a factor of 20 below that
of high-performing semiconductors.

[0063] Silver has a relatively long MFPL, which may be
advantageous in some examples. In the roughly 10 nm
thickness that is required to avoid having the lower region of
the layer short out the upper region, the layer can oxidize
quickly in atmosphere. A 10 nm thick silver layer can
optionally be coated with titanium (2 nm) to protect it.
[0064] Semiconductors have large Seebeck coeflicients
but have two characteristics that may be undesirable in this
application: (i) a long scattering time, and (ii) usually
formed as a bulk rather than thin film. One material that is
an exception is hydrogenated amorphous silicon (a-Si:H),
which is produced as a thin film and can have a very large
Seebeck coeflicient, up to approximately 1000 uV/K, with
sub-picosecond scattering times. Also, silicon-on-insulator
(SOI) wafers can provide the advantages of the large See-
beck coefficient of semiconductors in a thin structure. Insu-
lators have large Seebeck coeflicients and can produce large
vacuoelectric voltages.

[0065] Graphene can be induced to have a bandgap, which
can enhance the Seebeck coeflicient. Also, multilayer gra-
phene and periodic metallic structure can increase the size of
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the effect. The poor reflectivity of graphene, which results in
a poorly performing CC, can be somewhat mitigated with
multilayer graphene. The reason for putting down the thick-
ener first is to process the thin film as little as possible. If
graphene is used instead of a metal layer, then the thickener
may be above it rather than below, because such a configu-
ration may make it easier to lay down the graphene, and
graphene will not oxidize as easily as many metals.

[0066] Bipolar Vertical Configuration.

[0067] With the monopolar configuration described above,
one of the two sides of the CC may be shorted out so as not
to form a back voltage. A more efficient way to resolve this
issue is to form a bipolar device in which the material under
once side of the CC has a positive Seebeck coefficient and
the material under the other side has a negative one. Such a
bipolar configuration is depicted in the FIG. 5. For example,
a device can be formed between Nichrome, which has a
relative Seebeck coeflicient of 25 pV/K, and nickel, which
has a relative Seebeck coefficient of =15 uV/K. Given that
Pt has an absolute Seebeck coefficient of about -5 uV/K, that
means that the absolute Seebeck coefficients of Nichrome
and nickel are approximately 20 and —20 pV/K, respectively.
Nichrome oxide is about 4 nm thick after heating to a high
temperature. (For room temperature films below 19 nm the
resistivity increases substantially.) As a zero band-gap mate-
rial, pristine graphene has a small Seebeck coefficient, but its
Seebeck coeflicient can be modified by effectively doping it.
[0068] Parallel-Plane Configuration.

[0069] In addition to the vertical devices described above,
the vacuoelectric device can be made in the form of parallel-
plane devices. Such a configuration has an advantage that a
much larger area can be used to produce the current. In some
examples, a parallel-plane configuration vacuoelectric
device can be in the format of the photoinjector devices
described in U.S. patent application Ser. No. 16/855,890),
and shown in FIG. 6. A parallel-plane vacuoelectric device
can also be formed with a transparent conductor, described
in further detail below, and shown in FIG. 7. Other permu-
tations of the devices also apply, such as the inverted
structures, and the double CC devices with the CCs having
different thicknesses.

[0070] Combined with Asymmetric Structure.

[0071] Another way to make use of the vacuoelectric
effect is in conjunction with a geometrically asymmetric
structure. An example of such an asymmetric structure is a
geometric diode, which comprises a thin conductor formed
into an asymmetric structure such that charge carriers move
preferentially in one direction over another. In examples, the
thin conductor can be graphene. The geometry is what
produces the asymmetric, diode-like, electrical characteris-
tics. The top panel of FIG. 8 depicts the top view of a
geometric diode with additional structures to provide a
vacuoelectric effect. An arrowhead type of shape is formed
that allows charges to be funneled preferentially to the right,
under an applied field and largely blocked when the driven
in the other direction under an applied field of the opposite
direction. U.S. Pat. No. 8,803,340, hereby incorporated by
reference, describes general details of a geometric diode.
[0072] A CC is formed over one half of the geometric
diode such that it reduces the concentration of energetic
charge on the right hand side, with respect to the concen-
tration on the left hand side. This can provide a net flow of
charge from the left to the right even in the absence of an
applied field. Furthermore, in the presence of an applied
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field, it can enhance the geometric effect, and increase the
electrical asymmetry to the device.

[0073] Electrodes, which may be thin metal layers, pro-
vide electrical contact and also short out any reverse voltage
formed at the right edge of the CC. The bottom panel of FIG.
8 shows an edge view of the same structure.

[0074] Difference Between Vacuoelectric Effect and the
Thermoelectric Effect.

[0075] Given the similarity between the vacuoelectric
effect and the Seebeck effect, the vacuoelectric voltage can
be defined:

W=SATz

where Tz is an effective zero-point energy temperature,
which is determined by the mode reduction in the CC. The
ATz is the difference between Tz inside and outside a CC, or
between two CCs having different thicknesses, and S is the
Seebeck coefficient. (Note that this equation can alterna-
tively serve as a definition of T,.) Since the T, varies
strongly with CC thickness, a change in V,, with CC thick-
ness can be observed. The V. (conventional thermoelectric
voltage) varies directly with AT, and so if the measured
voltage is independent of CC thickness, it is unlikely that the
effect is due to the vacuoelectric effect, but is instead a
conventional thermoelectric voltage.

[0076] Another difference has to do with the available
current. In the thermoelectric effect, the measured current is
limited by the resistance of the device and temperature
difference. In the vacuoelectric effect, the current is limited
by the resistance and vacuum Tz difference. Because of the
limited dimensions of the Casimir and the optical properties
of the materials involved, the Tz difference is limited, and
this can significantly limit the current.

[0077] The voltage for the thermoelectric effect is related
to the Seebeck coefficient, and depends on the heat carried
per charge carrier and in a metal is proportional to the
specific heat. The maximum voltage for a given material
depends on the temperature difference. Similarly, the voltage
for the vacuoelectric effect depends on the Tz difference.
That difference is limited by the dimensions of the Casimir
and the optical properties of the materials involved. The
available current is related to the device resistance. This
relationship between the voltage, current and resistance
determines the power available.

[0078] Transparent Conductive Casimir Cavity Photoin-
jector.

[0079] One limitation with the metal/insulator/metal
(MIM) Casimir cavity (CC) photoinjector device is that the
CC photons impinge on the thin metal on one side, such that
the photoexcited hot charge carriers (usually electrons) must
traverse the metal to be injected into the transport layer. The
configuration depicted in FIG. 7 provides a simplified device
that relieves the hot electrons from having to traverse the
metal layer.

[0080] In the example structure shown in FIG. 7, the MIM
structure is replaced with a base electrode/insulator/trans-
parent-conductor structure. The CC is formed between the
base electrode and an upper metal mirror, with the trans-
parent conductor forming much of the optically transparent
medium of the cavity. Example materials are nickel for the
base electrode, nickel oxide for the insulator, PEDOT:PSS
for the transparent conductor, and aluminum for the mirror,
but many materials could be substituted for these.
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[0081] The CC is formed in the transparent conductor
(TC), and the cavity photons impinge on the thick metal
(e.g., the base electrode) to produce hot electrons. Those hot
electrons traverse the transport layer and are scattered/
absorbed in the TC. In that way, the hot electron injection
takes place on the same side where the absorption takes
place, and they are formed closer to the surface and absorbed
more strongly because the metal is thick.

[0082] In examples when the TC is a polymer like
PEDOT:PSS, it can be spun on quite thinly to form the CC.
Such material will make electrical contact to the reflector,
which may be the top electrode; the thick metal forms the
other electrode. Previous generation photoinjector devices
based on MIM structures tend to degrade over time, possibly
due to pinhole formation. Advantageously, polymers, such
as PEDOT:PSS, and conductive oxides may be more for-
giving than metal electrodes, and less likely to be shorted out
by small pinholes. Transparent conductive oxides include
ITO and doped zinc oxide.

[0083] In some examples, PEDOT:PSS may exhibit have
a relatively lower density of electrons that scatter the incom-
ing hot electron, so that the hot electron path is longer and
slower, which can reduce the efliciency. To counteract such
a phenomenon, examples may use doped PEDOT:PSS to
have more free electrons.

[0084] Cavity Transport Device.

[0085] Inan aspect, this disclosure describes an alternative
to the Casimir photoinjector to provide a similar function.
With the Casimir photoinjector, the electrical device though
which excited charge flows is adjacent to a CC. With the
cavity transport device disclosed herein, the excited charge
flows through the CC itself.

[0086] A CC that is sufficiently thin or which includes a
medium that supports excited charge transport can support a
current. For example, such a device could be a MIM device.
In such a device the metal layers can serve as optical mirrors
or as one component of the optical mirrors that form the CC.
The quantum vacuum optical mode density inside the cavity
is lower than the quantum vacuum optical mode density
outside because of the suppression of modes due to the
optical resonance induced by the cavity walls, which func-
tion as mirrors. Therefore there is a reduced optical mode
density impinging on the inner surfaces of each cavity wall
as compared to the outer surfaces. This results in a net flow
of photoinjected charge from the outer surfaces to the inner
surfaces. There is no net flow of charge from one metal layer
to the other because of the symmetric structure; the net flow
of charge inward from one mirror is balanced by the net flow
of charge inward from the opposite mirror.

[0087] One type of driver for the charge flow is an
asymmetry with respect to the CC. Such a configuration is
depicted in FIG. 9A, which shows a CC with an adjoining
structure that produces a significant asymmetry. Further, this
CC supports the flow of charge at least partially through the
cavity. An example of such a structure is a CC forming an
asymmetric MIM structure in which one of metal layers is
different from the other, as depicted in FIG. 9B. This
difference results in a different photoemission yield from the
two metal layers. One way to accomplish this is if one metal
layer is electrically different from the other, such that emits
or absorbs electrical charge carriers differently from the
other metal layer. It could have a different barrier height, or
support a different plasmonic modes structure, etc. It could
have a structural difference to induce this different electrical
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difference, for example by forming a metasurface. Alterna-
tively, one metal layer could have a different optical char-
acter than the other metal surface, as depicted in FIG. 9C,
such that it absorbs, reflects or transmits the impinging
optical modes differently.

[0088] Besides having an asymmetry, another driver for
the flow of charge is the difference in the optical mode
density inside and outside of the cavity. FIG. 9D depicts a
CC device in which the quantum vacuum mode density is
different in the inside from what it is on the outside. Further,
this CC supports the flow of charge at least partially through
the cavity in a direction parallel to the cavity walls. Further,
the structure provides a means to collect at least some of the
charge that flows at least partially through the cavity. FIG.
9E depicts a specific embodiment, in which there is a
transparent conductor in the interior of the Casmir cavity.
This transparent conductor does not block the optical modes,
but can collect injected charge flowing from at least one of
the outer metal layers. The return lead for this device is
connected to one or both of the outer metal layers, M, and
M, This charge flow produces a current that provides power
to an external element or device. FIG. 9F depicts a different
edge view of the same device, in which the device is rotated
by 90° to reveal an electrical contact to the interior trans-
parent conductor. It shows a gap in M, through which the
contact material, e.g., a metal, protrudes so that an electrical
connection can be made to it. The M, layer is contiguous in
other regions where the transparent conductor does not
protrude through.

[0089] Nonuniform-Thickness Cavity Device.

[0090] In the photoinjection devices described above, the
thickness of the layers is largely constant. An example is
shown in FIG. 10A, which illustrates a MIM structure
adjoining a CC. The electrical power is extracted between
the two metal layers of the MIM device, due to a voltage that
is generated across the insulator. By instead varying the
thickness of one or more of the layers, a voltage can be
induced along the layers, not just across them. This provides
an additional means to generate power.

[0091] FIG. 10B depicts a similar structure, but where the
thickness of the CC is varied. Because of this variation, more
optical modes are suppressed in the thinner region than in
the thicker region, which causes more charge to be injected
in across the thinner region than across the thicker one. That
results in a voltage change in the vertical direction. If the
injected charge is electrons, then more electrons will be
injected from the M, to M, of the MIM device in the thin
region than in the thick. That will result in a lower (more
negative) voltage at the lower end of the M, region than at
the upper end. Therefore a voltage is produced along the M,
layer such that power may be obtained between the upper
and lower leads going to M,, not just between M, and M,.

[0092] FIG. 10C depicts a similar structure, but where the
thickness of the CC is constant, but the thickness of the
insulator is varied. This results in more electron transport in
the thin-insulator part of the MIM diode than in the thicker
part. As in the case of the nonuniform-thickness CC device
depicted in FIG. 10B, this too results in a voltage produced
along the M, layer, such that power may be obtained
between the upper and lower leads going to M,, not just
between M, and M,.

[0093] Both the CC thickness and the MIM diode thick-
ness can be nonuniform, as depicted in FIG. 10D and FIG.
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10E, which can augment the effect. Further, the nonunifor-
mity can be stepped, as shown in FIG. 10F, and many other
shapes.

[0094] Although the term metal is used with reference to
MIM devices herein, it will be appreciated that any suitable
conductive material may be used in place of metals in MIM
devices (e.g., in the form of a conductor-insulator-conductor
device). Example conductive materials include, but are not
limited to metals, semiconductors, two-dimensional conduc-
tive materials, superconductors, conductive ceramics, or
conductive polymers.

[0095]  Aspects of the invention may be further understood
by reference to the following, non-limiting examples.

Example 1: Optical-Cavity-Induced Current

[0096] The formation of a submicron optical cavity on one
side of a metal/insulator/metal (MIM) tunneling device
induces a measurable electrical current between the two
metal layers with no applied voltage. Reducing the cavity
thickness increases the measured current. Eight types of
tests were carried out to determine whether the output could
be due to experimental artifacts. All gave negative results,
supporting the conclusion that the observed electrical output
is genuinely produced by the device. These results are
interpreted as being due to the suppression of vacuum
optical modes by the optical cavity on one side of the MIM
device, which upsets a balance in the injection of electrons
excited by zero-point fluctuations. This interpretation is in
accord with observed changes in electrical output as other
device parameters are varied. A feature of the MIM devices
is their femtosecond-fast transport and scattering times for
hot charge carriers. The fast capture in these devices is
consistent with a model in which an energy AE may be
accessed from zero-point fluctuations for a time At, follow-
ing a AEAt uncertainty-principle-like relation governing the
process.

[0097] Introduction.

[0098] Metal-insulator-metal (MIM) tunnel diodes have
been used to provide rectification and nonlinearity for a
variety of applications. The insulator forms a barrier that
charge carriers—electrons or holes—must cross to provide
current upon applying a voltage across the device. In addi-
tion, current can be produced by the direct absorption of
light on one of the metal surfaces of an MIM sandwich
structure, which generates hot carriers that cross the metal
and are injected into the insulator. This internal photoemis-
sion is also called photoinjection. For current to be provided,
the metal layer must be thinner than the hot-carrier mean-
free path length so that the carriers can cross it without being
scattered. Once they reach the insulator, the hot carriers must
have sufficient energy to surmount the energy barrier at the
interface and traverse the insulator ballistically above its
conduction band edge, or alternatively they can tunnel
through the insulator. Thinner insulators favor tunneling.
After entering the metal base electrode on the other side, the
hot carriers are scattered and captured.

[0099] MIM diodes have been designed and fabricated for
ultrahigh speed rectification. Incorporating a thin optical
resonator used as an optical cavity on one side of the MIM
structure induces a reduction in the device conductivity
measured over a range of several tenths of a volt. At lower,
sub-millivolt voltages a persistent induced current and volt-
age is evident, which is described here. Trends in current
output are observed as the thicknesses of the optical and
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electrical layers in the device are varied. A photoinjection
model may explain what could produce the observed output,
in which hot carriers are excited by the quantum vacuum
field.

[0100] The devices comprise thin optical cavities depos-
ited over MIM structures, as depicted in FIG. 11. The cavity
thickness is in the range of tens of nanometers up to
approximately 1 pm, which results in a cavity optical mode
density with a wavelength dependence described by an Airy
function. This cavity largely suppresses wavelengths longer
than twice the cavity thickness multiplied by the refractive
index of the transparent dielectric. For the devices described,
the resulting wavelength cutoff, above which modes are
suppressed, varies from the near-infrared through the near-
ultraviolet, depending on the cavity thickness. The MIM
structures include a nanometer-thick insulator to form the
barrier. The upper electrode is sufficiently thin to allow hot
carriers that are photoexcited on the optical cavity side of the
electrode to penetrate the electrode and reach the insulator
without being scattered.

[0101] Materials and Methods:

[0102] Device Fabrication. Two different processes were
used to form the devices. Submicron devices were fabricated
using a germanium shadow-mask (GSM) process. Using a
deep-ultraviolet stepper, a 250 nm wide germanium bridge
is formed over an SiO,-coated surface of a silicon wafer, as
depicted in FIG. 12A. First the nickel base electrode is
evaporated under the bridge from one side. This is followed
by native NiO, growth at room temperature, and then by
conformal Al,O; deposited by sputtering. After the insulator
is formed, the palladium upper electrode is evaporated from
the opposite side. The resulting overlap of the two metals
forms an ellipse with an area of 0.02+0.006 pm?, as shown
in FIG. 12B. After the germanium bridge is removed, a
transparent dielectric, spun-on polymethyl methacrylate
(PMMA) or sputtered SiO,, is deposited to form an optical
cavity over the MIM structure. The dielectric layer is then
coated with an aluminum mirror. In addition to providing a
reduced density of optical modes, the optical cavity encap-
sulates and stabilizes the MIM structure, blocking further
oxidation. (Note that the use of PMMA to support the
germanium bridge, as shown in FIG. 12A, is independent of
whether PMMA is also used in a subsequent layer to form
an optical cavity.)

[0103] Additional devices, having larger areas, were fab-
ricated using standard photolithographic techniques. The top
view of one of these devices is shown in FIG. 13.

[0104] The thicknesses and refractive indices of most of
the dielectric layers were determined by UV-Vis-NIR vari-
able angle spectroscopic ellipsometry (VASE) measure-
ments. The measured refractive indices for the spun-on
PMMA and deposited SiO, are 1.52 and 1.49, respectively,
at a wavelength of 300 nm. The Al,O, thickness values were
measured by VASE on silicon witness samples that were
placed in the sputtering system along with the devices. For
the photolithographic devices, the native NiO, thickness was
also measured by VASE and found to be 2.3 nm. In addition,
a monolayer (0.4 nm) of photoresist remained over the NiO,
layer in the photolithographic devices. (The reason is that
after depositing the insulator and patterning the upper elec-
trode using a liftoff’ process, the standard oxygen plasma
could not be used to clean residual photoresist off the
insulator surface without further oxidizing the insulator,
with the result that the devices become too resistive.) For
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GSM devices the patterning was accomplished by the
shadow-mask deposition depicted in FIG. 12A, and so no
photoresist was required. Because the thickness of the native
NiO, insulator in the GSM MIM structures could not be
measured directly, its effective thickness was determined
from electrical measurements and simulations of Ni/native
NiO,/Pd structures. A NiO, thicknesses of 0.6-1 nm was
extracted for effective barrier heights in the range of 0.06-
0.08 eV. The barrier height was calculated by performing
Fowler-Nordheim analysis on a low resistance (~1002)
device with nonlinear current-voltage characteristics. The
native NiO, thickness for GSM structures is smaller than
that for the photolithographic devices because of the higher
processing temperatures for the photolithographic devices,
and possibly because the junctions in GSM structures were
partially protected by the germanium bridge. The total
effective insulator thickness for the Al,05/NiO, combination
is the sum of the thickness values for each layer. Thickness
values for the Ni base electrodes are 38 nm for the GSM
devices, and 50 nm for the photolithographic devices. The
aluminum mirror is 150 nm thick for all devices.

[0105] Device Measurement.

[0106] Once the MIM structures were fabricated, current-
voltage (I(V)) measurements were carried out using a four-
point probe configuration to circumvent the effects of lead
resistance. A high precision Keithley 2612 source meter
(calibrated to NIST standards) was used to source either
voltage or current across two pads, and an HP 3478A digital
multimeter (DMM) was used to measure the voltage drop
across the MIM junctions.

[0107] Although the standard technique is to source a
voltage and measure the current using the source meter, this
can result in erroneous offsets for low resistance devices,
e.g., for currents on the order of 1 nA through a device
having a resistance less than 1 MQ. Therefore, some of the
measurements were carried out, particularly for low-resis-
tance devices, by sourcing the current (+0.06%=100 pA
accuracy) and measuring the voltage. To eliminate any
effects due to thermoelectric potentials resulting from a
temperature difference between the source meter and the
probes, a current reversal method was used. Following this
method, two measurements with currents of opposite polar-
ity were performed, one when the base electrode was
grounded, another when the upper electrode was grounded,
and then subtracted the difference in the currents to yield the
final value.

[0108] In fabricating and testing tens of thousands of MIM
devices, a wide range of resistances have been generally
found for nominally the same fabrication conditions due to
slight uncontrollable variations in the insulator thickness,
which is fewer than 10 lattice constants thick. In most cases
the measurement results presented are averages across each
wafer chip, with error bars showing the standard deviation.
[0109] Results: Electrical Response Measurements.
[0110] The electrical response of MIM devices having an
adjoining optical cavity is shown in FIG. 14A and FIG. 14B.
In FIG. 14A, the I(V) curves extend into the second quad-
rant, and therefore exhibit a positive power output. For
linear I(V) characteristics, the maximum power is |15V I/
4, where Ig. and V. are the short-circuit current and
open-circuit voltage, respectively. For the device with a 33
nm thick cavity, the maximum power is 1.4 pW in a 0.02
um? area (see SEM image of FIG. 12B). The short-circuit
current increases for decreasing cavity thickness, as shown
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in FIG. 14B for two different cavity dielectrics. This increase
in current with decreasing cavity thickness corresponds to an
increasing range of suppressed optical modes with decreas-
ing thickness, as described above.

[0111] To understand the current-producing mechanism,
tests were carried out to determine whether there is evidence
that it involves hot charge carriers generated from optical
fields in the optical cavity. These carriers, generated in the
Pd upper electrode near the interface to the transparent
dielectric cavity shown in FIG. 11, could be injected into the
insulator if they could traverse the Pd without being scat-
tered. This photoinjection current should decrease for
increasing upper electrode thickness due to increased scat-
tering of the hot carriers before they reach the insulator,
which results in excited carriers not contributing to the
current. The hot electron mean-free path length in metals at
room temperature is on the order of 10 nm. On the other
hand, when the upper electrode thicknesses is below the
absorption depth of Pd, which is 10 nm for 0.4 um radiation,
the photoinjection current would be expected to decrease for
decreasing electrode thickness because the rate of carrier
excitation is reduced. The short circuit current as a function
of upper electrode thickness does, in fact, decrease with
increasing thickness, and also decreases for the thickness
below 10 nm, peaking for a Pd thickness of approximately
12 nm.

[0112] To be collected, these hot carriers must traverse the
insulator either ballistically or via tunneling. The ballistic
transport is limited by the mean-free path length in the
insulator, on the order of several nanometers. The tunneling
probability decreases exponentially with insulator thickness.
In either case, the short-circuit current would be expected to
decrease with increasing insulator thickness if the current is
due to charge injection through the insulator. This trend was
al so observed.

[0113] Although devices were fabricated using the GSM
process as well as standard photolithography, devices fab-
ricated by both processes exhibited similar trends. The GSM
process allowed for much shorter fabrication times, and the
absence of residual photoresist (described above), but did
not allow for large device areas or for varying the device
area.

[0114] In metal/insulator/metal (MIM) tunnel devices
adjoining thin optical cavities, a small output current and
voltage has been consistently observed, as reproduced in
over 1000 devices produced in 21 batches. When the cavities
are made thinner, which corresponds to suppressing a wider
range of optical modes, the current increases. The output
scales with number of devices in parallel and series, and the
current scales with device area. Changing the layer thick-
nesses in the MIM structure results in changes in current that
are consistent with modifying the suppression of hot elec-
tron photoinjection from the side of the MIM structure
adjoining the optical cavity.

Figure Captions for Example 1

[0115] FIG. 11. Device cross section, showing a metal/
insulator/metal (MIM) structure adjoining an optical cavity.
The electrical characteristics of the device are measured
between the two metal layers of the MIM structure, where
the polarity of the upper electrode voltage is with reference
to the base electrode, which is defined as ground. Positive
current is defined to be in the direction of the arrow.
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[0116] FIG. 12A. Germanium shadow mask (GSM)
device fabrication. Depiction of fabrication process, show-
ing a cross-sectional view of materials deposited under a
germanium bridge. The NiO_ and Al,O; insulating layer
formed over the Ni layer is not shown. The active area of the
device is formed in the overlap region. FIG. 12B shows a
scanning electron microscope (SEM) image of a completed
device, with an overlap area of 0.02x0.006 um?. The Ni and
Pd-coated regions are indicated; the lightest regions, in the
center and at the left and right-hand sides, are coated with
both Ni and Pd layers with the insulator layer between them.

[0117] FIG. 13. Photolithographic device. Top view of
devices formed by the standard photolithographic technique.
The overlap of the pallidum upper electrode, shown to the
right, with the nickel lower electrode, shown to the left,
forms active square regions with edge lengths between 5 um
and 100 pm.

[0118] FIG. 14A and FIG. 14B. Electrical response as a
function of cavity thickness. FIG. 14A: Current as a function
of voltage for different PMMA cavity thicknesses. FIG. 14B:
Short-circuit current as a function of cavity thickness for
PMMA and SiO,-filled cavities.

Illustrative Aspects

[0119] 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).

[0120] Aspect 1 is a device comprising: a conductive layer
including a first portion and a section portion; and a zero-
point-energy-density-modifying structure adjoining the first
portion of the conductive layer, the zero-point-energy-den-
sity-modifying structure providing an asymmetry that drives
a flow of energy between the first portion of the conductive
layer and the second portion of the conductive layer.

[0121] Aspect 2 is the device of any previous or subse-
quent aspect, wherein the conductive layer comprises a
component of the zero-point-energy-density-modifying
structure.

[0122] Aspect 3 is the device of any previous or subse-
quent aspect, wherein the asymmetry produces a net flow of
charge between the first portion and the second portion.

[0123] Aspect 4 is the device of any previous or subse-
quent aspect, wherein the asymmetry produces a voltage
difference between the first portion and the second portion.

[0124] Aspect 5 is the device of any previous or subse-
quent aspect, wherein the first portion and the second portion
of the conductive layer correspond to laterally adjacent
portions of the conductive layer.

[0125] Aspect 6 is the device of any previous or subse-
quent aspect, wherein the asymmetry provides a difference
in a zero-point energy density at the first portion of the
conductive layer as compared to the zero-point energy
density at the second portion of the conductive layer in an
absence of the zero-point-energy-density-modifying struc-
ture.

[0126] Aspect 7 is the device of any previous or subse-
quent aspect, wherein the zero-point-energy-density-modi-
fying structure is a zero-point-energy density-reducing
structure.
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[0127] Aspect 8 is the device of any previous or subse-
quent aspect, wherein the zero-point-energy-density-modi-
fying structure comprises a Casimir cavity adjoining the
conductive layer.

[0128] Aspect 9 is the device of any previous or subse-
quent aspect, wherein the Casimir cavity comprises: a first
reflective layer; a cavity layer; and a second reflective layer,
wherein the cavity layer is between the first reflective layer
and the second reflective layer.

[0129] Aspect 10 is the device of any previous or subse-
quent aspect is the device of any previous or subsequent
aspect is the device of any previous or subsequent aspect,
wherein the conductive layer has a Seebeck coeflicient with
a room temperature absolute value of from 1 uV/K to 2000
wV/K or from 1 pV/K to 50 pV/K.

[0130] Aspect 13 is the device of any previous or subse-
quent aspect, wherein the conductive layer comprises a
metal, nichrome, nickel, silver, copper, or graphene.
[0131] Aspect 14 is the device of any previous or subse-
quent aspect, wherein the conductive layer has a thickness of
from 3 nm to 100 nm.

[0132] Aspect 15 is the device of any previous or subse-
quent aspect, wherein the conductive layer comprises a
thickener region, and wherein the thickener region extends
from the first portion to the second portion or wherein the
thickener region is present at part of the first portion and at
part of the second portion.

[0133] Aspect 16 is the device of any previous or subse-
quent aspect, wherein the conductive layer further includes
a third portion and a fourth portion, and wherein the device
further comprises: a second zero-point-energy-density-
modifying structure adjoining the third portion of the con-
ductive layer.

[0134] Aspect 17 is the device of any previous or subse-
quent aspect, wherein the third portion is laterally adjacent
to the second portion, and wherein the fourth portion is
laterally adjacent to the third portion.

[0135] Aspect 18 is the device of any previous or subse-
quent aspect, wherein the conductive layer is a first conduc-
tive layer having a first Seebeck coefficient of one polarity,
and wherein the device further comprises: a second conduc-
tive layer including a third portion and a second portion,
wherein the second conductive layer has a second Seebeck
coeflicient of opposite polarity as the first Seebeck coeffi-
cient, wherein the zero-point-energy-density-modifying
structure adjoins the third portion of the second conductive
layer, and wherein the first portion of the first conductive
layer and the third portion of the second conductive layer are
in electrical contact with one another.

[0136] Aspect 19 is the device of any previous or subse-
quent aspect, further comprising: a third conductive layer
having a fifth portion and a sixth portion, wherein the third
conductive layer has a third Seebeck coeflicient of opposite
polarity as the second Seebeck coeflicient; and a second
zero-point-energy-density-modifying structure adjoining the
fifth portion of the third conductive layer, and wherein the
sixth portion of the third conductive layer is in electrical
contact with the fourth portion of the second conductive
layer.

[0137] Aspect 20 is the device of any previous or subse-
quent aspect, wherein the conductive layer comprises a
geometric diode.

[0138] Aspect 21 is the device of any previous or subse-
quent aspect, wherein the flow of energy generates a tem-
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perature difference between the first portion of the conduc-
tive film and the second portion of the conductive film.
[0139] Aspect 22 is the device of any previous or subse-
quent aspect is a device comprising: a first electrode; a
second electrode; and a Casimir cavity adjoining the first
electrode and the second electrode, the Casimir cavity
comprising: a first reflector comprising at least a portion of
the first electrode; a second reflector comprising at least a
portion of the second electrode, and a cavity layer between
the first reflector and the second reflector, the cavity layer
comprising a transparent conductor layer in contact with the
second electrode and a transport layer in contact with the
first electrode.

[0140] Aspect 24 is the device of any previous or subse-
quent aspect is the device of any previous or subsequent
aspect, wherein the first electrode has a thickness of from 5
nm to 1 cm, wherein the transparent conductor layer has a
thickness of from 10 nm to 2 pm, wherein the transport layer
has a thickness of from 0.3 nm to 50 nm, or wherein the
second electrode has a thickness of from 5 nm to 1 cm.
[0141] Aspect 26 is the device of any previous or subse-
quent aspect, wherein the transparent conductor comprises a
conductive polymer, a doped conductive polymer, a con-
ductive polymer blend, a doped conductive polymer blend,
or a transparent conducting oxide, wherein the first electrode
or the second electrode comprises a metal, or wherein the
transport layer comprises a dielectric, a semiconductor, or a
metal oxide.

[0142] Aspect 27 is the device of any previous or subse-
quent aspect, wherein the cavity layer comprises a material
having a transmittance of greater than 20% for at least some
wavelengths of light from 100 nm to 10 pm.

[0143] Aspect 28 is the device of any previous or subse-
quent aspect, wherein the first reflector comprises the first
electrode or wherein the second reflector comprises the
second electrode.

[0144] Aspect 29 is the device of any previous or subse-
quent aspect, wherein the first reflector comprises an inter-
face between the first electrode and the transport layer or
wherein the second reflector comprises an interface between
the second electrode and the transparent conductor.

[0145] Aspect 30 is the device of any previous or subse-
quent aspect, wherein a reflectivity of at least one of the first
reflector or the second reflector is greater than 50%.
[0146] Aspect 31 is the device of any previous or subse-
quent aspect, wherein the first conductive layer includes a
metamaterial that enhances hot carrier emission.

[0147] Aspect 32 is a device comprising: a Casimir cavity
including: a first reflector, a second reflector, and a cavity
layer between the first reflector and the second reflector,
wherein an asymmetry between the first reflector and the
second reflector or between an optical mode density at an
interior of the Casimir Cavity and an optical mode density
at an exterior of the Casimir cavity drives a flow of energy
at least partially through the Casimir cavity.

[0148] Aspect 33 is the device of any previous or subse-
quent aspect, wherein the asymmetry between the first
reflector and the second reflector corresponds to one or more
of: the first reflector and the second reflector comprising
different metals, the first reflector and the second reflector
exhibiting different optical photoemission character from
one another, or the first reflector including a metamaterial
that enhances an optical absorption character of the first
reflector as compared to the second reflector.
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[0149] Aspect 34 is the device of any previous or subse-
quent aspect, wherein the flow of energy is at least partly
between the first reflector and the second reflector.

[0150] Aspect 35 is the device of any previous or subse-
quent aspect, wherein the asymmetry is between the optical
mode density at the interior of the Casimir Cavity and the
optical mode density at an exterior of the Casimir cavity, and
wherein the cavity layer includes a transparent conductor
positioned to collect charge flowing into the cavity layer
from the first reflector or the second reflector.

[0151] Aspect 36 is the device of any previous or subse-
quent aspect, wherein the flow of energy is at least partly
between the interior of the Casimir cavity and the exterior of
the Casimir cavity in a direction parallel to longitudinal axes
of the first reflector and the second reflector.
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STATEMENTS REGARDING INCORPORATION
BY REFERENCE AND VARIATIONS

[0195] All references throughout this application, for
example patent documents including issued or granted pat-
ents or equivalents, patent application publications, and
non-patent literature documents or other source material, are
hereby incorporated by reference herein, as though individu-
ally incorporated by reference.

[0196] All patents and publications mentioned in the
specification are indicative of the levels of skill of those
skilled in the art to which the invention pertains. References
cited herein are incorporated by reference herein 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.

[0197] 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,
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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°”.
[0198] 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.
[0199] 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.
[0200] 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
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 conductive layer including a first portion and a section
portion; and
a zero-point-energy-density-modifying structure adjoin-
ing the first portion of the conductive layer, the zero-
point-energy-density-modifying structure providing an
asymmetry that drives a flow of energy between the
first portion of the conductive layer and the second
portion of the conductive layer.
2. The device of claim 1, wherein the conductive layer
comprises a component of the zero-point-energy-density-
modifying structure.
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3. The device of claim 1, wherein the asymmetry produces
a net flow of charge between the first portion and the second
portion.

4. The device of claim 1, wherein the asymmetry produces
a voltage difference between the first portion and the second
portion.

5. The device of claim 1, wherein the first portion and the
second portion of the conductive layer correspond to later-
ally adjacent portions of the conductive layer.

6. The device of claim 1, wherein the zero-point-energy-
density-modifying structure comprises a Casimir cavity
adjoining the conductive layer.

7. The device of claim 1, wherein the conductive layer has
a Seebeck coeflicient with a room temperature absolute
value of from 1 pV/K to 2000 pV/K or from 1 pV/K to 50
nV/K.

8. The device of claim 1, wherein the conductive layer
comprises a thickener region, and

wherein the thickener region extends from the first portion
to the second portion or wherein the thickener region is
present at part of the first portion and at part of the
second portion.

9. The device of claim 1, wherein the conductive layer
further includes a third portion and a fourth portion, and
wherein the device further comprises:

a second zero-point-energy-density-modifying structure

adjoining the third portion of the conductive layer.

10. The device of claim 9, wherein the third portion is
laterally adjacent to the second portion, and wherein the
fourth portion is laterally adjacent to the third portion.

11. The device of claim 1, wherein the conductive layer is
a first conductive layer having a first Seebeck coeflicient of
one polarity, and wherein the device further comprises:

a second conductive layer including a third portion and a
second portion, wherein the second conductive layer
has a second Seebeck coefficient of opposite polarity as
the first Seebeck coeflicient, wherein the zero-point-
energy-density-modifying structure adjoins the third
portion of the second conductive layer, and wherein the
first portion of the first conductive layer and the third
portion of the second conductive layer are in electrical
contact with one another.

12. The device of claim 1, wherein the conductive layer

comprises a geometric diode.

13. The device of claim 1, wherein the flow of energy
generates a temperature difference between the first portion
of the conductive film and the second portion of the con-
ductive film.

14. A device comprising:

a first electrode;

a second electrode; and

a Casimir cavity adjoining the first electrode and the
second electrode, the Casimir cavity comprising:

a first reflector comprising at least a portion of the first
electrode;

a second reflector comprising at least a portion of the
second electrode, and

a cavity layer between the first reflector and the second
reflector, the cavity layer comprising a transparent
conductor layer in contact with the second electrode
and a transport layer in contact with the first elec-
trode.

15. The device of claim 14, wherein the transparent
conductor comprises a conductive polymer, a doped con-
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ductive polymer, a conductive polymer blend, a doped
conductive polymer blend, or a transparent conducting
oxide, wherein the first electrode or the second electrode
comprises a metal, or wherein the transport layer comprises
a dielectric, a semiconductor, or a metal oxide.

16. The device of claim 14, wherein the first conductive
layer includes a metamaterial that enhances hot carrier
emission.

17. A cavity transport device comprising:

a Casimir cavity including:

a first reflector,

a second reflector, and

a cavity layer between the first reflector and the second
reflector, wherein an asymmetry between the first
reflector and the second reflector or between an
optical mode density at an interior of the Casimir
cavity and an optical mode density at an exterior of
the Casimir cavity drives a flow of energy at least
partially through the Casimir cavity.

18. The device of claim 17, wherein the asymmetry
between the first reflector and the second reflector corre-
sponds to one or more of:

Jul. 7,2022

the first reflector and the second reflector comprising

different metals,

the first reflector and the second reflector exhibiting

different optical photoemission character from one
another, or

the first reflector including a metamaterial that enhances

an optical absorption character of the first reflector as
compared to the second reflector.

19. The device of claim 17, wherein the asymmetry is
between the optical mode density at the interior of the
Casimir cavity and the optical mode density at an exterior of
the Casimir cavity, and wherein the cavity layer includes a
transparent conductor positioned to collect charge flowing
into the cavity layer from the first reflector or the second
reflector.

20. The device of claim 19, wherein the flow of energy is
at least partly between the interior of the Casimir cavity and
the exterior of the Casimir cavity in a direction parallel to
longitudinal axes of the first reflector and the second reflec-
tor.
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