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METHODS FOR REDUCING ELECTRODE GAP DISTANCES IN ELECTRONIC DEVICES AND
RESULTING DEVICES HAVING NANOMETER ELECTRODE GAPS VIA
L1QUID PHASE MOLECULAR LAYER DEPOSITION TECHNIQUE

RELATED APPLICATION

This application claims priority to U.S. Provisional Application No. 62/926,376
filed October 25, 2019 and U.S. Provisional Application No. 63/021,605 filed May 7, 2020,

which are each incorporated herein by reference.

GOVERNMENT INTEREST

This invention was made with government support under grant no. 1931100
awarded by the National Science Foundation. The government has certain rights in the

invention.

FIELD OF THE INVENTION

The present invention relates to methods for reducing electrode gap distances in an
electronic device and devices related thereto. Therefore, the present invention relates
generally to the fields of material science, chemistry, nano-manufacturing, sensors

(including biosensors), actuators and electronics.

BACKGROUND

Nanolithography relates to the patterning, formation, etching or bottom-up
deposition of nanometer-scale structures by etching or depositing materials to form
structures with nanometer feature sizes at least in two dimensions.

Nanolithography can be a very expensive process that uses advanced lithography
tools, mask making, and related processes and materials that are a significant economic
concern for industry. For example, the cost to build facilities that can adequately utilize
nanolithography can be billions of dollars. Lithography techniques with patterning below
10 nm further enhance the functionality of the integrated electronic circuits and
sensors/actuators but at the same time exponentially increases the complexity and

manufacturing challenges.
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Submicroscopic, often nanometer scale infectious agents, such as viral proteins,
RNA, DNA and viruses, have played a significant role in common diseases and in globally
affecting the world health. Detecting infectious agents using devices with nanometer-scale
active areas matched with the dimensions of the viral particles is becoming a very powerful
area of detection and identification area of research and development with the potential to
diagnose, treat, mitigate, and prevent the spread of these infectious diseases. However, the
expense associated with using nanolithography has deterred the development of cost-

effective suitable nano-scale biological sensors.

SUMMARY

Methods for reducing electrode gap distances in electronic devices, sensors and
actuators and the electronic devices related thereto can facilitate the development of low-
cost devices that can detect viruses and other sub-microscopic biological materials without
using expensive nanolithography. More generally, the methods disclosed herein can allow
formation of micrometer-scale devices with nanometer-scale active region and features. As
a frame of reference, more recently developed quantum mechanical tunneling current
whole virus sensors include a small gap between electrodes. This gap can be used to as a
detection region where virus or other biological material can be oriented to change
electronic responses of the device, e.g. voltage, current, capacitance, resistance, tunneling
effects, etc. The size of the gap can also effect performance and selectivity for a particular
viral particles or nanoparticles in general.

In one embodiment, a method for reducing electrode gap distances in an electronic
device having a first electrode spatially separated from a second electrode by an electrode
gap can comprise determining a nanometer gap distance which corresponds to a desired
gap distance which is smaller than an initial electrode gap distance. The desired nanometer
gap distance is chosen based on a target biological material (e.g. virus, DNA, RNA, viral
proteins, etc.) to be detected and can be a function of a size of the biological material and
binding effects with the biological material. The method can further comprise coating at
least one surface of an electrode gap region with a first layer including molecular
recognition groups which selectively bind to the at least one surface. The at least one

surface and/or the molecular recognition groups can be functionalized or otherwise
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prepared to bond with one another to form the first layer of molecular recognition group.
The method can further comprise coating the first layer of molecular recognition group
with a second layer including electrically-conductive solids that are configured to bond
with the molecular recognition groups. Typically, surfaces other than the at least one
surface are either chosen or coated to prevent bonding with either the molecular recognition
group or the electrically-conductive solids. The method can further comprise coating the
electronic device with additional alternating layers of the molecular recognition groups and
the electrically-conductive solids to reach the desired nanometer gap distance between the
first electrode and the second electrode of the electronic device.

Corresponding devices formed by the above methods are also described. For
example, a micrometer-scale device can comprise a first electrode and a second electrode
separated by an electrode gap. The first electrode can include alternating layers of coated
molecular recognition groups and coated electrically-conductive solids. The second
electrode can also include alternating layers of coated molecular recognition groups and
coated electrically-conductive solids. As a result of these alternating layers the electrode
gap is reduced to a nanometer gap size between the first electrode and the second electrode.

There has thus been outlined, rather broadly, the more important features of the
invention so that the detailed description thereof that follows may be better understood, and
so that the present contribution to the art may be better appreciated. Other features of the
present invention will become clearer from the following detailed description of the
invention, taken with the accompanying drawings and claims, or may be learned by the

practice of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Features and advantages of the disclosure will be apparent from the detailed
description which follows, taken in conjunction with the accompanying drawings, which
together illustrate, by way of example, features of the disclosure.

FIG. 1a is a top perspective view of a wafer including an array of sensor devices
formed on corresponding die elements in accordance with one example.

FIG. 1b is a side view illustrating an electronic device with a nanometer gap size in

accordance with an example.
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FIG. 2a is a side view illustrating an electronic device with a nanometer gap size
selected to bind a virus in accordance with an example.

FIG. 2b is a side view illustrating an electronic device with a nanometer gap size
selected to bind a biomarker in accordance with an example.

FIG. 3 is a side view illustrating an electronic device with a first layer including
aptamers, a second layer including electrically-conductive solids, and an additional
alternating layer in accordance with an example.

FIG. 4 is a side view illustrating an electronic device with a first layer including
aptamers, a second layer including electrically-conductive solids, an additional alternating
layer, and a hydrophobic layer in accordance with an example.

FIG. S5ais a side view illustrating a method for reducing electrode gap distances in
an electronic device having a first electrode spatially separated from a second electrode by
an electrode gap in accordance with an example.

FIG. 5b is a side view illustrating a method for reducing electrode gap distances in
an electronic device having a first electrode spatially separated from a second electrode by
an electrode gap in accordance with an example.

FIG. 5c is a side view illustrating a method for reducing electrode gap distances in
an electronic device having a first electrode spatially separated from a second electrode by
an electrode gap in accordance with an example.

FIG. 5d is a side view illustrating a method for reducing electrode gap distances in
an electronic device having a first electrode spatially separated from a second electrode by
an electrode gap in accordance with an example.

FIG. 6 is a side view illustrating a field effect transistor in accordance with an
example.

FIG. 7 is a side view illustrating an electron tunneling device in accordance with an
example.

FIG. 8 is a flowchart depicting a method for reducing electrode gap distances in an
electronic device in accordance with an example.

FIGS. 9a to 9d illustrate a fabrication process in accordance with an example.
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FIGS. 10a and 10b show current-voltage (I-Vs) and differential current-voltage
(dI/dV) characteristics of the sensor with and without the aptamer/virus in accordance with
an example.

FIG. 11a to llc illustrate a schematic of the current conduction mechanisms
through the virus (or biomolecules) with different voltage and temperature dependences in
accordance with an example.

These drawings are provided to illustrate various aspects of the invention and are
not intended to be limiting of the scope in terms of dimensions, materials, configurations,

arrangements or proportions unless otherwise limited by the claims.

DETAILED DESCRIPTION

While these exemplary embodiments are described in sufficient detail to enable
those skilled in the art to practice the invention, it should be understood that other
embodiments may be realized and that various changes to the invention may be made
without departing from the spirit and scope of the present invention. Thus, the following
more detailed description of the embodiments of the present invention is not intended to
limit the scope of the invention, as claimed, but is presented for purposes of illustration
only and not limitation to describe the features and characteristics of the present invention,
to set forth the best mode of operation of the invention, and to sufficiently enable one
skilled in the art to practice the invention. Accordingly, the scope of the present invention
is to be defined solely by the appended claims.

Definitions

In describing and claiming the present invention, the following terminology will be
used.

29 <C

The singular forms “a,” “an,” and “the” include plural referents unless the context
clearly dictates otherwise. Thus, for example, reference to “a particle” includes reference
to one or more of such materials and reference to “subjecting” refers to one or more such
steps.

As used herein, the term “about” is used to provide flexibility and imprecision
associated with a given term, metric or value. The degree of flexibility for a particular

variable can be readily determined by one skilled in the art. However, unless otherwise
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enunciated, the term “about” generally connotes flexibility of less than 2%, and most often
less than 1%, and in some cases less than 0.01%.

As used herein with respect to an identified property or circumstance,
“substantially” refers to a degree of deviation that is sufficiently small so as to not
measurably detract from the identified property or circumstance. The exact degree of
deviation allowable may in some cases depend on the specific context.

As used herein, “adjacent” refers to the proximity of two structures or elements.
Particularly, elements that are identified as being “adjacent” may be either abutting or
connected. Such elements may also be near or close to each other without necessarily
contacting each other. The exact degree of proximity may in some cases depend on the
specific context.

As used herein, a plurality of items, structural elements, compositional elements,
and/or materials may be presented in a common list for convenience. However, these lists
should be construed as though each member of the list is individually identified as a
separate and unique member. Thus, no individual member of such list should be construed
as a de facto equivalent of any other member of the same list solely based on their
presentation in a common group without indications to the contrary.

As used herein, the term “at least one of” is intended to be synonymous with “one
or more of.” For example, “at least one of A, B and C” explicitly includes only A, only B,
only C, and combinations of each.

Concentrations, amounts, and other numerical data may be presented herein in a
range format. It is to be understood that such range format is used merely for convenience
and brevity and should be interpreted flexibly to include not only the numerical values
explicitly recited as the limits of the range, but also to include all the individual numerical
values or sub-ranges encompassed within that range as if each numerical value and sub-
range is explicitly recited. For example, a numerical range of about 1 to about 4.5 should
be interpreted to include not only the explicitly recited limits of 1 to about 4.5, but also to
include individual numerals such as 2, 3, 4, and sub-ranges such as 1 to 3, 2 to 4, etc. The
same principle applies to ranges reciting only one numerical value, such as “less than about

4.5,” which should be interpreted to include all of the above-recited values and ranges.
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Further, such an interpretation should apply regardless of the breadth of the range or the
characteristic being described.

Any steps recited in any method or process claims may be executed in any order
and are not limited to the order presented in the claims. Means-plus-function or step-plus-
function limitations will only be employed where for a specific claim limitation all of the
following conditions are present in that limitation: a) “means for” or “step for” is expressly
recited; and b) a corresponding function is expressly recited. The structure, material or acts
that support the means-plus function are expressly recited in the description herein.
Accordingly, the scope of the invention should be determined solely by the appended
claims and their legal equivalents, rather than by the descriptions and examples given
herein.

Assembly of Nanometer-Scale Molecules in Micrometer-Scale Devices

An initial overview of invention embodiments is provided below and specific
embodiments are then described in further detail. This initial summary is intended to aid
readers in understanding the technological concepts more quickly, but is not intended to
identify key or essential features thereof, nor is it intended to limit the scope of the claimed
subject matter.

A method for reducing electrode gap distances in an electronic device having a first
electrode spatially separated from a second electrode by an electrode gap can comprise
determining a nanometer gap size which corresponds to a desired gap distance which is
smaller than an initial electrode gap distance. The desired nanometer gap distance is
chosen based on a target biological material (e.g. virus, DNA, RNA, viral proteins, etc.) to
be detected and can be a function of a size of the biological material and binding effects
with the biological material. The method can further comprise coating at least one surface
of an electrode gap region with a first layer including molecular recognition groups which
selectively bind to the at least one surface. The at least one surface and/or the molecular
recognition groups can be functionalized or otherwise prepared to bond with one another to
form the first layer of molecular recognition group. The method can further comprise
coating the first layer of molecular recognition group with a second layer including
electrically-conductive solids that are configured to bond with the molecular recognition

groups. Typically, surfaces other than the at least one surface are either chosen or coated to
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prevent bonding with either the molecular recognition group or the electrically-conductive
solids. The method can further comprise coating the electronic device with additional
alternating layers of the molecular recognition groups and the electrically-conductive solids
to reach the desired nanometer gap distance between the first electrode and the second
electrode of the electronic device.

Corresponding devices formed by the above methods are also described. For
example, a micrometer-scale device can comprise a first electrode and a second electrode
separated by an electrode gap. The first electrode can include alternating layers of coated
molecular recognition groups and coated electrically-conductive solids. The second
electrode can also include alternating layers of coated molecular recognition groups and
coated electrically-conductive solids. As a result of these alternating layers the electrode
gap is reduced to a nanometer gap size between the first electrode and the second electrode.

As illustrated in FIG. 1a, the nanogap formation processes described herein can be
applied across a whole wafer 10. Consistent with standard device formation, an array of
devices 20 can be formed on a single wafer and then later segmented into individual die
which can be mounted on a circuit board or other substrate for integration into a final
device. Thus, in one example, all the devices 20 on the wafer 10 can be processed in
parallel simultaneously.

In one embodiment, as illustrated with reference to FIG. 1b, a method for reducing
electrode gap distances 107 in an electronic device 100 having a first electrode 104
spatially separated from a second electrode 106 by an electrode gap 107 can include
selecting a nanometer gap size 109 to bind a biological material 120 based on a size of the
biological material and binding effects with the biological material. In one aspect, the
method can further include coating at least one surface of an electrode gap 107 region with
a first layer (e.g., 111a, 111b, 111¢c, 111d, and 111e) including molecular recognition
groups. In another aspect, the method can further include coating the at least one surface
with a second layer (e.g., 113a, 113b, 113c, 113d, and 113e) including electrically-
conductive solids that can be configured to bond with the molecular recognition groups. In
another aspect, the method can further include coating the electronic device 100 with
additional alternating layers of the molecular recognition groups and the electrically-

conductive solids to reach the nanometer gap size 109 between a first electrode 104 and a
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second electrode 106 of the electronic device 100. In one aspect, the electronic device 100
can include a support substrate 102 and a channel 108. In one aspect, the electronic device
100 can be a sensor based on a field-effect transistor or an electron tunneling device. Thus,
if the device is not configured as an FET, then channel 108 can alternatively be a dielectric
or insulating material, or other suitable material depending on the device design.

In one aspect, the at least one surface can be each of the first electrode 104 and the
second electrode 106 and a channel 108 surface oriented between the first electrode 104
and the second electrode 106. In other words, in some cases, the alternating layers can be
formed only on inner electrode sides facing one another (i.e. 111b, 111d), and alternatively
also on a bottom surface of the electrode gap region.

In another aspect, the first layer (e.g., 111a, 111b, 111c, 111d, and 111e) and the
second layer (e.g., 113a, 113b, 113c, 113d, and 113e) can be monolayers. When the layer
including molecular recognition groups is a monolayer, the layer can have a thickness of a
single molecule. When the layer including electrically-conductive solids is a monolayer,
the layer can have having a thickness of a single particle. The thickness of these layers can
vary depending on the molecular recognition group and solids. However, as a general rule,
aptamers can extend from about 10-100 nucleotides in length (i.e. about 3-30 nm). The
aptamers can also be truncated to allow for removal of non-essential nucleotides which do
not participate in binding and to allow for more careful tuning of the gap reduction
distances. Similarly, the solid particles can be in the form of nanoparticles which can be
readily provide in sizes ranging from about Inm to about 500 nm, and most often from
about 10 nm to 100 nm. In another case, the solid particles can be in the form of
microbeads having sizes from about 0.1 um to about 100 pum. Such microbeads can be
useful in reducing relatively larger gap sizes.

In one example, the biological material 120 can be at least one of a virus and a
biomarker of the virus. In one aspect, the aptamers can be configured to selectively bind
with the biological material 120.

Molecular recognition groups can be any chemical compound or group that
selectively binds with the target virus. Non-limiting examples of molecular recognition
groups can include aptamers, antigens, antibodies, and the like. Molecular recognition

groups can generally include a surface bonding group and a virus binding group. Metal
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surfaces can be bonded with aptamers, antigens, antibodies, or other molecular recognition
groups using any suitable functionalization technique. Further, metal surfaces can
optionally be first prepared or activated via functionalization with an active group which
binds with a corresponding end of the molecular recognition group. For example, a thiol
group can be attached to the metal surface. However, in many cases, the molecular
recognition group can include a surface bonding group which directly bonds to the metal
surface. Non-limiting examples of surface bonding groups can include organosulfur thiols
such as alkyl thiols, dialkyl disulfides, etc. Metal, e.g. gold, surface can also be
functionalized via techniques such as, but not limited to, oligonucleotide functionalization
via thiol groups, surface saturation with single stranded oligonucleotides, PEGylation
optionally including thiol or azide bonding groups, photonic immobilization, azide
functionalization, and the like. For some details on the known synthetic functionalization
techniques, see INNOVACOAT Gold coatings; Polo E. et al. (2013) T7ips for the
Functionalization of Nanoparticles with Antibodies. In: Guisan J. (eds) Immobilization of
Enzymes and Cells. Methods in Molecular Biology (Methods and Protocols), vol 1051,
Humana Press, Totowa, NJ. pp.149-163; Tiwari et al. Nanomaterials 2011, 1(1), 31-63,
Functionalized Gold Nanoparticles and Their Biomedical Applications; which are each
incorporated herein by reference. For example, thiols can be functionalized at one or both
ends of an aptamer, an antigen, or an antibody.

Formation of each layer of molecular recognition groups and electrically-
conductive solid particles can be performed using liquid phase deposition. For example,
colloidal solutions of nanoparticles can be prepared and then drop cast onto the surface.
Appropriate functionalization of the nanoparticles or molecular recognition groups can then
result in bonding between the two. Residual unreacted materials can be removed by
washing or evaporation. Similarly, a molecular recognition group (e.g. aptamer) solution
can be applied to the surface or prior layer in order to bond with the surface or layer of
solid conductive particles. The functionalized group can then react with the exposed
conductive material (i.e. layer of conductive solid particles or electrode surface) to bind the
molecular recognition groups to the conductive material.

In one aspect, the aptamers can include functional groups that are configured to

selectively bind with the biological material 120. The aptamers can be obtained
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commercially or synthesized using known techniques such as SELEX (systemic evolution
of ligands by exponential enrichment), RAPTAMER, and the like. Aptamers with different
functional groups can be used to achieve varying degree of binding energies with
molecules and surfaces. Water at a particular temperature can then be used to selectively
separate certain molecules or the aptamers from different surfaces while leaving other
surfaces and molecules un-altered based on differing binding energies. The particular
temperature can be readily determined by testing the differential dissociation at different
temperatures.

In one example, the biological material 120 can be a virus and the method can
further include selecting the nanometer gap size 109 to bind a virus type based on a size of
the virus type and binding effects with the virus type. In one example, the virus can be
selected from the group consisting of: Adenoviridae, Papovaviridae, Parvoviridae,
Herpesviridae, Poxviridae, Anelloviridae, Pleolipoviridae, Reoviridae, Picornaviridae,
Caliciviridae, Togaviridae, Arenaviridae, Flaviviridae (e.g. Zika), Orthomyxoviridae,
Paramyxoviridae, Bunyaviridae, Rhabdoviridae, Filoviridae, Coronoviridae (e.g. SARS-
CoV-2, SARS-CoV), Astroviridae, Bornaviridae, Arteriviridae, Hepeviridae, Retroviridae,
Calimoviridae, Hepadnasviridae, the like, and combinations thereof. In another example,
the virus type can be a subviral agent selected from the group consisting of: viroids,
satellites, defective interfering particles, prions, the like, and combinations thereof.

In another aspect, the method can further include selecting the nanometer gap size
109 to bind the virus type based on the size of the virus type wherein the size of the virus
type is less than at least one of: 500 nm, 450nm, 400 nm, 350 nm, 300 nm, 250 nm, 200
nm, 150 nm, 100 nm, 75 nm, 50 nm, 35 nm, 20 nm, and 15 nm.

In one example, the biological material 120 can be a biomarker and the method can
further include selecting the nanometer gap size 109 to bind the biomarker of the virus type
based on the size of the biomarker and binding effects with the biomarker, wherein the
biomarker has a biomarker size of less than at least one of 1 um, 500 nm, 100 nm, 50 nm,
40 nm, 25 nm, and 15 nm. In one aspect, the biomarker can be an antibody for the virus
type which are typically about 7 nm to 20 nm in size.

In another aspect, the method can include coating the electronic device 100 with the

additional alternating layers to reach the nanometer gap size 109 less than at least one of’ 1
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um, 900 nm, 800 nm, 700 nm, 600 nm, 500 nm, 450 nm, 400 nm, 350 nm, 300 nm, 250
nm, 200 nm, 150 nm, 100 nm, 75 nm, 50 nm, 35 nm, 20 nm, 15 nm, 10 nm, and 5 nm. In
another aspect, the electrode gap before coating can be greater than at least one of: 1 pm, 5
um, 10 pum, 20 pm, and 100 um. Typically, the initial gap size can be defined with
conventional optical photolithography resolutions around 1 um.

In another aspect, the electrically conductive solids can include at least one of:
carbon-based nanoparticles, metal nanoparticles, semiconductor nanoparticles, metal
microbeads, semiconductor microbeads, and combinations thereof. In one aspect, the
electrically conductive solids can include at least one of gold nanoparticles, silver
nanoparticles, palladium nanoparticles, platinum nanoparticles, etc. and combinations
thereof. Metallic nanoparticles can be selected for their ability to reduce the electrical
resistance of the bridging layered structure in addition to their potentially other unique
characteristics such as their catalytic and sensing characteristics. For example, palladium
nanoparticles can be used to construct a very sensitive and selective hydrogen sensors. Or
platinum nanoparticles can be used as a catalyst to lower energy required to react with
hydrogen in the device.

In another embodiment, a micrometer-scale device 100 can include: (i) a first
electrode 104 including alternating layers 111a and 111b and 113a and 113b of coated
molecular recognition groups and coated electrically-conductive solids, (ii) a second
electrode 106 including alternating layers 111d and 111e and 113d and 113e of coated
molecular recognition groups and coated electrically-conductive solids, and (iii) a
nanometer gap size 109 between the first electrode 104 and the second electrode 106. In
one aspect, the nanometer gap size 109 can be reduced from a larger gap size 107 by the
alternating layers (e.g., 111a-e and 1113a-e) of the coated molecular recognition groups
and the coated electrically-conductive solids. In one aspect, the micrometer-scale device
100 can be a sensor based on a field-effect transistor or an electron tunneling device.

In one aspect, each layer (e.g., 111a-e or 113a-e) of the alternating layers of the
coated molecular recognition groups and the coated electrically-conductive solids can be a
monolayer including a thickness having a single molecule for a layer of the coated
molecular recognition groups or a single particle for a layer of the coated electrically-

conductive solids.
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In another aspect, the nanometer gap size 109 can be less than at least one of: 1 um,
900 nm, 800 nm, 700 nm, 600 nm, 500 nm, 450 nm, 400 nm, 350 nm, 300 nm, 250 nm,
200 nm, 150 nm, 100 nm, 75 nm, 50 nm, 35 nm, 20 nm, 15 nm, 10 nm, and 5 nm. In
another aspect, the larger gap size 107 can be greater than at least one of: 1 um, 2 um, 5
pum, 10 um, 15 pm, 20 um, 30 um, 40 pum, 50 pum, 60 um, 75 pm, 100 pm, 150 pm, 200
um, 300 pm, 400 pm, and 500 um.

In another example, the coated aptamers can be selected to bind with at least one of
a virus type and a biomarker. In another example, the electrically-conductive solids can
include at least one of: carbon-based nanoparticles, metal nanoparticles, semiconductor
nanoparticles, metal microbeads, semiconductor microbeads, the like, and combinations
thereof. In another example, the electrically conductive solids can include at least one of:
gold nanoparticles, silver nanoparticles, palladium nanoparticles, platinum nanoparticles,
the like, and combinations thereof.

In one example, a method to assemble nanometer-scale molecules in electronics,
optical, mechanical, and magnetic devices can have applications in sensors, molecular
electronics, and energy efficient electronics. In one example, nanometer-scale molecules
can be incorporated in various devices to achieve a specific functionality without otherwise
using nanometer scale device gaps or other features. Although nanolithography has been
used to fabricate devices with nanometer receiving regions to assemble molecules, with this
technique nanometer scale molecules can be assembled inside micrometer-scale gaps
without using expensive nanolithography.

In one example, different types of chemically active molecules can be used to
assemble specific functional molecules via a layer-by-layer additive technique. The
molecules used as connection and assembly blocks can have specific functionalities
enhancing mechanical, thermal, optical, magnetic, and electromagnetic functionalities of
the overall device. Consequently, sophisticated nanodevices can be developed using
convenient glassware technologies. For example, the first layer and any non-surface layers
can be formed of oligonucleotides, polyethylene glycols, or other suitable extender
molecules which reduce gap distance. The final and outermost layer can include aptamers.
Regardless, each extender molecule can be bonded with the surface of the electrode gap

and/or intermediate electrically-conductive solids.
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Although some materials can bond directly with others, conductive surfaces,
extender molecules, and/or aptamers can be functionalized in order to allow bonding as
illustrated. Aptamers can generally include a surface bonding group and a virus binding
group. Metal surfaces can be bonded with aptamers using any suitable functionalization
technique. Further, metal surfaces can optionally be first prepared or activated via
functionalization with an active group which binds with a corresponding end of an aptamer.
For example, a thiol group can be attached to the metal surface. However, in many cases,
the aptamer can include a surface bonding group which directly bonds to the metal surface.
Non-limiting examples of surface bonding groups can include organosulfur thiols such as
alkyl thiols, dialkyl disulfides, amines, etc. Thiols are predominantly used when strong
bonding with metallic surfaces is desired. Metal surfaces can also optionally be
functionalized via techniques such as, but not limited to, oligonucleotide functionalization
via thiol groups, surface saturation with single stranded oligonucleotides, PEGylation
optionally including thiol bonding groups, and the like. For example, thiols can be
functionalized at one or both ends of an aptamer. Di-thiol aptamers may be used when
aptamers are used as intermediate layers between conductive solids. In this case, the di-
thiol aptamers can also be short and relatively stiff sufficient to reduce chances that both
thiol ends will bond with the same surface. As another example, an intermediate molecule
can be used to bond a virus binding end and create a link to bond with conductive solids.
For example, C60 may be bonded with the virus binding end of a first layer of aptamer,
followed by a second layer of aptamer bonded to the C60 at the virus binding group. In this
case the free end of the aptamer in the second layer would be the functional surface
bonding group which can then be bonded with a layer of electrically-conductive solids.
Such intermediate and extender molecules can be repeated a sufficient number of times to
form the desired nanogap distance. It is noted that throughout the description, aptamers are
exemplified as the molecular recognition groups; however, each instance described can
also utilize antibodies or antigens using the same principles described.

In another example, as illustrated in FIGS. 2a and 2b, a method for reducing
electrode gap distances in an electronic device 200a or 200b can include a first electrode
spatially separated from a second electrode by an electrode gap 207. In one aspect, a

nanometer gap size 209 can be selected to bind a biological material, such as a virus 222, as
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illustrated in FIG. 2a, or a biological marker 230, as illustrated in FIG. 2b. The size of the
nanometer gap size 209 can be based on the size of the biological material. In one
example, when the nanometer gap size 209 is selected to bind to severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), the nanometer gap size 209 can be about 50 nm to
about 90nm. In another example, when the nanometer gap size 209 is selected to bind to
biomarkers 230 or antibodies, the nanometer gap size 209 can be from about 2 nm to about
5 nm. There are many other applications of nano-meter scale gap sizes in generating near-
fields through sub-wavelength openings, gas sensors based on direct electron spectroscopy
of the physisorbed surface gas layers, etc. Thus, in these alternatives, the electrode gap and
electrodes are replaced by corresponding sub-wavelength openings and gas sensor gaps. In
these cases, the gap opening can be defined by non-electrically conducting materials or
conductive materials.

In another aspect, the method can include selecting the nanometer gap size 209
based on binding effects with the biological material 222 or 230. In one example, when the
nanometer gap size 209 is selected to bind to SARS-CoV-2, the binding effects with
SARS-CoV-2 can include binding effects with the spike (S) protein 224 of SARS-CoV-2,
which is composed of two subunits S1 and S2. The binding effects can also involve other
structural proteins, such as membrane (M) proteins 226, and possibly envelope (E) proteins
and nucleocapsid (N) proteins. Generally, the nanometer gap size 209 can be selected
based on binding effects with the biological material 222 or 230, which may include
various membrane proteins on the surface of the biological material 222 or 230.

In another example, when the nanometer gap size 209 is selected to bind a
biomarker 230, the binding effects can include binding effects with a macromolecule (e.g.,
a nucleic acid, protein, lipid, or the like). In one example, when the nanometer gap size
209 is selected to bind an antibody for a virus, the binding effects can include binding
effects with one or more of a fragment antigen-binding region or a fragment crystallizable
region.

In another aspect, the method can include coating at least one surface of an
electrode gap region 207 with a first layer 213 including aptamers. The at least one surface
can include one or more of a surface of the first electrode 204, the second electrode 206, or

the channel 208, wherein the first electrode 204, the second electrode 206, and the channel
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208 can each be adjacent to a substrate 202. In one example, the first layer 213 including
aptamers can be directly adjacent to the at least one surface of an electrode gap region 207.
In another example, the first layer 213 including aptamers may not be directly adjacent to
the at least one surface of an electrode gap region 207. In this example, a second layer 211
including electrically-conductive solids can be directly adjacent to the at least one surface
of an electrode gap region 207, and the first layer 213 including aptamers can be directly
adjacent to the second layer 211. In one aspect, the electrically-conductive solids can be
configured to bond with the aptamers. In another alternative, the electrode surfaces may be
activated or functionalized in order to chemically react with and bond to the aptamers. For
example, the aptamers may be bonded with an electrode by thiol functional groups on
either the aptamer or the electrode surface. Successive layers of electrically-conductive
solids can be attached to the aptamers by preparing the aptamers.

In one aspect, the first layer 213 including aptamers can include aptamers that can
be functionalized to bind with a selected biological material. In one example, when the
biological material is SARS-CoV-2, the aptamers can be functionalized to bind with the
whole SARS-CoV-2 virus, with biomarkers for the SARS-CoV-2 virus, or with antibodies
for the SARS-CoV-2 virus.

In another aspect, the aptamers can include a thiol end group configured to bind
with gold electrodes. Thiol end groups bind with almost any materials. Thiol end groups
are very aggressive and in some cases may cause corrosion of some metallic surfaces. In
those cases other functional end groups with lower binding energies can be used such as,
but not limited to, metal-carbon (e.g. carbene, acetylide, vinylidene, etc), metal-nitrogen
(e.g. nitrene, etc), and the like.

In another aspect, the method can include coating the at least one surface with a
second layer 211 including electrically-conductive solids that are configured to bond with
the aptamers. The electrically-conductive solids can include at least one of carbon-based
nanoparticles, metal nanoparticles, semiconductor nanoparticles, metal microbeads,
semiconductor microbeads, the like, and combinations thereof.

In one aspect, the carbon-based nanoparticles can include one or more of: carbon
nanotubes, graphene oxide, graphene quantum dots, the like, and combinations thereof. In

another aspect, metal nanoparticles can include one or more of: iron oxide nanoparticles,
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gold nanoparticles, gold nanoshells, gold nanocages, silver nanoparticles, copper
nanoparticles, platinum nanoparticles, the like, and combinations thereof. In another
aspect, semiconductor nanoparticles can include one or more of: silicon nanoparticles,
germanium nanoparticles, gallium arsenide nanoparticles, the like, and combinations
thereof.

In another aspect, the metal microbeads can include one or more of: silver coated
microbeads, steel-coated microbeads, gold-coated microbeads, the like, and combinations
thereof. In another aspect, semiconductor microbeads can include one or more of: silicon
microbeads, germanium microbeads, gallium arsenide microbeads, the like, and
combinations thereof.

In another aspect, the method can include coating the electronic device 200a or
200b with additional alternating layers of the aptamers 217 and the electrically-conductive
solids 215. The number of additional alternating layers can be selected to reach a
nanometer gap size 209 between the first electrode 204 and the second electrode 206. As
illustrated in FIGS. 2a and 2b, the first layer 213 including aptamers can be a monolayer
having a thickness of one aptamer molecule, and the second layer including electrically-
conductive solids 211 can be a monolayer having a thickness of one electrically-conductive
solid particle.

In another example, as illustrated in FIG. 3, an electronic device 300 can include a
first electrode 304, a second electrode 306, and a channel 308, wherein each of the first
electrode 304, the second electrode 306, and the channel 308 are adjacent to a substrate
302. The electronic device 300 can include a first electrode 304 including alternating
layers of coated aptamers 313 and 317 and coated electrically-conductive solids 311 and
315. The electronic device 300 can include a second electrode 306 including alternating
layers of coated aptamers 313 and 317 and coated electrically-conductive solids 311 and
315. The electronic device 300 can comprise a nanometer gap size 309 between the first
electrode 304 and the second electrode 306. In one example, the nanometer gap size can be
reduced from a larger gap size 307 by the alternating layers of the coated aptamers 313 and

317 and the coated electrically-conductive solids 311 and 315.
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In one aspect, each layer 311, 313, 315, or 317 of the alternating layers of the
coated aptamers 313 and 317 and the coated electrically-conductive solids 311 and 315 can
be a monolayer including a thickness of a single molecule or a single particle, respectively.

In one aspect, the nanometer gap size can be less than : 1 um, 900 nm, 800 nm, 700
nm, 600 nm, 500 nm, 450 nm, 400 nm, 350 nm, 300 nm, 250 nm, 200 nm, 150 nm, 100
nm, 75 nm, 50 nm, 35 nm, 20 nm, 15 nm, 10 nm, and 5 nm. In another aspect, the larger
gap size can be greater than at least one of: 1 pm, 2 um, 5 ym, 10 pm, 15 pm, 20 pum, 30
um, 40 pm, 50 um, 60 pum, 75 um, 100 um, 150 um, 200 um, 300 um, 400 um, and 500
um. The nanometer gap size can be configured to selectively bind a biological material
350.

In one aspect, the electronic device 300 can be a micrometer-scale device that can
be a sensor based on a field-effect transistor or an electron-tunneling device.

In another example, as illustrated in FIG. 4, an electronic device 400 can include a
first electrode 404, a second electrode 406, and a channel 408, and a substrate 402. The
electronic device 400 can include alternating layers of coated aptamers 413 and 417 and
coated electrically-conductive solids 411 and 415. The electronic device 400 can comprise
a nanometer gap size 409 that can be reduced from a larger gap size 407 by the alternating
layers. The nanometer gap size can be configured to selectively bind a biological material
450.

In another aspect, the electronic device 400 can include a top insulating layer 445a
and 445b of photoresist which can be hydrophobic. The photoresist can be patterned to
cover the entire electronic device 400 except for the exposed active parts of the device
which can be hydrophilic in order to facilitate deposition of aptamer on desired sensing
surfaces and to improve performance during use.

In another example, as illustrated in FIGS. 5a-5d, a method for reducing electrode
gap distances can be achieved in an electronic device 500a having a first electrode 504
spatially separated from a second electrode 506 by an electrode gap 507. In FIG. 5a, a
channel can be adjacent to a substrate 502. The electrode gap 507 can be reduced to a gap
size of 509a when a first surface of the electrode gap 507 region is coated with a first layer
511 including aptamers. In another aspect, as illustrated in FIG. 5b, the electrode gap 507
can be further reduced to a gap size of 509b when a first surface of the electrode gap 507
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region is coated with a second layer 513 including electrically-conductive solids that are
configured to bond with the aptamers.

In another aspect, as illustrated in FIG. Sc, the electrode gap 507 can be further
reduced to a gap size of 509¢c when a first surface of the electrode gap 507 is coated with an
additional alternating layer 519 of the aptamers and the electrically-conductive solids 521
to reach the nanometer gap size 509c¢ between the first electrode 504 and the second
electrode 506. In another aspect, as illustrated in FIG. 5d, the nanometer gap size 509d can
be selected to bind a biological material 550.

In another example, as illustrated in FIG. 6, the electronic device can be a sensor
based on a field effect transistor 600. The field effect transistor can include a source 610, a
drain 620, a gate 630, and a gate dielectric 640 so as to form an insulated gate FET. In one
example, the source 610 can be a first electrode, the drain 620 can be a second electrode,
and the gate 630 can be a channel oriented between the first electrode and the second
electrode.

In another example, as illustrated in FIG. 7, the electronic device can be an electron
tunneling device 700. In one aspect, the electron tunneling device 700 can include a
substrate 720 (e.g., Si), a first electrode 710a (e.g., Si02), a second electrode 710b (e.g.,
Si02), a layer 710a, 710b, 710¢ of an electrically-conductive solid (e.g., gold), a layer of
aptamers 740a, 740b, and 740c, and a hydrophobic material 750a and 750b (e.g., a layer of
photoresist).

FIG. 8 illustrates a flow diagram of a method according to the present technology.
For simplicity of explanation, the method is depicted and described as a series of acts.
However, acts in accordance with this disclosure can occur in various orders and/or
concurrently, and with other acts not presented and described herein. Furthermore, not all
illustrated acts may be required to implement the methods in accordance with the disclosed
subject matter.

In one example, a method 800 for reducing electrode gap distances in an electronic
device having a first electrode spatially separated from a second electrode by an electrode
gap is provided. The method can include selecting a nanometer gap size to bind a
biological material based on a size of the biological material and binding effects with the

biological material, as shown in block 810. The method can further include coating at least
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one surface of an electrode gap region with a first layer including aptamers, as shown in
block 820. The method can further include coating the at least one surface with a second
layer including electrically-conductive solids that are configured to bond with the aptamers,
as shown in block 830. The method can further include coating the electronic device with
additional alternating layers of the aptamers and the electrically-conductive solids to reach
the nanometer gap size between a first electrode and a second electrode of the electronic

device, as shown in block 840.

Examples

Example 1: Device Fabrication

The fabrication process (FIGS. 9a to 9d) uses three masks. Deposition of 100 nm
Si3N4 layer 920 on 4 inch Silicon 910 can be performed using low-pressure chemical vapor
deposition (LPCVD) technique. The next operation is sputter deposition and patterning
using Mask1 of the first Au/Cr layer (100 nm thick) 930a and 930b to form the bottom
electrode and its pads for wire binding, as illustrated in FIG. 9a. The next operation is to
deposit the spacer SiOz layer 940 using sputtering or the atomic layer deposition technique
(for narrow gaps used in antibody and biomarker sensors), as illustrated in FIG. 9b
followed by annealing at 400 degrees C in forming gas. The spacer layer thickness is 70
nm for the CV2 virus, and 2-5 nm for biomarkers and the antibody. Next, the second
Au/Cr layer (100 nm thick) 950 is sputtered and patterned using Mask2 to produce the top
electrode and its connecting pads, as illustrated in FIG. 9c. The photoresist and the
patterned Au/Cr layer are then used as a mask to dry etch the spacer SiOz layer to form the
air gap, as illustrated in FIG. 9d. The last fabrication operation is to deposit a top
insulating layer of photoresist (which is hydrophobic) and pattern it with Mask3 to cover
the whole chip and expose the active parts of devices (which is hydrophilic) and the wire
bonding pads. Gap distances in these spaces can then be adjusted by alternating layers of

aptamer and gold particles as discussed previously.
Example 2: Field-Effect Transistor

An open channel FET consists of a recessed gate with the 10 nm atomic-layer

deposited Hafnium dioxide (HfO2) as the gate dielectric. The source, drain and gate
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electrodes are 100 nm-thick sputtered platinum. The channel length (distance between
source and drain) is 1 um. An open face channel with the embedded gate permits
deposition of different channel materials to investigate the field effect on the channel
materials that are exposed to the environment. The device geometry with its exposed
channel region enables direct sensing of pathogen/gases/chemicals.

The chemo-resistive channel in the FETs are functionalized with aptamers that bind
with viruses and provide selectivity to the sensor. In addition to the aptamers, sputtered Au
films or zeolite molecular sieves can be used to immobilize the aptamers in the FET
channel region, provide a medium for a virus to be trapped to bind with the aptamers,
increase the channel conductivity to measurable values, and decrease the electrode gap
distances between the source and the drain. The first FET is prepared using a sputtered thin
gold film. The second type of FET devices are deposited with zeolite.

The channel in this case is n-type. Subsequently, deactivated CV2 was added to the
aptamer-on-gold channel. The CV2 increases the channel conductance by a factor of ~10
at Vps =2V. There is also a corresponding increase in the FET transconductance of about
5-fold at Vps = 2V.

The zeolite has micropores in its structure that can accommodate the aptamer and
CV2 viruses and situate them in the FET channel region. The channel conductivity in this
case increases from about 30-fold after adding aptamer and CV2. There is also a
corresponding increase in the device transconductance of about 5-fold. The gate field

effect is noticeable for positive Vps.

Example 3: Quantum-Tunneling Current Sensor

The CV2 sensors in this example are composed of quantum-mechanical tunneling
current sensors (TCS) functionalized with aptamers that bind with CV2 spiking proteins.
Here arrays of these sensors are used as part of a multimodal sensor system. The
biomarker and antibody sensors are also based on TCS and are functionalized with
different aptamers that bind with specific biomarkers/antibodies. TCSs have single virus
limit of detection (LOD) and a sensitivity as high as 95%. The whole virus sensor has a

tunneling gap of 70 nm determined by the CV2 virus diameter of 125 nm. The
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biomarker/antibody sensors’ tunneling gaps are smaller (about 1-5 nm) to match the length
of molecules they sense.

The sensor array surface in this example is hydrophobic (a layer of photoresist can
cap the whole chip except the sensor active channels and wiring pads) to guide the saliva to
reside in the active hydrophilic channel (dry-etched SiO2 and treated with oxygen plasma)
of the sensors. The gold electrodes are treated with oxygen plasma to increase their
binding energy with the thiol end group of the aptamers. TCS have excellent
LOD/sensitivities and a machine learning software is developed to address device-device

variations and sensor drift in biosensors.

LExample 4: Quantum Tunneling Current Sensor

FIGS. 10a and 10b show I-Vs and differential current-voltage (dI/dV)
characteristics of the sensor with and without the aptamer/virus. The current and
differential current versus voltage characteristics of the tunneling gap device are uniquely
determined by the effective band diagram (HOMO-LUMO) of the gold-aptamer-CV2-
aptamer-gold device. The current conduction mechanisms through the virus (or
biomolecules) are schematically shown in FIGS. 1la-11¢ with different voltage and
temperature dependences. Given the large size of CV2, the current flow through multiple
traps dominates.

While the flowcharts presented for this technology may imply a specific order of
execution, the order of execution may differ from what is illustrated. For example, the
order of two more blocks may be rearranged relative to the order shown. Further, two or
more blocks shown in succession may be executed in parallel or with partial parallelization.
In some configurations, one or more blocks shown in the flow chart may be omitted or
skipped.

Reference throughout this specification to "an example" means that a particular
feature, structure, or characteristic described in connection with the example is included in
at least one embodiment of the present invention. Thus, appearances of the phrases "in an
example" in various places throughout this specification are not necessarily all referring to

the same embodiment.
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Reference was made to the examples illustrated in the drawings, and specific
language was used herein to describe the same. It will nevertheless be understood that no
limitation of the scope of the technology is thereby intended. Alterations and further
modifications of the features illustrated herein, and additional applications of the examples
as illustrated herein, which would occur to one skilled in the relevant art and having
possession of this disclosure, are to be considered within the scope of the description.

Furthermore, the described features, structures, or characteristics may be combined
in any suitable manner in one or more examples. In the preceding description, numerous
specific details were provided, such as examples of various configurations to provide a
thorough understanding of examples of the described technology. One skilled in the
relevant art will recognize, however, that the technology may be practiced without one or
more of the specific details, or with other methods, components, devices, etc. In other
instances, well-known structures or operations are not shown or described in detail to avoid
obscuring aspects of the technology.

Although the subject matter has been described in language specific to structural
features and/or operations, it is to be understood that the subject matter defined in the
appended claims is not necessarily limited to the specific features and operations described
above. Rather, the specific features and acts described above are disclosed as example
forms of implementing the claims. Numerous modifications and alternative arrangements
may be devised without departing from the spirit and scope of the described technology.

The foregoing detailed description describes the invention with reference to specific
exemplary embodiments. However, it will be appreciated that various modifications and
changes can be made without departing from the scope of the present invention as set forth
in the appended claims. The detailed description and accompanying drawings are to be
regarded as merely illustrative, rather than as restrictive, and all such modifications or
changes, if any, are intended to fall within the scope of the present invention as described

and set forth herein.
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CLAIMS

What is claimed is:

. A'method for reducing electrode gap distances in an electronic device having a first

electrode spatially separated from a second electrode by an electrode gap, the
method comprising:

selecting a nanometer gap size to bind a biological material based on a size
of the biological material and binding effects with the biological material;

coating at least one surface of each of the first electrode and the second
electrode with a first layer including molecular recognition groups;

coating the at least one surface with a second layer including electrically-
conductive solids that are configured to bond with the molecular recognition
groups; and

coating the electronic device with additional alternating layers of the
molecular recognition groups and the electrically-conductive solids to reach the
nanometer gap size between a first electrode and a second electrode of the

electronic device.

The method of claim 1, wherein the biological material is one of a virus and a

biomarker of the virus.

The method of claim 1, wherein the molecular recognition groups are configured to
selectively bind with the biological material, and the molecular recognition groups
are at least one of aptamers, antigens, and antibodies.

The method of claim 2, wherein the biological material is the virus and the method
further comprising:
selecting the nanometer gap size to bind a virus type based on a size of the

virus type and binding effects with the virus type.

The method of claim 4, wherein:
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10.

the virus type is selected from the group consisting of: Adenoviridae,
Papovaviridae, Parvoviridae, Herpesviridae, Poxviridae, Anelloviridae,
Pleolipoviridae, Reoviridae, Picornaviridae, Caliciviridae, Togaviridae,
Arenaviridae, Flaviviridae, Orthomyxoviridae, Paramyxoviridae, Bunyaviridae,
Rhabdoviridae, Filoviridae, Coronoviridae, Astroviridae, Bornaviridae,
Arteriviridae, Hepeviridae, Retroviridae, Calimoviridae, Hepadnasviridae, and
combinations thereof; or

the virus type is a subviral agent selected from the group consisting of:

viroids, satellites, defective interfering particles, prions, and combinations thereof.

The method of claim 4, further comprising:

selecting the nanometer gap size to bind the virus type based on the size of
the virus type wherein the size of the virus type is less than at least one of: 500 nm,
400 nm, 300 nm, 200 nm, 100 nm, 50 nm, 20 nm, and 15 nm.

The method of claim 2, wherein the biological material is the biomarker and the
method further comprising:

selecting the nanometer gap size to bind the biomarker of the virus based on
the size of the biomarker and binding effects with the biomarker, wherein the
biomarker has a biomarker size of less than at least one of 10 nm, 5 nm, 2 nm, and 1

nm.
The method of claim 7, wherein the biomarker is an antibody for the virus type.
The method of claim 1, further comprising:

coating the electronic device with the additional alternating layers to reach

the nanometer gap size less than at least one of: 100 nm, 10 nm, and 5 nm.

The method of claim 1, wherein the electrode gap before coating is greater than 1

fm.
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11.

12.

13.

14.

15.

16.

The method of claim 1, wherein the first and second layers are monolayers having a

thickness of a single particle or a single molecule.

The method of claim 1, wherein the electrically conductive solids include at least
one of: carbon-based nanoparticles, metal nanoparticles, semiconductor
nanoparticles, metal microbeads, semiconductor microbeads, and combinations

thereof.

The method of claim 12, wherein the electrically conductive solids include at least
one of: gold nanoparticles, silver nanoparticles, palladium nanoparticles, platinum

nanoparticles, and combinations thereof.

The method of claim 1, wherein the electronic device is a sensor based on a field-

effect transistor or an electron tunneling device.

A micrometer-scale device comprising:

a first electrode including alternating layers of coated molecular recognition
groups and coated electrically-conductive solids;

a second electrode including alternating layers of coated molecular
recognition groups and coated electrically-conductive solids; and

a nanometer gap size between the first electrode and the second electrode,
wherein the nanometer gap size is reduced from a larger gap size by the alternating
layers of the coated molecular recognition groups and the coated electrically-

conductive solids.
The micrometer-scale device of claim 15, wherein each layer of the alternating

layers of the coated molecular recognition groups and the coated electrically-

conductive solids is a monolayer including a thickness having a single particle.
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18.

19.

20.

21.

22.

The micrometer-scale device of claim 15, wherein the nanometer gap size less than
at least one of: 1 um, 500 nm, 400 nm, 300 nm, 200 nm, 100 nm, 50 nm, 20 nm, 10

nm, 5 nm, 2 nm, and 1 nm.

The micrometer-scale device of claim 15, wherein the larger gap size is greater than
1pum.

The micrometer-scale device of claim 15, wherein the coated molecular recognition
groups are selected to bind with at least one of a virus type and a biomarker, and are

at least one of an aptamer, an antibody, and an antigen.

The micrometer-scale device of claim 15, wherein the electrically-conductive solids
include at least one of: carbon-based nanoparticles, metal nanoparticles,
semiconductor nanoparticles, metal microbeads, semiconductor microbeads, and

combinations thereof.
The micrometer-scale device of claim 15, wherein the electrically conductive solids
include at least one of: gold nanoparticles, silver nanoparticles, palladium

nanoparticles, platinum nanoparticles, and combinations thereof.

The micrometer-scale device of claim 15, wherein the micrometer-scale device is a

sensor based on a field-effect transistor or an electron tunneling device.
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