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Title: MASSIVELY PARALLEL DNA SEQUENCING APPARATUS

INVENTORS: CHULMIN CHOI; SUNGHO JIN; PAUL MOLA; BARRY MERRIMAN

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Patent Application Serial No.

62/288,364 filed on January 28, 2016 entitled "MASSIVELY PARALLEL DNA

SEQUENCING APPARATUS COMPRISING STRONGLY ADHERED CONDUCTOR

NANOTIPS AND NANOPILL ARS , METHOD OF FABRICATION, AND

APPLICATIONS THEREOF," the disclosure of which is incorporated herein by reference.

FIELD

[0002] This disclosure relates generally to nanotechnology, nanofabrication and

nanoelectronics, and more particularly to systems, devices, and processes for electronic

sensing and analyzing of individual biomolecules, including DNA and proteins.

BACKGROUND

[0003] Since the discovery of DNA, there has been a concerted effort to develop means

to actually experimentally measure the sequences of the constitutive chemical bases. The first

method for systematically sequencing DNA was introduced by Sanger in 1978.

[0004] This basic method was automated in a commercial instrument platform in the late

1980's, enabling the sequencing of the first human genome. The success of this effort

motivated the development of a number of "massively parallel" sequencing platforms, with

the goal of dramatically reducing the cost and time required to sequence a human genome.

They generally rely on processing millions to billions of sequencing reactions at the same

time, in highly miniaturized microfluidic formats.

[0005] This has been followed by a variety of other related techniques and commercial

platforms. As it stands, further improvements in quality and accuracy of sequencing, as well

as reductions in cost and time are still highly desirable. This is especially true to make

genome sequencing practical for widespread use in precision medicine, where it is desirable

to sequence the genomes of millions of individuals with a clinical grade of quality.

[0006] While many DNA sequencing techniques utilize optical means with fluorescence

reporters, such methods can be cumbersome, slow in detection speed, and difficult to mass

produce and reduce costs. Label-free DNA or genome sequencing approaches have



advantages of not having to use fluorescent type labeling processes and associated optical

systems, especially when combined with electronic signal detection that can be achieved

rapidly and in an inexpensive way.

SUMMARY

[0007] Aspects of the present disclosure provide compositions and means of manufacture

for nano-electrode systems, which are usable in electronic DNA sequencing systems. Such

nano-electrode systems may also be used in analyzing other types of biomolecules, such as

proteins, depending on how the nano-electrodes are functionalized to interact with

biomolecule sensing targets. In general, the nano-electrode systems disclosed herein may be

part of a system for such biomolecule analysis, wherein the nano-electrode system is coupled

to biomolecules to constitute a molecular electronics sensor having specific application to

sensing and characterizing a biomolecule target, in particular applications to sequencing of a

DNA molecule, or a collection of such molecules constituting an entire genome.

[0008] In various embodiments of the present disclosure, a sequencing structure, such as

usable for DNA or genome sequencing, includes: (a) an electrode pair, each electrode having

a tip-shaped end, with the electrodes separated by a nanogap defined by the tip-shaped ends

facing one another; (b) at least one conductive island deposited at or near each tip-shaped end

of each electrode; and (c) a biomolecule having two ends, each end attached to the at least

one conductive island on each electrode such that one biomolecule bridges the nanogap,

wherein nucleotide interactions with the biomolecule provides for electronic monitoring of

DNA or genome sequencing without the use of a fluorescing element. In various aspects, the

electrode pair may be platinum (Pt), palladium (Pd), rhodium (Rh), gold (Au) or titanium

(Ti), and the at least one conductive island may be gold (Au). In various examples, each end

of a biomolecule is attached to at least one conductive island through antibody-antigen

coupling or streptavidin-biotin coupling. In other examples, a biomolecule is attached to at

least one conductive island through thiol-gold (Au) binding or gold binding proteins.

[0009] In various embodiments, the at least one conductive island may comprise gold

(Au) based nano-tips obtained by electrodeposition of gold (Au) at or near each tip-shaped

end of each electrode, optionally followed by post-deposition annealing. The at least one

conductive island may be in the shape of a pillar grown on each electrode through an

electrodeposition process, and each of these pillars may measure less than 20 nm in diameter

and less than 25 nm in height, or in other embodiments, less than 7 nm in diameter and less

than 10 nm in height. In other embodiments, the at least one conductive island may comprise



electrodeposited or electroless deposited metal, such as Au, to form a nano-tip shaped or

nano-pillar shaped conductive island having an exposed dimension, such as for biomolecule

binding, measuring less than 20 nm.

[001 0] In various embodiments of the present disclosure, conductive islands, such as

electrodeposited or electroless deposited Au nano-tips or nano-pillars, may be modified so as

to increase the surface area of the tip or pillar. For example, a nano-tip or nano-pillar may be

modified to comprise a branched or porous surface, having a porosity of at least 30% so as to

increase the surface area of an exposed surface of the nano-tip or nano-pillar by at least by

10% as compared to the nano-tip or nano-pillar structure after electrodeposition or electroless

deposition.

[001 1] In various embodiments of the present disclosure, a plurality of layers of electrode

pairs may be arranged into three-dimensional arrays. Further, electrode pairs may be

connected to one another such that one electrode from each pair are ganged together by a

common lead wire and each of the other electrodes in each pair are left unconnected to one

another, enabling independent and sequential interrogation of each electrode pair.

[0012] In various embodiments of the present disclosure, a genome or DNA sequencing

system is disclosed. The system includes a DNA or genome sequencing structure such as set

forth herein; and a chamber encasing the structure and defining a microfluidic subsystem

usable to supply biomolecules, nucleotides, PBS, or water solutions to the electrode pair.

[001 3] In various embodiments of the present disclosure, a method of making a genome

or DNA sequencing device is disclosed. The method includes (a) disposing an array of

electrode pairs on a substrate, each electrode within a given pair of electrodes having a tip-

shaped end, with the electrodes in each pair separated by a nanogap defined by tip-shaped

ends facing one another; (b) electrodepositing gold (Au) at each tip-shaped end by applying a

voltage to the electrode pair whereby high current density in the region of each tip-shaped

end of each electrode directs preferential electrodeposition of gold (Au) to each tip-shaped

end to form a gold (Au) nano-tip on each electrode; and (c) attaching each end of a

biomolecule having two ends to the gold (Au) nano-tips such that one biomolecule bridges

over each nanogap in each electrode pair. The electrode pairs may comprise platinum (Pt),

palladium (Pd) or rhodium (Rh), and the substrate may comprise silicon (Si) with a S1O2

insulator surface. The method may further involve heat treating the array of electrode pairs

after step (b) at from about 200 to about 800° C to induce additional diffusional bonding of

gold (Au) to the metal electrodes. In other examples, the method may further include

patterning a passivation layer over the array of electrode pairs, prior to step (c), in order to



cover undesired Au deposits present in locations other than at or near the tip-shaped ends of

the electrodes.

[0014] In various aspects of the present disclosure, a method of making a genome or

DNA sequencing device is disclosed. The method includes (a) disposing an array of electrode

pairs on a substrate, each electrode within a given pair of electrodes having an end, with the

electrodes in each pair separated by a nanogap defined by the ends of the electrodes facing

one another; (b) disposing a mask resist layer over the electrodes; (c) nano-patterning the

mask resist layer to form openings, one opening per electrode, wherein each opening is at or

near each nanogap; (d) electrodepositing gold (Au) on each electrode through each opening

to form gold (Au) nano-pillars; and (e) attaching each end of a biomolecule having two ends

to the gold (Au) nano-pillars such that one biomolecule bridges over each nanogap in each

electrode pair. The electrode pairs may comprise platinum (Pt), palladium (Pd) or rhodium

(Rh), and the substrate may comprise silicon (Si) with a S1O2 insulator surface. A resist layer

used in this method may be PMMA or hydrogen silsesquioxane (HSQ). In this way, the gold

(Au) nano-pillars grow within each opening as each opening is filled by the electrodeposition

of gold (Au).

BRIEF DESCRIPTION OF THE DRAWINGS

[001 5] The subject matter of the present disclosure is particularly pointed out and

distinctly claimed in the concluding portion of the specification. A more complete

understanding of the present disclosure, however, may best be obtained by referring to the

detailed description and claims when considered in connection with the drawing figures.

[001 6] FIGS. l(a)-(d) illustrate genome sequencing compatible electrodes having a

structure comprising a 5-20 nm nano-gap, with a pair of Au islands for attaching or

immobilizing biomolecules thereon such as proteins or fragmented DNA for the purpose of

fluorescence-free (i.e., label-free) detection of nucleotide attachments via electrical

measurements;

[001 7] FIGS. 2(a)-(c) illustrate a top view of nano-electrode geometries having different

shapes, such as produced by nano-imprint lithography, e-beam lithography, or other methods.

Underlying substrate material, such as Si with S1O2 surface insulator, is not shown;

[001 8] FIGS. 2(d)-(f) illustrate massively parallel, electrodeposited Au islands or other

conductive islands by utilizing the sharp point with higher current density for preferential

deposition at the tip location;



[0019] FIG. 3(a) illustrates an Au-tip plated electrode array (e.g., Pt, Pd or Rh) with

inadvertent Au islands on electrode surface. Substrate material such as Si with S1O2 surface

insulator is not shown;

[0020] FIG. 3(b) illustrates a structure that masks the inadvertent Au island deposition to

eliminate unwanted biomolecule attachments on an electrode surface;

[0021] FIG. 4 illustrates massively parallel, protruding Au electrode array using masked

electrodeposition;

[0022] FIG. 5 illustrates branched or porous Au tip for more powerful, enhanced

biomolecule adhesion for reduced-error rate in electronic sensing;

[0023] FIG. 6 illustrates an array of Au nano-tip electrode pairs for massively parallel,

label-free detection of nucleotide attachment or detachment events (e.g., 100 x 100 device

array or 1,000 x 1,000 array);

[0024] FIG. 7 illustrates sequential interrogation of electrodes by using a common lead

wire on one side of the array;

[0025] FIG. 8 illustrates a three-dimensional array of molecular electronics genome-

sequencing platform;

[0026] FIG. 9 illustrates a genome or DNA sequencing system according to the invention,

comprising a nano-electrode system and biomolecular components properly attached to said

electrode using specific contacts and material binding properties;

[0027] FIG. 10 illustrates a molecular structure used for experimental work on DNA

sequence analysis, comprising a bridge and probe molecule;

[0028] FIG. 1 1 illustrates an exemplary test set-up for electrical measurements on

molecular sensors. The structure at top is a cross sectional illustration of an electrode-

substrate structure, and attachment to analyzer for applying voltages and measuring currents

through the bridge molecule. The structure at bottom is a perspective view of electrode array

for bridging circuits;

[0029] FIG. 12(a) provides an electron microscope image of electrodes with gold metal

dot contacts for bridge binding. Electrodes are on a silicon substrate, produced via e-beam

lithography. The image is of an array of titanium electrodes with gold dot contacts;

[0030] FIG. 12(b) provides an electron microscope image of electrodes with gold metal

dot contacts for bridge binding. Electrodes are on a silicon substrate, produced via e-beam

lithography. The image is a close-up of the array in FIG. 12(a), showing an electrode gap of 7

nm with gold dot contacts having 15 nm gold-to-gold spacing;



[003 1] FIG. 12(c) provides an electron microscope image of electrodes with gold metal

dot contacts for bridge binding. Electrodes are on a silicon substrate, produced via e-beam

lithography. The image is a close-up of the array in FIG. 12(b), showing approximately 10

nm gold dots at the tips of the electrodes;

[0032] FIG. 13 illustrates electronic monitoring of the various phases of molecular sensor

self-assembly onto gold-dot contact electrodes;

[0033] FIG. 14 provides EM imaging of the final self-assembled structure upon

completion of the phases depicted and monitored in FIG. 13;

[0034] FIG. 15 illustrates the measuring of incorporation signals using an exemplary

sensor;

[0035] FIG. 16 provides images of fabricated electrodes with Au-dot island contact

points;

[0036] FIG. 17 provides images of fabricated sharp-tip (a) and tapered tip (b) electrodes

with Au islands from Au electrodeposition;

[0037] FIG. 18 provides an electron micrograph showing passivation of electrode

surfaces to expose only the critical regions of the electrodes for molecular self-assembly

binding to gold;

[0038] FIG. 19 provides an electron micrograph demonstrating an embodiment of

fabricated multi-gold-bead electrodes;

[0039] FIG. 20 provides an electron micrograph demonstrating another example of

fabricated multi-gold-bead electrodes;

[0040] FIG. 2 1 provides an electron micrograph depicting addition of a passivation layer

for use in sensing applications; and

[0041] FIG. 22 provides a flow diagram showing various approaches for providing a

fresh surface of Au, such as after the step of depositing Au islands.

[0042] It is to be understood that the drawings are for purposes of illustrating the

concepts of the invention and are not to scale.

DETAILED DESCRIPTION

[0043] The detailed description of exemplary embodiments herein makes reference to the

accompanying drawings, which show exemplary embodiments by way of illustration and

their best mode. 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 logical, chemical, and mechanical changes may be



made without departing from the spirit and scope of the inventions. Thus, the detailed

description herein is presented for purposes of illustration only and not of limitation. For

example, unless otherwise noted, the steps recited in any of the method or process

descriptions may be executed in any order and are not necessarily limited to the order

presented. Furthermore, any reference to singular includes plural embodiments, and any

reference to more than one component or step may include a singular embodiment or step.

Also, any reference to attached, fixed, connected or the like may include permanent,

removable, temporary, partial, full and/or any other possible attachment option. Additionally,

any reference to without contact (or similar phrases) may also include reduced contact or

minimal contact.

[0044] The present disclosure generally describes a DNA or genome sequencing device,

methods of making such devices, and methods of use. In various aspects of the present

disclosure, a DNA or genome sequencing device has a structure comprising: (a) an electrode

pair, wherein each electrode in the pair is fashioned with a tip-shaped end, and the electrodes

in the pair are separated by a nanogap defined by the tip-shaped end of each electrode facing

one another; (b) at least one conductive island deposited at or near each tip-shaped end of

each electrode; and (c) a biomolecule, such a double stranded DNA molecule, having two

ends, with each end attached to the conductive island on each electrode such that one

biomolecule bridges the nanogap. Thus, each device comprises one pair of electrodes and one

bridging biomolecule, and the biomolecule is bound at each of its ends to the conductive

island portion of each electrode. In various aspects, such a device may be used in DNA or

genome sequencing by electronically monitoring nucleotide interactions with the

biomolecule. The biomolecule may further comprise a probe molecule linked to the

biomolecule wherein the probe molecule, such as a polymerase enzyme, binds nucleotides to

create electronic events that are sensed. In this way, DNA or genome sequencing is carried

out without the use of a fluorescing element.

[0045] In various embodiments, each electrode is comprised of a conducting metal such

as, for example, platinum (Pt), palladium (Pd), rhodium (Rh), gold (Au) or titanium (Ti).

Also, the electrode pairs are disposed on a substrate, such as silicon (Si). The substrate may

further comprise an insulating layer, such as silicon dioxide (S1O2) . A gate electrode (i.e. a

third electrode), may be disposed under or adjacent to each nanogap, wherein each device

comprises a three electrode structure, and the three electrodes comprise a circuit used for

electronic monitoring of molecular binding and interactions involving the bridge

biomolecule. A plurality of devices may be disposed in an array comprising many devices



(e.g., hundreds up to hundreds of millions). In various aspects, arrays of devices may be two-

dimensional or three-dimensional, in the latter case comprising a plurality of layers forming

an array architecture.

[0046] In arrays of devices, electrode pairs may be connected to one another such that

one electrode from each pair are electrically connected together ("ganged together") by a

common lead wire and each of the other electrodes from each pair are left unconnected to one

another, enabling independent and sequential interrogation of each electrode pair.

[0047] In various aspects of the disclosure, the conductive islands deposited on each of

the electrodes of a device may comprise gold (Au). As discussed herein, gold (Au) is

amenable to electrodeposition and "electroless" deposition processes, and is useful in

bonding organic molecules, such as through strong gold (Au)-sulfur (S) bonds. The sulfur

substituent for binding to a Au island may be part of a thiol (-SH) substituent present at or

near each end of a biomolecule, or a disulfide linkage in a biomolecule that is reduced to two

-SH groups for binding. In various aspects, one Au island is deposited per electrode. In other

aspects, at least one Au island is deposited per electrode.

[0048] In various embodiments, each end of a biomolecule may be attached to the at least

one conductive island through antibody-antigen coupling, streptavidin-biotin coupling, thiol-

Au binding, or by gold binding proteins.

[0049] In various embodiments, at least one conductive island may comprise Au based

nano-tips obtained by electrodeposition of gold (Au) at or near each tip-shaped end of each

electrode. Further, at least one conductive island may comprise Au based nano-tips obtained

by electrodeposition of gold (Au) at or near each tip-shaped end of each electrode, followed

by post-electrodeposition annealing. Also, Au islands may be electroless deposited, and the

resulting islands may be post-electroless deposition annealed. As discussed here, annealing

can increase the contact area of an island such as Au on an electrode, and can increase the

bonding strength between Au island and electrode.

[0050] In various examples, at least one conductive island may be in the shape of a pillar,

wherein the pillar is grown on each electrode through an electrodeposition process. Such

pillars may measure: less than 20 nm in diameter and less than 25 nm in height each; less

than 15 nm in diameter and less than 20 nm in height each; less than 10 nm in diameter and

less than 15 nm in height each; or less than 7 nm in diameter and less than 10 nm in height

each; or less than.

[0051] For any shape conductive island herein, a contact area between the conductive

island and the electrode surface may be at least about 50%, and preferable up to 100% of the



island diameter (or the island cross-sectional dimension). Thus, a pillar shaped conductive

island of cylindrical shape, (i.e. having a round cross sectional area) may be in contact with

the electrode at the entire bottom of the pillar, that is, across the entire cross sectional area.

For a dot or spherical shaped conductive island, the contact area may be up to and including

100% of the diameter of the sphere, meaning the conductive island may comprise a

hemispherical shape. In some instances, annealing may form what appears to be an Au

metallized tip on the end of a tip-shaped electrode, such as the end of a pointed electrode.

[0052] In various embodiments of the present disclosure, the surface area of a conductive

island can be increased, either by damaging the surface, removing portions of the surface, or

otherwise making the surface more porous. In certain instances, a nano-tip or nano-pillar may

comprise a branched or porous surface, having a porosity of at least 30% so as to increase the

surface area of an exposed surface of the nano-tip or nano-pillar by at least by 10% as

compared to the nano-tip or nano-pillar structure after electrodeposition or electroless

deposition on each electrode. Gold islands may be modified to increase surface area such as

by preparing a nanocomposite consisting of Au and included metallic nanoparticles such as

Co, Ni, Fe, Cu, Zn, Al, Si, Mo, V, or ceramic nanoparticles such as CoO or C02O 3, NiO,

F e 2C or CuO, ZnO, AI2O3, M0O2, V2O5, S1O2 and preferentially etching away these

metallic or ceramic or polymer nanoparticles or nano fibers, so as to produce a porosity of at

least 30% preferably at least 50% so as to increase the surface area of gold element top

surface by at least by 10%, preferably by at least 20%, even more preferably by at least 60%

as compared with the straightforward Au nano-pillar structure. In other examples, a

nanocomposite may comprise a mixture of Au and at least one of carbon nanotubes, graphene

nano-flakes, polymer nanoparticles and nanofibers. Any of these non-Au materials may be

subsequently burned away so as to produce a porosity in the Au of at least 10%, at least 20%,

at least 30%, at least 40%, or preferably at least 50%, so as to increase the surface area of the

top surface of the gold island by at least by 3%, at least 5%, at least 10%, at least 20%, at

least 30%, at least 40%, at least 50%, or least 60%, over the porosity of a Au nano-pillar

comprising only unmodified Au as obtained from Au electrodeposition.

[0053] In various embodiments, a DNA or genome sequencing system may comprise at

least one of the devices as described herein (such as an array of devices) and a chamber

encasing the device(s), such as to provide a microfluidic subsystem into which solutions can

be administered to supply biomolecules, nucleotides, PBS, or water solutions to the one or

more devices. Such systems allow convenient and controlled exposure of the electrode pairs

to various solutions of molecules.



[0054] In various embodiments of the present disclosure, a method of making a genome

or DNA sequencing device is disclosed. The method includes the steps of: disposing an array

of electrode pairs on a substrate, each electrode within a given pair of electrodes having a tip-

shaped end, with the electrodes in each pair separated by a nanogap defined by tip-shaped

ends facing one another; electrodepositing gold (Au) at each tip-shaped end by applying a

voltage to the electrode pair whereby high current density in the region of each tip-shaped

end of each electrode directs preferential electrodeposition of gold (Au) to each tip-shaped

end to form a gold (Au) nano-tip on each electrode; and attaching each end of a biomolecule

having two ends to the gold (Au) nano-tips such that one biomolecule bridges over each

nanogap in each electrode pair. The electrodes within each pair amy comprise platinum (Pt),

palladium (Pd) or rhodium (Rh), and the substrate may comprise silicon (Si) with a S1O2

insulator surface. These methods may further involve heat treating the array of electrode pairs

after depositing the gold at from about 200 to about 800° C to induce additional diffusional

bonding of the Au to the metal electrodes. Further, the methods may involve patterning a

passivation layer over the array of electrode pairs prior to attaching a biomolecule to each

pair in order to cover up undesired Au deposits that appeared in locations other than on or

near the tip-shaped ends of the electrodes.

[0055] In other embodiments of the present disclosure, a method of making a genome or

DNA sequencing device is disclosed. The method involves the steps of: disposing an array of

electrode pairs on a substrate, each electrode within a given pair of electrodes having an end,

with the electrodes in each pair separated by a nanogap defined by the ends of the electrodes

facing one another; disposing a mask resist layer over the electrodes; nano-patterning the

mask resist layer to form openings, one opening per electrode, wherein each opening is at or

near each nanogap; electrodepositing gold (Au) on each electrode through each opening to

form gold (Au) nano-pillars; and attaching each end of a biomolecule having two ends to the

gold (Au) nano-pillars such that one biomolecule bridges over each nanogap in each

electrode pair. Each electrode may comprise platinum (Pt), palladium (Pd) or gold (Au), and

the substrate may comprise silicon (Si) with a Si0 2 insulator surface. In these methods, the

resist layer may comprise PMMA or hydrogen silsesquioxane (HSQ). The gold (Au) nano-

pillars grow within each opening with each opening filled layer by layer within each confined

space by electrodeposition.

[0056] The drawing figures and various imaging show fabrication of the nano-sensor

concepts disclosed herein, as well as embodiments of using such types of nano-electrodes in

DNA sequence analysis. The figures and images supporting this disclosure include, but are



not limited to: Molecular sensor for DNA sequence analysis; Test measurement set-up for

nano-electrode molecular sensors; Nano-electrodes with gold contact islands used in

molecular sensor work; Electrical monitoring of self-assembly on nano-electrodes; DNA

sequencing signals from molecular electronic nano-electrode sensor; Fabricated gold island

nano-electrodes; Fabricated gold-electroplated nano-electrodes; Passivation of fabricated

nano-electrodes; and Fabricated multi-gold-bead linear ball-up array electrodes.

[0057] Referring now to the drawings, FIGS. l(a)-(d) schematically illustrate sequencing

genome compatible electrodes with a 5-20 nm nano-gap there between, each pair of gapped

electrodes having a pair of Au islands, which are for attaching or immobilizing biomolecules,

such as proteins or fragmented DNA, as bridges across the electrode pairs. Such a

biomolecular bridged electrode structure is usable in fluorescence-free (i.e., label-free)

detection of nucleotide attachments or other molecular interactions via electrical

measurements. In more detail, FIG. 1(a) illustrates the top view of an embodiment of a single

pair of electrodes separated by a nano-gap of from about 5 to about 20 nm. FIG. 1(b)

illustrates a side view of an exemplary pair of electrodes on a substrate with an insulator

surface. In this example, the substrate is Si and the insulator layer is S1O2. Such electrode

pairs are disclosed herein as usable within a device for genome/DNA sequencing through

electronic conductance measurements. Each pair of electrodes is desirably made of high

conductivity metal having stable and inert characteristics. Gold (Au), for example, is most

widely used as an electrode material. However, within the scope of the present invention,

alternative metals, such Pt, Pd, or Rh, are utilized so as to prevent non-specific random

attachment of biomolecules (e.g., proteins or DNAs) on the electrode surface. By using a Pt

base electrode, biomolecules are much less prone to attach directly on the Pt surface. Thus,

with the addition of a pair of Au islands of several nanometer regime size, the attachment site

of biomolecules, especially just a single biomolecule per one electrode, can be confined to the

Au island rather than to areas of the electrode surface absent Au.

[0058] Unfortunately, small nanoparticles, such as ~5 nm diameter regime gold

nanoparticles, are difficult to position and place on an electrode surface. Atomic Force

Microscopy (AFM) may be used to pick-up and move an individual Au nanoparticle to the

electrode surface, and deposit it thereon, whereby van der Walls forces keep the nanoparticle

at its intended location, (see, for example, Huang, et al, U.S. Pat. App. Ser. No,

2014/0048776, published Feb. 20, 2014). However, such delicate movement and placement of

nanoparticles, resulting for example in the structure illustrated in FIG. 1(c), can result in Au

nanoparticles that are not particularly well adhered onto the electrode surface.



[0059] These structures wherein the nanoparticles are not strongly adhered to the

electrode surfaces, (FIG. 1(c)), will exhibit high contact resistance and reduced electrical

conductivity. Furthermore, such poorly attached Au nanoparticles can be easily moved

laterally to a different location or detached permanently during washing, microfluidic

processing of biomolecules, or other handling. Such AFM guided placement of a

nanoparticle, one by one, is laborious, time consuming and not amenable to low-cost

manufacturing. Therefore, according to the present invention, the Au nanoparticle is not just

physically deposited on an electrode surface as is the case in the prior art (FIG. 1(c)), but

rather is more strongly bonded onto the electrode surface such that the contact area of the Au

particle used in the bonding with the electrode surface comprises at least 20%, at least 30%,

at least 40%, at least 50%, at least 60%, at least 70%, preferably at least 80%, and even more

preferably up to 100% of the Au particle diameter. Diagrammatically, this strong bonding

between Au particles and electrode surface is illustrated in the two examples of FIG. 1(d).

[0060] For molecular electronics devices, including those usable for protein analysis or

DNA/genome sequencing, parallel electronic sensing using an array comprising a plurality of

electrode pair devices is highly desirable. In order to package more electrical measurement

devices and circuits within a given space, the electrode dimensions must be reduced to micro-

or nano-scale. For example, an array of nano-electrode geometry comprising electrode pairs

in parallel arrangement can be utilized. Such an array can be made by using convenient and

scalable processing methods such as nano-imprint lithography. Alternative methods such as

e-beam lithography, self-assembly and other means may also be utilized.

[0061] Referring again to the drawings, FIG. 2 describes one of the embodiments to

create reliable Au islands on electrodes in an inexpensive, massively parallel way, by

employing electrodeposition while the electrode array is electrically connected to a cathode

and anode. As electrodeposition occurs on one electrode but not the other, the left side Pt (or

Pd or Rh) electrode tip is electrodeposited with Au first, and then the right side tip is plated as

cathode vs anode role during electrodeposition is reversed. Sharp edges, corners, tips or

protruding portions of a conductive object, such as the Pt electrode tips in FIGS. 2(a)-(c),

tend to have highly concentrated electrical current during electrodeposition. Hence, the

electrode tips are plated with Au preferentially rather than other parts of the Pt electrodes

which are not sharpened, tipped, or protruding. For electrodeposition on shaped electrodes, an

exemplary electroplating solution includes, but is not limited to, potassium gold cyanide

(KAu(CN) 2) based solution. An example bath composition comprises 12-15 g/liter

KAu(CN)2, 90-115 g/liter citric acid, 0.07-0.1 g/liter cobalt (added as acetate or sulfate),



with H adjusted to 3.6-4.7 (e.g., with KOH), and bath temperature of 40-65° C, (see for

example, Y. Okinaka, F. B . Koch, C . Wolowodiuk, and D . R . Blessington, J . Electrochem.

Soc, 125, 1745 (1978)). Non-cyanide electroplating baths are also usable herein, (see for

example, Modern Electroplating, 5th Ed, edited by Mordechay Schlesinger and Milan

Paunovic, Chapter 4, "Electrodeposition of Gold" by Paul A . Kohl, ISBN: 978-0-470-16778-

6 December 2014, John Wiley & Sons, Inc.). Direct current (DC) electrodeposition or pulse

deposition may be used, with the latter more convenient in accurately controlling the size of

the electrodeposited gold.

[0062] In accordance with the present disclosure, the deposited Au region at the electrode

tip is not a nanoparticle but is instead an integral part of the electrode structure, strongly

adhered to the electrode by electrodeposition. Examples of electrode geometries suitable for

electrodeposition of Au are set forth in FIGS. 2(a)-(c). FIGS. 2(a)-(c) illustrate top views of

nano-electrode pair geometry with different shapes. These shapes are made by, for example,

nano-imprint lithography for scaled-up manufacturing, e-beam lithography, or other known

methods. Substrate material, such as Si with a S1O2 surface insulator, residing under each

electrode pair, is not shown for clarity. FIGS. 2(d)-(f) illustrate the variously shaped electrode

tips electrodeposited with Au or other metal as conductive islands, by utilizing the sharp

point, tip, or other protrusion of the electrode wherein the higher current density at those

locations direct preferential deposition. For better results, any undesired sharp edges or

irregularities on the base electrode are preferably removed to avoid inadvertent

electrodeposition of Au at these irregularities in addition to the desired locations. Tapered and

smoother side geometry of the electrode pair of FIG. 2(e) is one design to minimize

undesirable Au deposition at locations other than at the electrode tips. In FIG. 2(f), slightly

rounded tip design is disclosed, which is also useful when a slightly larger size Au tip

deposition is desired.

[0063] Electrodeposition of Au or other conductive tips, particularly when electrode pairs

are reacted in massively parallel fashion, is convenient and very practical compared to the

prior art methods such as movement and placement of individual Au nanoparticles by an

atomic force microscope (AFM) tip. Many devices (e.g., 1,000 to 10 million genome

sequencing electrode devices) can be processed simultaneously. Post-anneal of the electrode

deposition to enhance Au adhesion is an optional process. Heat treating of the entire electrode

device array can be accomplished at temperatures of about 200 to about 800° C in air, for

about 10 mins to 12 hrs in vacuum or in an inert atmosphere, which induces additional

diffusional bonding of Au to the substrate metal electrode. The Au tip processed by



electrodeposition in accordance to the present invention is strongly adhered to the base

electrode metal, wherein the contact area of the Au bonded to the electrode surface comprises

at least 20%, at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, preferably at

least 80%, and even more preferably up to 100% of the Au particle diameter.

[0064] Although the sharp tip region of a pointed electrode is preferentially coated with

Au during electrodeposition, and hence deposition of Au at other locations on the electrode is

correspondingly rare, in some instances there can be deposition of Au at undesired locations.

In case there is some inadvertent deposition of Au in any shape on other parts of the electrode

surface other than the desired tip location (e.g. as illustrated in FIGS. 2(d)-(f)), an additional

step of patterned coating of the electrodes at regions except the tip region may be performed,

as illustrated in FIGS. 3(a) and 3(b).

[0065] FIG. 3(a) diagrammatically illustrates an Au tipped electrode array wherein

inadvertent Au islands were electrodeposited in various undesired locations on the electrode

surfaces. As mentioned, a patterned coating may be disposed on the electrodes thereafter to

cover these undesired islands. FIG. 3(b) illustrates an exemplary patterned coating that masks

the inadvertent Au island depositions to eliminate unwanted biomolecule attachments onto

the electrode surface at these errant locations when the electrodes are exposed to

biomolecules.

[0066] In various embodiments of the present invention, nano-sized gold can be

electrodeposited in other configurations, such as protruding Au nano-pillars on Au electrodes,

using masked electrodeposition on individual locations selected on the electrodes. In this

process, the Au nano-pillars are grown at selected un-masked locations. The first step of the

process is disposing a mask layer such as for example, PMMA or hydrogen silsesquioxane

(HSQ) on the Au electrode surfaces and then nano-patterning the mask resist layer to form

exposed openings or "holes." In the next step, massively parallel electrodeposition of Au in

the form of protruding pillars can be grown by position-selected electrodeposition aided by

the masked pattern. The holes patterned in the mask resist are typically 4-20 nm and

preferably 6-10 nm in diameter and it is through each of these patterned holes where the gold

is electrodeposited, as shown by the stepwise process of FIGS. 4(a)-(e).

[0067] As illustrated in the cross-sectional view of the exemplary Au electrode array in

FIG. 4(a), large-areas of Au electrodes will not reliably serve as portions of a device to attract

a single biomolecule, DNA fragment, or nucleotide for electrical interrogation because

random, undesirable pluralities of biomolecules are likely to be attached on to each electrode

due to the large exposed Au surfaces. Therefore, it is essential to have only a single nano-



defined pillar on each electrode. The term "pillar" is used broadly herein to refer to three-

dimensional structures with round, square, rectangular or any other cross-sectional shape.

Such pillars are formed in the holes with the surrounding areas all masked, as illustrated in

the steps of FIG. 4(b) and 4(c). Positive resist (e.g., PMMA) or negative resist (e.g., HSQ,

SU-8) coated by e-beam or nano-imprint lithography may be utilized for the nano-patterning

to create a hole array. Nano-imprinting facilitates simultaneous fabrication of a large number

of devices, for example, more than 10,000 devices.

[0068] For efficient and simultaneous creation of huge numbers of Au nano-pillars on Au

or other conducting electrodes, electrical terminals for all the lead wires on the left electrodes,

and all the lead wires on the right side of the device array with repeated electrode partem

device like the one illustrated in FIG. 4(c), are temporarily electrically connected,

respectively to two separate common electrical paths, so that electrodeposition can be

performed on all the electrodes simultaneously. This allows massively parallel

electrodeposition of Au pillars for an easier, low-cost, mass manufacturing process. The

number of Au pillars (which equal twice the number of electrode pair devices) that can be

simultaneously created, according to the process thus described, is at least 100 devices,

preferably at least 10,000 devices, and more preferably at least one million devices.

[0069] As the protruding gold pillar of FIG. 4(d) has a good contact area, comparable to

the pillar diameter (or other cross-sectional width if not cylindrical), the electrical contact

resistance is desirably very small. This is unlike the high contact resistance situation of prior-

art nanoparticle attachments (e.g., Au nano-particles moved and deposited by an AFM probe

tip). Also, the Au pillar thus grown is now a part of Au electrode base with gold on gold

contacts, so very strong adhesion is ensured since there is only a single metal. These desirable

characteristics of Au nano-pillar structure described herein are advantageous in minimizing

noise in the electrical signal, e.g., during genome sequencing. The Au nano-pillar cross-

sectional dimension (e.g. diameter) prepared by the method illustrated in FIGS. 4(a)-(d) is

less than 20 nm, less than 15 nm, less 10 nm, or less than 7 nm. The height of the Au pillar is

less than 25 nm, less than 20 nm, less than 15 nm, or less than 10 nm.

[0070] FIG. 4(e) illustrates an exemplary use of the Au pillar structure for molecular

electronics devices, in accordance to a further aspect of the invention. Such Au pillar

structure is useful for DNA and genome sequencing as well as protein analysis. FIG. 4(e)

shows a single biomolecule (e.g., a protein, a DNA segment, etc.) attached onto the Au pillar

surface for electrical interrogation during a molecular interaction, e.g., for example,

nucleotide attachment to the biomolecule. The biomolecule attachment to the surface of the



Au pillar is enabled by various functionalization and targeting attachments. These include,

but are not limited to, antibody-antigen attraction or biotin-streptavidin conjugation, thiol-Au

bonding, Au-binding peptides, or the like.

[007 1] In DNA sequencing and genome sequencing using label-free electronic detection,

as well as molecular electronics devices in general, strong and reliable attachment of

biomolecules is essential so as to obtain strong signals in a reproducible, noise-reduced

manner. An attachment of biomolecules in sensor devices can be enhanced if the surface of

the substrate on to which the biomolecule is to bind is modified to exhibit significantly larger

surface area. It is difficult to make further branched or porous structures on what are already

nano-dimensioned (e.g., 5-10 nm area) structures. However, in accordance with the present

disclosure, such difficulty has been overcome. As illustrated in the two examples of FIGS.

5(b) and 5(c), further subdivided nanostructures for enhanced adhesion of biomolecules are

possible on Au pillars (e.g. as exemplified in FIG. 5(a)) or on some other nano-dimensioned

surfaces. In FIGS. 5(b) and 5(c), branched and porous Au deposits, respectively, provide

more powerful and enhanced biomolecule or linker molecule adhesion to the Au contact.

[0072] Branched-tip Au pillars, as shown in FIG. 5(b) can be obtained by using sacrificial

materials in an Au composite, and selective etching or burning away of about 1%, 3%, 5%,

8%, 10%, 12%, 14%, 16%, 18%, or 20% volume of the non-Au material. In other aspects,

from about 5% to about 20% by volume of the non-Au material is selectively etched away or

burned away from the Au composite. Sacrificial materials include, but are not limited to,

carbon nanotubes, graphene, polymer, or metallic or ceramic phase nanoparticles added

during electrodeposition. Alternatively, branched-tip Au pillars may be formed by standard

deposition of Au (without electrical current) and then dispersing nanoparticles which are

trapped therein to form a composite material. Metallic nanoparticles such as Co, Ni, Fe, Cu,

Zn, Al, Si, Mo, V , or ceramic nanoparticles such as CoO or C02O 3, NiO, F e2C or

CuO, ZnO, AI2O3, M0O2, V2O5, S1O2 can then be etched away using strong acid (but not as

strong as gold etchant like aqua regia solution having nitric acid and hydrochloric acid in 1:3

ratio). The etchant can be a dilute acid or an alkali (e.g. in the case of aluminum particles to

be etched away), with the concentration of less than one-half of the acid component used in

aqua regia solution, and preferably less than one-quarter of the acid component used in aqua

regia solution. When these metals and ceramics are etched away, the remaining Au exhibits a

greater surface area comprising a branched or porous nanostructure surface, which is

desirable for a stronger binding of biomolecules thereon, including biomolecules such as

proteins or DNA. The desirable dimension of metallic, ceramic or polymer sacrificial



nanoparticles is less than 10 nm, preferably less than 5 nm, even more preferably less than 2

nm in average diameter. The desirable dimension of sacrificial carbon nanotubes or graphene

nano-flakes to be incorporated into the Au composite is less than 8 nm, preferably less than 3

nm, even more preferably less than 1 nm in thickness. Carbon nanotubes, graphene nano-

flakes, or polymer nanoparticles in the Au composite matrix can be burned away by heating

to a temperature of about 200 to about 500° C, or by dissolving away in a solvent, such as in

the case of polymer nanoparticles.

[0073] An alternative method of providing porous Au pillars is disclosed in FIG. 5(c). Au

pillars or Au nano-islands can be made porous by using a de-alloying method, which in this

case, comprises first depositing Au pillars or islands containing alloy components, e.g., Au-

Ag, Au-Cu or other Au-based alloys that can be electroplated or electroless plated. The nano-

pillars comprising the alloy are then chemically or electrochemically etched in a strong acid

(or alkali in the case of Al or Mg type alloying) to selectively remove the non-Au metal(s)

from the alloy and leave behind the Au. The desired amount of alloying of Au with Ag, Cu,

and/or other metallic elements, is in the range of about 10 to about 70% volume, and

preferably in the range of about 30% to about 60% volume. Either an element capable of

alloying, or an immiscible element not capable of forming an alloy can be added to Au and

then the step of de-alloying or preferential etching will result in a nanostructured Au. The

desired % volume of porosity in an Au tip, Au pillar or Au island thus formed is at least at

least 10%, at least 20%, at least 30%, at least 40%, or preferably at least 50%. The increase in

surface area in the structures illustrated in FIGS. 5(b) and 5(c) achieved by the

nanocomposite route is at least by 3%, at least 5%, at least 10%, at least 20%, at least 30%, at

least 40%, at least 50%, or least 60%, over the porosity of a Au tip, Au pillar or Au island as

obtained from Au electrodeposition and no modification.

[0074] Another embodiment of Au pillar modification is to apply nanoscale sand

blasting, masked chemical etching, ion implantation, or other suitable method to intentionally

damage the surface of the Au pillar to make it rough and/or porous. In these instances of

binding to surface damaged and/or and porous Au, the adhesion strength of the biomolecules

is improved by a factor of at least 10%, at least 20%, at least 25%, at least 35%, at least 40%,

at least 50%, at least 60%, or at least 70% over the adhesion of the biomolecule to an

unmodified Au pillar structure.

[0075] In other embodiments, Au pillars may be dimensionally changed by annealing.

For example, Au pillars can be converted from relatively cylindrical pillar shapes to

spherical-ball shapes by annealing at elevated temperatures, such as temperatures higher than



the melting temperature of Au but lower than temperatures at which other components of the

device (e.g. the electrodes) may melt or otherwise be damaged.

[0076] FIG. 5(d) illustrates an exemplary device wherein a biomolecule (e.g. protein,

DNA, or other biomolecule) is attached to the Au portions of the electrodes having the

enhanced adhesion/bonding due to the nanostructure and larger surface area present in the Au

pillars of FIGS. 5(b) and 5(c). Thus, in the manufacturing of a device comprising electrode

pairs, a biomolecule is attached to the contact points on each one of the electrodes in a pair of

electrodes in order to bridge the nanogap between the two electrodes in the pair. As

discussed above, these contact points may comprise Au nano-pillars, optionally modified by

alloying/de-alloying or other methods to increase the surface area and binding capabilities of

each nano-pillar.

[0077] It should be noted that these new methods to increase the surface area and enhance

biomolecule bonding are also applicable for other embodiments, such as those exemplified in

FIGS. 2 and 3 and discussed above.

[0078] In various aspects of the present disclosure, massively parallel electrode arrays

can be produced, with arrays having at least 1,000, preferably at least 10,000, and even more

preferably at least 1 million electrode pair devices in the device array. FIG. 6 illustrates an

exemplary array of Au nano-tip structured electrode pairs usable for massively parallel, label-

free detection of nucleotide or other molecular attachment or detachment events. Such arrays

may comprise 100 x 100 devices or 1,000 x 1,000 devices, or the like, each device

comprising an electrode pair with sharp tipped electrodes (comprising, for example Pt, Pd or

Rh), Au nano-tip electrodeposited or electroless deposited at or near the electrode tip area,

and Au or other conductor lead wires (e.g., Ag, Cu, Pt, Pd, Rh). If an Au lead wire is used,

the surface of the Au leads can be covered with a mask such as PMMA to prevent

undesirable biomolecules adhesion on the leads.

[0079] With an array such as the embodiment illustrated in FIG. 6, the interrogation of

nucleotide attachment can be performed in real time. An alternative embodiment of electronic

signal interrogation is to perform sequential integration by shorting one side of all lead wires

and taking turns with left side electrical lead wires one at a time, e.g., every millisecond, such

as in the configuration shown in FIG. 7 . In FIG. 7, 7 is an exemplary electrode pair for

label-free detection of nucleotide attachment or detachment, (wherein the electrode pair

would further include a biomolecule bridging the gap and probe molecule), and 72 is an

embodiment of a lead wire, such as an Au lead wire, which can be surface insulated or coated

to prevent protein or other biomolecule adhesion thereon. With continued reference to FIG. 7,



element 73 is a common connection lead wire connecting all of the right side electrodes, and

element 74 is just the one common lead wire needed on the right side of the array. The left

side electrodes, Y l , Y2. ..Y 10, are interrogated one at a time, sequentially. This wiring

configuration and sequential interrogation method results in fewer electronic measurement

complications compared to the handling of many thousands of parallel signals all at once.

[0080] Even larger data acquisitions can be obtained if the FIG. 6 or FIG. 7 type nano-tip

or nano-pillar structure is stacked in three dimensions, such as shown in FIG. 8, with an

accompanying microfluidic chamber for each stack (top left in the figure), or with one or

more common microfluidic chambers (top right in the figure). In such 3D configurations, at

least about one million to about one billion devices can be operated simultaneously for

extremely rapid DNA or genome sequencing. In other embodiments, a more sophisticated,

micro-wire or micro-ribbon array with protruding Au pillar arrays are used for even higher

density biomolecule sensing.

[008 1] Aspects of the genome or DNA sequencing structures, systems and methods

according to the invention are summarized in FIG. 9 . Appropriate software and a computer

system are incorporated, and a microfluidic system is connected to the massively parallel

electronic detection system. Biomolecules and coupling agents are delivered into the

microfluidic chamber(s), together with nucleotides to be sequenced.

[0082] FIG. 10 illustrates an embodiment of a molecular structure used for DNA

sequence analysis, comprising a bridge and probe molecule structure. In this illustrated

example, the bridge biomolecule comprises a synthetic double stranded DNA oligo molecule,

20 nm in length (60 bases), with thiol groups at both 5' ends of the molecule for coupling to

the Au contact points provided on the metal electrodes. In this way, one bridge biomolecule

bridges the -10 nm nano-gap between the electrodes in each electrode pair. The Au contact

points of each electrode pair may comprise any of the Au structures discussed herein above,

such as, for example, Au dots electrodeposited on sharp ends of the electrodes or Au pillars

grown by electrodeposition of Au into unmasked areas near the tips of the electrodes, and so

forth. The metal electrodes may comprise platinum (Pt), palladium (Pd), rhodium (Rh) or

gold (Au). In the latter case of Au, the contact points and the electrodes comprise an

integration of the same metal, i.e. Au. With continued reference to FIG. 10, the probe

molecule comprises a polymerase, for example, E . coli Pol I, which is chemically crosslinked

to a streptavidin protein, which in turn is coupled to the bridge molecule at a biotinylated

nucleotide provided within the synthetic DNA oligo sequence. The figure is shown to scale in

regard to the sizes of the molecules and atoms.



[0083] FIG. 11 illustrates an exemplary test set-up usable for electrical measurements on

molecular sensors. Illustrated at top is a cross-sectional depiction of an electrode-substrate

structure, and attachment to an analyzer for applying voltages and measuring currents

through the bridge molecule. The structure at bottom is a perspective view of an electrode

array for bridging circuits. Each pair of electrodes is illustrated as comprising Metal-2 contact

points on Metal-1 electrodes. As discussed above, the Metal-1 electrodes may comprise Pt,

Pd, Rh, or Au, and the Metal-2 contacts points comprise Au. In various embodiments, Metal-

1 and Metal-2 are both Au, such as when Au pillars are grown on unmasked areas of Au

electrodes. In the present example, the Au tips or pillars support self-assembly of thiolated

molecules in place by capitalizing on the strong thiol-Au binding.

[0084] FIGS. 12(a)-(c) set forth electron micrographs of successfully constructed

electrode pairs comprising Au contact points. FIG. 12(a) is an electron microscope image of

Ti electrodes comprising Au dot contacts for bridge molecule binding. In this example, the

Au dots were electrodeposited at or near the ends of the Ti electrodes. Electrodes are

disposed on a silicon substrate, produced via e-beam lithography. FIG. 12(b) is an electron

micrograph at higher resolution. The image is a close-up of the array in FIG. 12(a), showing

an electrode gap of 7 nm with Au dot contacts having 15 nm Au-to-Au spacing. FIG. 12(c) is

an electron micrograph at even higher resolution. The image is a close-up of the array in FIG.

12(b), showing approximately 10 nm Au dots deposited at the tips of the electrodes.

[0085] With reference now to Figure 13, the process of molecular sensor self-assembly

onto gold-dot contact electrodes is shown being electronically monitored. Current versus time

measurements are used to monitor self-assembly of the bridge and molecular sensor complex.

The plot at the upper left shows Phase 1 of the self-assembly, wherein a double stranded

DNA bridge with thiol groups on the 5' ends assembles onto electrode gold contact point, as

evidenced by a jump in current. The plot at the upper right shows Phase 2 of the self-

assembly process, wherein polymerase-streptavidin complex binds to a biotinylated site on

the dsDNA bridge, as evidenced by another jump up in current. The plot at the lower left

shows Phase 3 of the self-assembly process, wherein a primed single-stranded DNA template

binds to the polymerase to complete the complex, as evidenced by another spike in current

versus time.

[0086] FIG. 14 provides electron microscope imaging of the final self-assembled

structure upon completion of the self-assembly phases depicted and monitored in FIG. 13 and

discussed herein. In this electron micrograph, the bridge-complex is directly visible without

labeling, and can be seen as a slightly blurry higher contrast region j oining the electrode pair



(and indicated by the white arrow in the higher magnification image at the right). In the lower

magnification image at the left, the narrower portions of the two electrodes in the pair have a

width of about 20 nm and a nanogap between the electrodes of about 7 nm. The image at left

focuses on one pair of electrodes out of an array of pairs of electrodes. The whitish portions

at the tips of each electrode, seen in both the lower magnification image at left and the higher

magnification image at right, are the gold (Au) islands, onto which the biomolecule is bound.

As evident in the higher magnification micrograph at the right, the biomolecule, (the whitish

higher contrast blur between electrode tips) is seen as contiguous from one tip to the other

across the nanogap. Thus, from these micrographs, it is evident that the biomolecule has self-

assembled onto each electrode in the pair, with each end of the biomolecule attached to each

electrode and forming a bridge across the nanogap.

[0087] With reference now to FIG. 15, the measuring of incorporation signals using the

sensor is demonstrated. The plots in FIG. 15 show the current signals resulting from the

sensor being supplied with various primed, single stranded DNA sequencing templates and

dNTPs for incorporation and polymerization. In each case, the major signal spikes represent

signals resulting from discrete incorporation events, wherein the polymerase enzyme adds

another base to the extending strand. In the plot at the upper left, the template is 20 T bases.

In the plot at the upper right, the template is 20 G bases. In the plot at the lower left, the

template is 20 A bases. Lastly, in the plot at the lower right, the template is 20 C bases. The

approximate rate of incorporation observed is about 10 to 20 bases per second, which is

consistent with standard enzyme kinetics except for the lower rate of ~ 1 base per second

presumed due to rate limiting factors (e.g., lower dNTP concentration).

[0088] With reference now to FIG. 16, electron micrograph images are provided that

show two separate fabricated electrode pairs, each comprising Au-dot island contact points.

The illustration above the micrographs diagrammatically shows how these electrodes and

contact points would look like in a side view. As evidenced in the micrographs, these

electrode pairs, which are usable for DNA sequencing, have a 5-20 nm nano-gap and a pair of

Au islands at the ends of the electrodes for attaching or immobilizing biomolecules, such as

proteins or fragmented DNA, which will be bridged one molecule over each nano-gap.

Devices comprising electrode pairs with bridging biomolecules are useful in the

fluorescence-free (label-free) detection of DNA sequencing via electrical measurements. In

the example evidenced as successful in these micrographs, structures were made by a two-

step e-beam lithography patterning followed by metal deposition and lift-off process. In this



case, Au pillars were deposited on the electrode tips and subsequently converted to spherical-

ball Au islands by annealing the electrodes at elevated temperature.

[0089] FIG. 17 sets forth two embodied electrode pair structures (a) and (b). The

illustration at the top of each embodiment is a diagrammatic representation of the electrode

structure, and the electron micrograph below shows the successful embodiment. Both (a) and

(b) images are top views of nano-electrode geometries with different shapes, each produced

by nano-imprint lithography for scaled-up manufacturing or e-beam lithography. In the (a)

embodiment, sharp-tip electrodes comprising a pointed end were deposited with Au islands

using electrodeposition. In the (b) embodiment, the sharp-tip electrodes are provided with a

curvature culminating into narrow portions of the electrode where the Au is preferentially

deposited. In the (b) embodiment, the Au islands were also electrodeposited. In both (a) and

(b) embodiments, the preference for the Au to deposit at the sharp ends of the electrodes is

evident. As discussed above, the sharp ends of the electrodes experience a higher charge

density during electrodeposition, and the Au is preferentially deposited at those sites having

higher charge density. Although only one pair of electrodes is imaged in the embodiments

(a) and (b), massively parallel operations are executed, wherein Au islands are

electrodeposited on a plurality of electrodes, localized at the electrode tips by utilizing the

sharp or tapered points to induce higher current density for preferential deposition at or near

the electrode tips.

[0090] With reference now to FIG. 18, the addition and use of a passivation layer is

exemplified. As discussed, Au deposition may occur at sites on the electrodes other than at

or near the electrode tips and these errant deposits would be capable of entering into

unwanted binding with biomolecules. Thus, in various embodiments, these inadvertent Au

deposits can be covered up with passivation such that only the critical regions, i.e. the tips, of

the electrodes remain exposed and available to participate self-assembly binding with

biomolecules. At the top of FIG. 18, an illustration is provided to show diagrammatically

where the passivation layers are located in relation to the electrode pair. The electron

micrograph shows the passivation layer successfully in place over the electrode pair. The

passivation layer shown in the micrograph, added in this case by e-beam lithography

patterning, prevents unwanted biomolecule attachment to any other Au present as errant

deposits on the electrode surface. In addition, such a passivation layer protects the electrodes

from chemical exposure to solutions and prevents unwanted leakage current flowing through

various solutions. The passivation layer embodied here is S1O2, although a variety of other

insulating materials compatible with lithographic methods could be used, such as polymer



resists (e.g., PMMA, SU8, etc.), or semiconductor-based materials such as silicon nitride.

Also, other nano-lithography patterning can be used to add a passivation layer over the

electrodes besides e-beam lithography.

[0091] FIG. 19 sets forth an electron micrograph demonstrating fabricated multi-Au-bead

electrodes. In this example, a thin gold film was deposited on Ti electrodes and then the

deposited film annealed. The results, as evidenced in the micrograph, are rows of uniformly

sized and spaced Au beads arrayed along the centerline of the electrodes.

[0092] FIG. 20 provides an electron micrograph demonstrating another embodiment of

fabricated multi-gold-bead electrodes. This illustrates the result of annealing a thin Au film

deposited on an underlying Ti electrode, which produces rows of uniformly sized and spaced

Au beads arrayed along the centerline of the electrodes.

[0093] FIG. 2 1 provides an electron micrograph demonstrating successful addition of a

passivation layer for use in sensing applications, which leaves open only a region near the

tips of the electrodes. In this way, only a pair (or at most a few) of Au beads are left exposed

as contact points for targeted molecular bridge binding. In this example, the passivation layer

is S1O2, leaving open a 100 nm wide region near the tips (indicated by the dashed circle

region).

[0094] In various embodiments of the present disclosure, it may be desirable to enhance

the probability that a biomolecule will attach onto an Au island pair. For this purpose, the

surface of a Au island can be made to be as fresh as possible, such as to ensure easier and

thus more likely adhesion/attachment of a biomolecule to an Au island, and to ensure a

reliable and robust molecular electronic bridge for genome sequencing. An Au surface may

become contaminated with trace amounts of organic or inorganic contaminants. An example

of such a contaminant is a carbonaceous coating, occurring when an electrode with Au

islands has been left in air or in contact with an aqueous solution or solvent for an extended

period of time.

[0095] In accordance to the present disclosure, several novel approaches are used to

ensure a fresh Au surface on the Au islands. These approaches include, but are not limited to,

(1) a subtractive process; (2) an additive process; (3) a thermal or radiative surface cleaning

process; and (4) modification of the Au surface composition. These approaches are explained

in detail herein below. FIG. 22 illustrates a flow-chart showing these four different

approaches, and where these methods fit in a timing sequence to other steps used to make a

label-free sequencing analysis device. As illustrated in the flow diagram, any one or more of

these four methods are performed after the Au island formation on the electrode substrates.



That is, Au islands would be first deposited onto nano-electrodes, (e.g. Pt, Pd, Rh, Ti, or Au).

Then if some errant contamination occurs thereafter, at least one of these approaches can then

be used to refresh the Au surfaces of the Au islands. In other embodiments, any one or more

of these four processes can also be used on Au nano-electrodes to freshen the surface of the

Au nano-electrodes prior to deposition of Au islands. Thereafter, the Au islands deposited on

Au nano-electrodes may have developed a contamination, and one or more of the four

processes can be repeated again, this time to refresh the surfaces of the Au islands. In either

scenario, after the Au islands are freshened by performing at least one of these four

processes, then the nano-electrode array is encased in a microfluidic environment and

subjected to a biomolecule supply, such as an aqueous solution. As indicated in the flow

chart of FIG. 22, robust attachment of the biomolecules to the Au islands will occur, due to

the fresh Au surfaces on the Au islands. Thereafter, the devices can be used for label-free

sequencing analysis by use of the molecular bridges across each nano-electrode pair.

[0096] Subt -active process:

[0097] In order to expose a fresh Au surface, the Au island pairs are subjected to sputter

etching or ion etching. The amount of Au removed should be minimal so that the removed

Au atoms do not end up deposited onto nearby areas whereupon biomolecules may

inadvertently attach. In various embodiments, the amount of Au to be removed comprises the

equivalent to at most 10 atomic layers of Au on average. In other embodiments, the amount

of Au to be removed comprises the equivalent to at most 5 atomic layers of Au. In other

embodiments, the amount of Au to be removed comprises the equivalent to at most an

average 2 atomic layers of Au.

[0098] Additive process:

[0099] A very thin layer of new Au atoms can be added onto the surface of the existing

Au islands. Sputter deposition, evaporation, electroless deposition, electroplating, or ion

implantation can be performed to add a fresh amount of Au. The amount of newly added Au

should be minimal so as not to deposit Au on nearby areas, which may induce unwanted

bonding of biomolecules to these nearby regions. In various embodiments, the amount of Au

to be added by these or other methods is equivalent to at most 5 atomic layers of Au on

average. In other embodiments, the amount of Au to be added is equivalent to at most 3

atomic layers of Au, or at most 1 atomic layer of Au.

[00100] Thermal or radiative surface cleaning:

[00101] A device structure comprising a pair of Au islands for molecular bridge formation

can be subjected to a thermal annealing process, such as by exposing the Au island containing



device to a temperature of from about 100° to about 500° C, and preferably from about 200°

to about 400° C, for a total time period of from about 0.01 to about 10,000 minutes in air,

nitrogen, or argon, or in any other inert atmosphere. The example given below demonstrates

the more robust biomolecule attachment to refreshed Au islands.

[00102] For electronic sensor devices comprising temperature-sensitive semiconductor

components, an exposure to temperatures higher than about 200° C is not desirable. In such a

case, either a short pulse type heating, or a selective localized heating method can be utilized

according to the present disclosure. More detailed descriptions for various methods of

radiation treatment according to the invention are provided below:

[00103] In various embodiments of short-pulse heating (i.e., thermal radiation), a high

intensity yet broadened areal beam of infrared (IR) or laser light can be radiated onto a device

surface, such as in a pulse mode heating (e.g., more frequent than 10 pulses per minute) so

that the heat propagation to the electronic device regions underneath is minimized.

[00104] In alternative embodiments, a highly focused laser beam or infrared light beam

can be employed so as to locally heat up the regions near the Au islands, e.g., with a beam

diameter less that 100 µιτι, preferably less than 2 µιτι, and even more preferably less than 0.1

µ . In certain aspects, this can be accomplished by use of a beam focusing wave guide.

[00105] In other aspects, selective heating of metallic islands such as Au can be enabled

using microwave heating, such as by using repeating pulse mode heating/cool-down cycles.

For example, a radio frequency (RF) radiation, e.g., at 5 KHz to 500 KHz frequency, can be

utilized, as this RF frequency range tends to preferentially and selectively heat up only

conductive components. This is in contrast to microwave radiation in the gigahertz (GHz)

range by which metallic as well as non-metallic components, organic/protein materials, and

water are all heated up by the radiation.

[00106] A u island surface chemical modifications:

[00107] As the Au surface in biological devices may be used in combination with sulfur-

containing chemical components (e.g., thiol functionalized chemicals to bond to the Au

surfaces), the activity of a Au surface can be enhanced if sulfur atoms are intentionally added.

Such modification of Au surfaces with added sulfur atoms can be accomplished in a precisely

controlled manner if the sulfur atoms are ion implanted, e.g., at an accelerating voltage of

e.g., from about 5 to about 200 KV, and with a dose of about 105 to 10 16 ions/cm2. Implanted

ions are lodged into the metal surface where they remain mechanically robust.

[00108] Another experimental observation herein is that the type of adhesion layer

deposited prior to the Au deposition and subsequent annealing affects how robust the



biomolecule attachment is to the Au islands. For example, when the adhesion layer material

is a chromium (Cr) film on the substrate surface (e.g., S1O2), rather than a titanium (Ti),

zirconium (Zr), or tantalum (Ta) film, the formation and binding performance of Au islands is

improved.

[001 09] After the annealing of Au islands at high temperature (e.g., at 400° C), some

partial diffusional alloying of the Cr or the Ti with the Au in the islands might occur. In this

case, Cr, having the greater solid phase solubility with Au, may be beneficial, as it will make

the Au islands more semispherical (i.e., less spherical) with enhanced adhesion with a Cr

under layer, as compared to using a Ti, Zr, Ta, Hf, or V type adhesion layer of refractory

metal elements.

[001 10] The embodiments described above are only to exemplify the present invention and

not to limit the scope of the present invention. Any equivalent modification or variation

according to the spirit of the present invention is to be also included within the scope of the

present invention.



WE CLAIM:

1. A DNA or genome sequencing structure comprising:

(a) an electrode pair, each electrode having a tip-shaped end, with the electrodes

separated by a nanogap defined by the tip-shaped ends facing one another;

(b) at least one conductive island deposited at or near each tip-shaped end of each

electrode; and

(c) a biomolecule having two ends, each end attached to the at least one conductive

island on each electrode such that one biomolecule bridges the nanogap,

wherein nucleotide interactions with the biomolecule provides for electronic

monitoring of DNA or genome sequencing without the use of a fluorescing element.

2 . The structure of Claim 1, wherein the electrode pair is comprised of platinum (Pt),

palladium (Pd), rhodium (Rh), gold (Au) or titanium (Ti).

3 . The structure of Claim 1, wherein the at least one conductive island comprises gold (Au).

4 . The structure of Claim 3, wherein the at least one conductive island comprises gold (Au)

based nano-tips obtained by electrodeposition of gold (Au) at or near each tip-shaped end of

each electrode.

5 . The structure of Claim 4, wherein the at least one conductive island comprises gold (Au)

based nano-tips obtained by electrodeposition of gold (Au) at or near each tip-shaped end of

each electrode followed by post-electrodeposition annealing

6 . The structure of Claim 3, wherein the at least one conductive island is in the shape of a

pillar, wherein the pillar is grown on each electrode through an electrodeposition process.

7 . The structure of Claim 6, wherein the pillar measures less than 20 nm in diameter and less

than 25 nm in height.

8 . The structure of Claim 6, wherein the pillar measures less than 7 nm in diameter and less

than 10 nm in height.



9 . The structure of Claim 1, wherein the at least one conductive island comprises

electrodeposited or electroless deposited metal to form a nano-tip shaped or nano-pillar

shaped conductive island having an exposed dimension of less than 20 nm.

10. The structure of Claim 9, wherein the nano-tip or nano-pillar comprises a branched or

porous surface, having a porosity of at least 30% so as to increase the surface area of an

exposed surface of the nano-tip or nano-pillar by at least by 10% as compared to the nano-tip

or nano-pillar structure after electrodeposition or electroless deposition on each electrode.

11. The structure of Claim 1, wherein the structure comprises a plurality of layers of

electrode pairs so as to form a three-dimensional array.

12. The structure of Claim 11, wherein the electrode pairs are connected to one another such

that one electrode from each pair are ganged together by a common lead wire and each of the

other electrodes in each pair are left unconnected to one another, enabling independent and

sequential interrogation of each electrode pair.

13. The structure of Claim 1, wherein each end of the biomolecule is attached to the at least

one conductive island through antibody-antigen coupling or streptavidin-biotin coupling.

14. The structure of Claim 3, wherein each end of the biomolecule is attached to the at least

one conductive island through thiol-gold (Au) binding or gold binding proteins.

15. A genome or DNA sequencing system comprising:

(a) the DNA or genome sequencing structure of Claim 1; and

(b) a chamber encasing the structure and defining a microfluidic subsystem usable to

supply biomolecules, nucleotides, PBS, or water solutions to the electrode pair.

16. A method of making a genome or DNA sequencing device, said method comprising the

steps of:

(a) disposing an array of electrode pairs on a substrate, each electrode within a given

pair of electrodes having a tip-shaped end, with the electrodes in each pair separated by a

nanogap defined by tip-shaped ends facing one another;



(b) electrodepositing gold (Au) at each tip-shaped end by applying a voltage to the

electrode pair whereby high current density in the region of each tip-shaped end of each

electrode directs preferential electrodeposition of gold (Au) to each tip-shaped end to form a

gold (Au) nano-tip on each electrode; and

(c) attaching each end of a biomolecule having two ends to the gold (Au) nano-tips

such that one biomolecule bridges over each nanogap in each electrode pair.

17. The method of Claim 16, wherein the electrode pairs comprise platinum (Pt), palladium

(Pd) or rhodium (Rh).

18 . The method of Claim 16, wherein the substrate comprises silicon (Si) with a S1O2

insulator surface.

19. The method of Claim 16, further comprising heat treating the array of electrode pairs after

step (b) at from about 200 to about 800° C to induce additional diffusional bonding of gold

(Au) to the metal electrodes.

20. The method of Claim 16, further comprising patteming a passivation layer over the array

of electrode pairs, prior to step (c), in order to cover undesired errant Au deposits in locations

other than the tip-shaped ends of the electrodes.

2 1. A method of making a genome or DNA sequencing device, said method comprising the

steps of:

(a) disposing an array of electrode pairs on a substrate, each electrode within a given

pair of electrodes having an end, with the electrodes in each pair separated by a nanogap

defined by the ends of the electrodes facing one another;

(b) disposing a mask resist layer over the electrodes;

(c) nano-patterning the mask resist layer to form openings, one opening per electrode,

wherein each opening is at or near each nanogap;

(d) electrodepositing gold (Au) on each electrode through each opening to form gold

(Au) nano-pillars; and

(e) attaching each end of a biomolecule having two ends to the gold (Au) nano-pillars

such that one biomolecule bridges over each nanogap in each electrode pair.



22. The method of Claim 21, wherein the electrode pairs comprise platinum (Pt), palladium

(Pd) or gold (Au).

23. The method of Claim 2 1, wherein the substrate comprises silicon (Si) with a S1O2

insulator surface.

24. The method of Claim 2 1, wherein the resist layer comprises PMMA or hydrogen

silsesquioxane (HSQ).

25. The method of Claim 21, wherein the gold (Au) nano-pillars grow within each opening

with each opening filled by the electrodeposition of gold (Au).
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