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METHODS TO FABRICATE DUAL PORE DEVICES

BACKGROUND
Field

[0001] Embodiments herein relate to flow cells to be used with solid-state

nanopore sensors and methods of manufacturing such flow cells.

Description of the Related Art

[0002] Solid-state nanopore sensors have emerged as a low-cost, easily
transportable, and rapid processing biopolymer, e.g., DNA or RNA, sequencing
technology. Solid-state nanopore sequencing of a biopolymer strand typically
incudes translocating a biopolymer strand through one or more nanoscale sized
openings (e.g., nanopore) each having a diameter of about 100 nm. In a single
pore sensor, a hanopore is disposed through a membrane layer which separates
two conductive fluid reservoirs. The biopolymer strand to be sequenced, e.g., a
characteristically negatively charged DNA or RNA strand, is introduced into one of
the two conductive fluid reservoirs and is then drawn through the nanopore by
providing an electric potential therebetween. As the biopolymer strand travels
through the nanopore the different monomer units thereof, e.g., protein bases of a
DNA or RNA strand, occlude different percentages of the nanopore thus changing
the ionic current flow therethrough. The resulting current signal pattern can be
used to determine the sequence of monomer units in the biopolymer strand, such
as the sequence of proteins in a DNA or RNA strand. Generally, single pore
sensors lack a mechanism for slowing the rate of translocation of the biopolymer
strand through the nanopore while still providing sufficient electrical potential
between the two reservoirs to optimize the signal to noise ratio in the resulting

current signal pattern.

[0003] Beneficially, dual pore sensors provide a mechanism for controlling the rate
of translocation of a biopolymer strand by co-capturing the biopolymer strand in
the two nanopores thereof. A typical dual pore sensor features two fluid
reservoirs side-by-side separated by a wall, a common fluid chamber, and a
membrane separating the common fluid chamber from each of the fluid reservoirs,

the membrane layer having the two nanopores disposed therethrough. A
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biopolymer strand to be sequenced travels from the first fluid reservoir to the
common chamber and from the common chamber to the second fluid reservoir
through a second nanopore. Desirably the two nanopores are positioned close
enough to one another to allow for co-capture of the biopolymer strand. VWhen the
biopolymer strand is co-captured by both of the nanopores, competing electric
potentials are applied across each of the nanopores to create a “tug-of-war’
where the opposite ends of the biopolymer strand are pulled in opposite directions
of travel. Beneficially, the difference between the competing electric potentials
can be adjusted to control the rate of translocation of the biopolymer strand
through the nanopores and thus the resolution of the electrical signal current

signal pattern or patterns resulting therefrom.

[0004] The known manufacturing methods for dual pore sensors are generally
relatively small scale and therefore incompatible with the high volume
manufacturing, quality, repeatability, and cost requirements needed to move dual
pore sensors into the public market. Further, the known manufacturing methods
generally limit the minimum spacing between the two nanopores to about 500 nm
which thus limits the ability of dual pore sensors formed therefrom to sequence

relativity shorter biopolymer strands.

[0005] Accordingly, there is a need for improved dual pore sensors and methods

for forming the same.

SUMMARY

[0006] Embodiments of the present disclosure provide solid state, vertically
aligned, dual pore sensors which may be used for biomolecule sequencing, such
as DNA, RNA, and/or other biopolymers, as well as for methods of manufacturing

these dual pore sensors.

[0007] In one or more embodiments, a method of forming a dual pore sensor is
provided and includes forming a film stack, where the film stack contains a first
silicon layer, a first membrane layer disposed on the first silicon layer, a second
silicon layer disposed on the first membrane layer, and a second membrane layer
disposed on the second silicon layer, and then etching the film stack to produce a

first reservoir in the first silicon layer, a first nanopore in the first membrane layer,
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a second reservoir in the second silicon layer, a second nanopore in the second
membrane layer, and a channel and in fluid communication with the first and
second reservoirs and the first and second nanopores. The method also includes
depositing a protective oxide layer on the second membrane layer and inner
surfaces of the first and second reservoirs and inner surfaces of the first and
second nanopores, depositing a dielectric layer on the protective oxide layer
disposed on the second membrane layer and covering the second nanopore, and
forming a metal contact which extends through the dielectric layer, the protective
oxide layer, and the second membrane layer, and at least partially into the second
silicon layer. The method further includes etching at least a portion of the
dielectric layer to form a well above the second nanopore, etching at least a
portion of the first silicon layer to reveal at least a portion of the protective oxide
layer deposited on the inner surfaces of the first reservoir, and etching the
protective oxide layer deposited on the inner surfaces of the first and second

reservoirs and the inner surfaces of the first and second nanopores.

[0008] In other embodiments, a method of forming a dual pore sensor is provided
and includes forming a film stack, where the film stack contains a first silicon layer,
a first membrane layer disposed on the first silicon layer, a second silicon layer
disposed on the first membrane layer, a second membrane layer disposed on the
second silicon layer, a first reservoir in the first silicon layer, a first nanopore in the
first membrane layer, a second reservoir in the second silicon layer, a second
nanopore in the second membrane layer, and a channel and in fluid
communication with the first and second reservoirs and the first and second
nanopores. The method also includes depositing a protective oxide layer on the
second membrane layer and inner surfaces of the first and second reservoirs and
inner surfaces of the first and second nanopores, depositing a dielectric layer on
the protective oxide layer disposed on the second membrane layer and covering
the second nanopore, forming a metal contact which extends through the
dielectric layer, the protective oxide layer, and the second membrane layer, and at
least partially into the second silicon layer. The method further includes etching at
least a portion of the dielectric layer to form a well above the second nanopore,
etching at least a portion of the first silicon layer to reveal at least a portion of the

protective oxide layer deposited on the inner surfaces of the first reservoir, etching
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the protective oxide layer deposited on the inner surfaces of the first and second
reservoirs and the inner surfaces of the first and second nanopores, and
depositing a spacer layer on at least the inner surfaces of the first and second

nanopores.

[0009] In some embodiments, a dual pore sensor is provided and contains a film
stack which contains a first silicon layer, a first membrane layer disposed on the
first silicon layer, a second silicon layer disposed on the first membrane layer, a
second membrane layer disposed on the second silicon layer, a first reservoir in
the first silicon layer, a first nanopore in the first membrane layer, a second
reservoir in the second silicon layer, a second nanopore in the second membrane
layer, and a channel and in fluid communication with the first and second
reservoirs and the first and second nanopores, where each of the first nanopore
and the second nanopore has a diameter of about 1 nm to about 50 nm. The dual
pore sensor also contains a well formed in a dielectric layer disposed above the
second membrane layer and a metal contact extending through the dielectric

layer, the second membrane layer, and into the second silicon layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] So that the manner in which the above recited features of the present
disclosure can be understood in detail, a more particular description of the
disclosure, briefly summarized above, may be had by reference to embodiments,
some of which are illustrated in the appended drawings. It is to be noted,
however, that the appended drawings illustrate only typical embodiments of this
disclosure and are therefore not to be considered limiting of its scope, for the

disclosure may admit to other equally effective embodiments.

[0011] Figures 1A-1D depict schematic cross-sectional views of a workpiece
during different stages of forming a film stack, according to one or more

embodiments described and discussed herein.

[0012] Figure 2 depicts a schematic cross-sectional view of a workpiece
containing a film stack having a channel formed by a process, according to one or

more embodiments described and discussed herein.
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[0013] Figure 3 depicts a schematic cross-sectional view of a workpiece
containing a film stack having a channel formed by another process, according to

one or more embodiments described and discussed herein.

[0014] Figure 4A depicts a schematic cross-sectional view of a workpiece
containing a film stack having a channel formed by another process, according to

one or more embodiments described and discussed herein.

[0015] Figure 4B depicts a schematic top view of the workpiece depicted in Figure

4A, according to one or more embodiments described and discussed herein.

[0016] Figure 5 depicts a schematic cross-sectional view of the workpiece
depicted in Figure 4A after being exposed to a deposition process, according to

one or more embodiments described and discussed herein.

[0017] Figure 6 depicts a schematic cross-sectional view of the workpiece
depicted in Figure 5 after being exposed to another deposition process, according

to one or more embodiments described and discussed herein.

[0018] Figure 7 depicts a schematic cross-sectional view of the workpiece
depicted in Figure 6 after being exposed to an etch process, according to one or

more embodiments described and discussed herein.

[0019] Figure 8 depicts a schematic cross-sectional view of the workpiece
depicted in Figure 7 after being exposed to a metal deposition process, according

to one or more embodiments described and discussed herein.

[0020] Figure 9 depicts a schematic cross-sectional view of the workpiece
depicted in Figure 8 after being exposed to another etch process, according to

one or more embodiments described and discussed herein.

[0021] Figure 10A depicts a schematic cross-sectional view of the workpiece
depicted in Figure 9 after being exposed to another etch process, according to

one or more embodiments described and discussed herein.
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[0022] Figure 10B depicts a schematic top view of the workpiece depicted in
Figure 10A, according to one or more embodiments described and discussed

herein.

[0023] Figure 11 depicts a schematic cross-sectional view of the workpiece
depicted in Figure 10A after being exposed to another etch process, according to

one or more embodiments described and discussed herein.

[0024] Figure 12A depicts a schematic cross-sectional view of the workpiece
depicted in Figure 11A after being exposed to another etch process, according to

one or more embodiments described and discussed herein.

[0025] Figure 12B depicts a schematic top view of the workpiece depicted in
Figure 12A, according to one or more embodiments described and discussed

herein.

[0026] Figure 13 depicts a schematic cross-sectional view of the workpiece
depicted in Figure 12A after being exposed to a deposition process, according to

one or more embodiments described and discussed herein.

[0027] Figure 14A depicts a schematic cross-sectional view of the workpiece
depicted in Figure 13 after being exposed to another etch process, according to

one or more embodiments described and discussed herein.

[0028] Figure 14B depicts a schematic top view of the workpiece depicted in
Figure 14A, according to one or more embodiments described and discussed

herein.

[0029] Figure 15 depicts a schematic cross-sectional view of a dual pore sensor,

according to one or more embodiments described and discussed herein.

[0030] To facilitate understanding, identical reference numerals have been used,
where possible, to designate identical elements that are common to the Figures. It
is contemplated that elements and features of one or more embodiments may be

beneficially incorporated in other embodiments.
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DETAILED DESCRIPTION

[0031] Embodiments of the present disclosure provide solid state dual pore
sensors which may be used for biopolymer sequencing, and methods of
manufacturing the same. Generally, the dual pore sensors described and
discussed herein are formed by electronics manufacturing techniques which
include combinations of multiple processes for deposition, lithography, and
etching. The dual pore sensors include at least two fluid reservoirs which are
disposed one above the other such that the fluid reservoirs are vertically aligned

with one another.

[0032] Figures 1A-1D depict schematic cross-sectional views of a workpiece 100
during different stages of forming a film stack 112, according to one or more
embodiments. The film stack 112 is the starting structure to form dual pore
sensors as described and discussed herein. The film stack 112 contains two or
more silicon layers 104, 108 and two or more membrane layers 106, 110 disposed
on one another as illustrated in Figure 1D. In one or more embodiments, a first
silicon layer 104 is a substrate or wafer (Figure 1A), a first membrane layer 106 is
deposited, grown, or otherwise disposed on the first silicon layer 104 (Figure 1B),
a second silicon layer 108 is deposited, grown, or otherwise disposed on the first
membrane layer 106 (Figure 1C), and a second membrane layer 110 is deposited,

grown, or otherwise disposed on the second silicon layer 108 (Figure 1D).

[0033] Each of the silicon layers 104, 108 can independently be or include one or
more silicon-containing materials. Typically, each of the silicon layers 104, 108
can independently be or include amorphous silicon (a-Si) or dopant variations
thereof. Each of the silicon layers 104, 108 can independently be deposited or
otherwise formed by one or more deposition or coating processes, such as one or
vapor deposition process, one or spin-on coatings, or other techniques.
Exemplary vapor deposition processes can be or include chemical vapor
deposition (CVD) or plasma-enhanced CVD (PE-CVD). In one or more examples,
the first silicon layer 104 can have the same thickness or a greater thickness as

the second silicon layer 108.
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[0034] In one or more embodiments, the silicon layer 104 can be or include a
substrate which can be any type of substrate useful for forming the dual pore
sensors described and discussed herein. Exemplary substrates can be or include
those commonly used in semiconductor device manufacturing, such as an N-type
or P-type doped monocrystalline silicon wafers, or substrates formed undoped
monocrystalline silicon, e.g., intrinsic monocrystalline silicon wafers. In some
embodiments, the silicon layer 104 is a doped or undoped silicon substrate or
wafer having an epitaxial layer of undoped monocrystalline silicon formed thereon.
In other embodiments, the silicon layer 104 features a layered stack of silicon, an
electrically insulating material, such as sapphire or a silicon oxide, and silicon,
commonly known as a silicon-on-insulator (SOI) substrate or an SOl wafer. When
used as the silicon layer 104, undoped silicon substrates, undoped silicon
epitaxial layers, and SOl substrates beneficially reduce undesirable parasitic
capacitance in a dual pore sensor formed therefrom when compared to a sensor

formed of a doped silicon substrate.

[0035] The first silicon layer 104 can have a thickness of about 200 um, about 250
pm, about 300 um, about 400 um, or about 500 um to about 600 um, about 650
pm, about 700 um, about 750 um, about 775 um, about 800 um, about 850 um,
about 900 um, about 1,000 ym, about 1,200 um, about 1,350 um, about 1,500
pm, about 1,650 um, about 1,800 um, or greater. For example, the first silicon
layer 104 can have a thickness of about 200 um to about 1,800 um, about 200 um
to about 1,650 um, about 200 um to about 1,500 um, about 200 um to about
1,000 pm, about 200 pym to about 850 pm, about 200 pm to about 800 um, about
200 pm to about 750 pym, about 200 um to about 700 um, about 200 um to about
600 pm, about 200 pm to about 500 um, about 200 um to about 350 um, about
500 um to about 1,800 um, about 500 um to about 1,650 um, about 500 um to
about 1,500 ym, about 500 pym to about 1,000 um, about 500 um to about 850
pm, about 500 um to about 800 um, about 500 pum to about 775 um, about 500
pm to about 750 pm, about 500 um to about 700 um, about 500 um to about 600
pm, about 750 um to about 1,800 um, about 750 pm to about 1,650 um, about
750 pm to about 1,500 pm, about 750 um to about 1,000 um, about 750 pym to
about 850 um, about 750 um to about 800 um, or about 750 um to about 775 um.

In one or more examples, the first silicon layer 104 is a silicon-containing wafer or
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a silicon-containing substrate and has a thickness of about 700 um to about 900
pm, about 725 um to about 825 um, or about 750 um to about 800 um, such as
about 775 um.

[0036] The second silicon layer 108 can have a thickness of about 10 nm, about
20 nm, about 30 nm, about 40 nm, or about 50 nm to about 60 nm, about 70 nm,
about 80 nm, about 90 nm, about 100 nm, about 110 nm, about 120 nm, about
150 nm, or about 200 nm. For example, the second silicon layer 108 can have a
thickness of about 10 nm to about 200 nm, about 20 nm to about 200 nm, about
20 nm to about 150 nm, about 20 nm to about 120 nm, about 20 nm to about 100
nm, about 20 nm to about 80 nm, about 20 nm to about 50 nm, about 40 nm to
about 200 nm, about 40 nm to about 150 nm, about 40 nm to about 120 nm,
about 40 nm to about 100 nm, about 40 nm to about 80 nm, about 40 nm to about
50 nm, about 60 nm to about 200 nm, about 60 nm to about 150 nm, about 60 nm

to about 120 nm, about 60 nm to about 100 nm, or about 60 nm to about 80 nm.

[0037] Each of the membrane layers 106, 110 can independently be or include
one or more silicon nitride materials. Typically, each of the membrane layers 106,
110 can independently be or include silicon nitride (SisN4 or SiN) or dopant
variations thereof. Each of the membrane layers 106, 110 can independently be
deposited or otherwise formed by one or more vapor deposition processes.
Exemplary vapor deposition processes can be or include CVD, PE-CVD, pulsed-
CVD, atomic layer deposition (ALD), plasma-enhanced ALD (PE-ALD), physical
vapor deposition (PVD), other sputtering techniques, or any combination thereof.
In one or more examples, the first membrane layer 106 and the second
membrane layer 110 have the same thickness or substantially the same thickness

as one another.

[0038] Each of the first membrane layer 106 and the second membrane layer 110
can independently have a thickness of about 0.1 nm, about 0.2 nm, about 0.3 nm,
about 0.4 nm, about 0.5 nm, about 0.6 nm, about 0.7 nm, about 0.8 nm, about 0.9
nm, about 1 nm, about 1.1 nm, about 1.2 nm, about 1.3 nm, about 1.4 nm, about
1.5 nm, about 1.6 nm, about 1.8 nm, about 2 nm, about 2.5 nm, about 3 nm,
about 5 nm, about 7 nm, about 9 nm, about 10 nm, about 15 nm, about 20 nm,

about 25 nm, about 30 nm, about 35 nm, about 40 nm, or greater. For example,
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each of the first membrane layer 106 and the second membrane layer 110 can
independently have a thickness of about 0.1 nm to about 40 nm, about 0.1 nm to
about 30 nm, about 0.1 nm to about 20 nm, about 0.1 nm to about 10 nm, about
0.1 nm to about 8 nm, about 0.1 nm to about 6 nm, about 0.1 nm to about 5 nm,
about 0.1 nm to about 3 nm, about 0.1 nm to about 2 nm, about 0.1 nm to about
1.5 nm, about 0.1 nm to about 1.2 nm, about 0.1 nm to about 1 nm, about 0.1 nm
to about 0.8 nm, about 0.1 nm to about 0.6 nm, about 0.1 nm to about 0.5 nm,
about 0.1 nm to about 0.3 nm, about 0.5 nm to about 40 nm, about 0.5 nm to
about 30 nm, about 0.5 nm to about 20 nm, about 0.5 nm to about 10 nm, about
0.5 nm to about 8 nm, about 0.5 nm to about 6 nm, about 0.5 nm to about 5 nm,
about 0.5 nm to about 3 nm, about 0.5 nm to about 2 nm, about 0.5 nm to about
1.5 nm, about 0.5 nm to about 1.2 nm, about 0.5 nm to about 1 nm, about 0.5 nm
to about 0.8 nm, about 0.5 nm to about 0.6 nm, about 0.8 nm to about 40 nm,
about 0.8 nm to about 30 nm, about 0.8 nm to about 20 nm, about 0.8 nm to
about 10 nm, about 0.8 nm to about 8 nm, about 0.8 nm to about 6 nm, about 0.8
nm to about 5 nm, about 0.8 nm to about 3 nm, about 0.8 nm to about 2 nm,
about 0.8 nm to about 1.5 nm, about 0.8 nm to about 1.2 nm, or about 0.8 nm to

about 1 nm.

[0039] Figure 2 depicts a schematic cross-sectional view of a workpiece 200
containing the film stack 112 having a channel 202 formed therein, according to
one or more embodiments described and discussed herein. The workpiece 200
can be formed from the workpiece 100 in Figure 1D. The film stack 112 is
exposed to a lithography process followed by an etching process to produce the
channel 202 which extends through the second membrane layer 110, the second
silicon layer 108, the first membrane layer 106, and into the first silicon layer 104.

In some examples, the etching process is a reactive-ion etching (RIE) process.

[0040] The channel 202 can have a taper geometry, such that the channel 202
passing through the second membrane layer 110 has a greater diameter than the
channel 202 passing through the first membrane layer 106. Each of the diameter
of the pore formed in the first membrane layer 106 and the diameter of the pore
formed in the second membrane layer 110 is independently determined by

controlling the angle of the taper and/or length of the channel 202. These pores

10
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can have a diameter of about 1 nm, about 2 nm, or about 5 nm to about 10 nm,
about 20 nm, about 30 nm, about 35 nm, about 40 nm, or about 50 nm. These
pore diameters can be reduced in later process stages further described and

discussed below.

[0041] Figure 3 depicts a schematic cross-sectional view of a workpiece 300
containing the film stack 112 having a channel 302 formed therein, according to
one or more embodiments described and discussed herein. The workpiece 300
can be formed or otherwise produced in two or more stages starting with the
workpiece 100 in Figure 1B. For example, the channel 302 can be formed by a
litho-etch-litho-etch (LELE) process. Starting with the workpiece 100 (as depicted
Figures 1B), the first membrane layer 106 and the first silicon layer 104 are
exposed to a lithography process followed by an etching process to produce the
lower portion of the channel 302. Thereafter, the second silicon layer 108 is
deposited on the first membrane layer 106 and the second membrane layer 110 is
deposited on the second silicon layer 108. Subsequently, the second membrane
layer 110 and the second silicon layer 108 are exposed to a lithography process
followed by an etching process to produce the upper portion of the channel 302
(as depicted in Figure 3). The channel 302 extends through the second
membrane layer 110, the second silicon layer 108, the first membrane layer 106,

and into the first silicon layer 104.

[0042] The channel 302 can have a straight-walled geometry, such that the
channel 302 passing through the second membrane layer 110 has the same
diameter as the channel 302 passing through the first membrane layer 106. Each
of the diameter of the pore formed in the first membrane layer 106 and the
diameter of the pore formed in the second membrane layer 110 is independently
determined by each etching process. These pores can have a diameter of about
1 nm, about 2 nm, or about 5 nm to about 10 nm, about 20 nm, about 30 nm,
about 35 nm, about 40 nm, or about 50 nm. These pore diameters can be

reduced in later process stages further described and discussed below.

[0043] Figure 4A depicts a schematic cross-sectional view of the workpiece 100
containing the film stack 112 having a channel 402 formed therein, and Figure 4B

depicts a schematic top view of the workpiece 100 depicted in Figure 4A,

11
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according to one or more embodiments described and discussed herein. The
channel 402 extends from an opening 401 on the second membrane layer 110,
through the second membrane layer 110, the second silicon layer 108, the first
membrane layer 106, and into the first silicon layer 104. The film stack 112 is
etched to produce a first reservoir 402a in the first silicon layer 104, a first
nanopore 402b in the first membrane layer 106, a second reservoir 402c in the
second silicon layer 108, and a second nanopore 402d in the second membrane
layer 110. The channel 402 contains the first and second reservoirs 402a, 402c
and the first and second nanopores 402b, 402d, as such, the channel 402 is in
fluid communication with the first and second reservoirs 402a, 402¢ and the first

and second nanopores 402b, 402d.

[0044] The workpiece 100, as depicted Figures 1D, is exposed to an etch process,
such as a plasma etch process, to produce the channel 402 including the first and
second reservoirs 402a, 402c and the first and second nanopores 402b, 402d. In
one or more embodiments, the material can be removed to form the channel 402
by using a plasma-based dry etch process. For example, the second membrane
layer 110, the second silicon layer 108, the first membrane layer 106, and the first
silicon layer 104 can be sequentially exposed to the plasma containing activated
radical species of one or more etchants, such as the radial species of one or more
halogen-containing gases. Exemplary etchants can be or include one or more of
fluorine, hydrogen fluoride, chlorine, hydrogen chloride, or any combinations
thereof. An exemplary system which may be used to remove the material to for
the channel 402 is the Producer® Selectra® Etch system, commercially available
from Applied Materials, Inc., of Santa Clara, Calif. as well as suitable systems

from other manufacturers.

[0045] In one or more embodiments, the first and second reservoirs 402a, 402¢
can have the same diameter, di, as each other and the first and second
nanopores 402b, 402d can have the same diameter, dz2, as each other. In other
embodiments, not shown, the first and second reservoirs 402a, 402¢ can
independently have different diameters as each other and the first and second

nanopores 402b, 402d can independently have different diameters as each other.

12
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The diameters of the first and second nanopores 402b, 402d can be reduced in

later process stages further described and discussed below.

[0046] Each of the first and second reservoirs 402a, 402c can independently have
diameter di of about 200 nm, about 300 nm, about 400 nm, or about 450 nm to
about 500 nm, about 550 nm, about 600 nm, about 700 nm, about 800 nm, or
about 1,000 nm. For example, each of the first and second reservoirs 402a, 402c
can independently have diameter d1 of about 200 nm to about 800 nm, about 200
nm to about 600 nm, about 200 nm to about 500 nm, about 200 nm to about 400
nm, about 400 nm to about 800 nm, about 400 nm to about 600 nm, about 400
nm to about 500 nm, about 450 nm to about 500 nm, about 500 nm to about 800

nm, about 500 nm to about 600 nm, or about 500 nm to about 550 nm.

[0047] Each of the first and second nanopores 402b, 402d can independently
have diameter d2 of about 1 nm, about 2 nm, or about 5 nm to about 10 nm, about
20 nm, about 30 nm, about 35 nm, about 40 nm, about 50 nm, about 60 nm, or
about 80 nm. For example, each of the first and second nanopores 402b, 402d
can independently have diameter d2 of about 1 nm to about 80 nm, about 1 nm to
about 60 nm, about 1 nm to about 50 nm, about 1 nm to about 40 nm, about 1 nm
to about 35 nm, about 1 nm to about 30 nm, about 1 nm to about 25 nm, about 1
nm to about 20 nm, about 1 nm to about 10 nm, about 10 nm to about 80 nm,
about 10 nm to about 60 nm, about 10 nm to about 50 nm, about 10 nm to about
40 nm, about 10 nm to about 35 nm, about 10 nm to about 30 nm, about 10 nm to
about 25 nm, about 10 nm to about 20 nm, about 10 nm to about 15 nm, about 20
nm to about 80 nm, about 20 nm to about 60 nm, about 20 nm to about 50 nm,
about 20 nm to about 40 nm, about 20 nm to about 35 nm, about 20 nm to about

30 nm, or about 20 nm to about 25 nm.

[0048] Figure 5 depicts a schematic cross-sectional view of the workpiece 100
containing a protective oxide layer 120 deposited or otherwise formed on the
upper surface of the second membrane layer 110 as well as the inner surfaces of
the channel 402, such as the inner surfaces of the first and second reservoirs
402a, 402c and the inner surfaces of the first and second nanopores 402b, 402d.
The protective oxide layer 120 is a protective coating for the inner wall formed by

the channel 402. The protective oxide layer 120 can be or include one or more

13
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dielectric materials, such as silicon oxide, one or more metal oxides, one or more
metal silicates, dopants thereof, or any combination thereof. For example, the
protective oxide layer 120 can be or include silicon oxide, aluminum oxide, yttrium
oxide, hafnium oxide, zirconium oxide, titanium oxide, tantalum oxide, aluminum
silicate, yttrium silicate, hafnium silicate, zirconium silicate, titanium silicate,

tantalum silicate, or any combination thereof.

[0049] In some embodiments, the workpiece 100 depicted in Figure 4A is exposed
to one or more deposition processes, such as vapor deposition processes, to form
or otherwise deposit the protective oxide layer 120. Exemplary vapor deposition
processes used to form or otherwise deposit the protective oxide layer 120 can be
or include ALD, PE-ALD, CVD, PE-CVD, pulsed-CVD, or any combination thereof.
In one or more examples, the protective oxide layer 120 is deposited by an ALD
process or a PE-ALD process. The protective oxide layer 120 has a thickness of
about 0.5 nm, about 1 nm, about 2 nm, about 3 nm, about 4 nm, or about 5 nm to
about 8 nm, about 10 nm, about 12 nm, about 15 nm, about 20 nm, about 25 nm,
about 30 nm, about 35 nm, about 40 nm, about 50 nm, or about 60 nm. For
example, the protective oxide layer 120 has a thickness of about 1 nm to about 60
nm, about 1 nm to about 50 nm, about 1 nm to about 40 nm, about 1 nm to about
35 nm, about 1 nm to about 30 nm, about 1 nm to about 25 nm, about 1 nm to
about 20 nm, about 1 nm to about 15 nm, about 1 nm to about 12 nm, about 1 nm
to about 10 nm, about 1 nm to about 8 nm, about 1 nm to about 5 nm, about 1 nm
to about 3 nm, about 5 nm to about 60 nm, about 5 nm to about 50 nm, about 5
nm to about 40 nm, about 5 nm to about 35 nm, about 5 nm to about 30 nm,
about 5 nm to about 25 nm, about 5 nm to about 20 nm, about 5 nm to about 15
nm, about 5 nm to about 12 nm, about 5 nm to about 10 nm, about 5 nm to about
8 nm, about 10 nm to about 60 nm, about 10 nm to about 50 nm, about 10 nm to
about 40 nm, about 10 nm to about 35 nm, about 10 nm to about 30 nm, about 10
nm to about 25 nm, about 10 nm to about 20 nm, about 10 nm to about 15 nm, or

about 10 nm to about 12 nm.

[0050] Figure 6 depicts a schematic cross-sectional view of the workpiece 100
containing a dielectric layer 130 disposed on the protective oxide layer 120 and

covering the second nanopore 402d, according to one or more embodiments

14
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described and discussed herein. The dielectric layer 130 can include a spin-on
dielectric material or can be deposited or otherwise formed by a vapor deposition

process.

[0051] In one or more embodiments, the dielectric layer 130 can be, contain,
and/or be made from tetraethyl orthosilicate (TEOS) oxide, one or more silane
oxides, one or more polyimides, one or more other dielectric materials, or any
combination thereof. In one or more examples, the dielectric layer 130 can be or
include one or more photo-definable materials, such as a polyimide. For example,
the photo-definable material can be made from or include a polymer precursor
which is photosensitive, such as a photosensitive polyimide precursor or
benzocyclobutene (BCB). In one or more subsequent processes, a desired

pattern is exposed directly thereon.

[0052] The dielectric layer 130 has a thickness of about 0.5 um, about 1 um, about
1.5 um, or about 2 um to about 2.5 um, about 3 um, about 4 um, or about 5 pm.
For example, the dielectric layer 130 has a thickness of about 0.5 um to about 5
pm, about 0.5 um to about 4 ym, about 0.5 um to about 3 um, about 0.5 pm to
about 2 um, about 0.5 um to about 1 um, about 1 um to about 5 um, about 1 um
to about 4 um, about 1 pm to about 3 um, about 1 um to about 2 ym, about 1.5
pm to about 5 um, about 1.5 um to about 4 um, about 1.5 um to about 3 pm, or

about 1.5 um to about 2 um.

[0053] Figure 7 depicts a schematic cross-sectional view of the workpiece 100
having a contact hole 136, according to one or more embodiments described and
discussed herein. The contact hole 136 extends from within the second silicon
layer 108 and completely extends through the second membrane layer 110, the
protective oxide layer 120, and the dielectric layer 130. For example, the contact
hole 136 can be etched or otherwise formed through the dielectric layer 130, the
protective oxide layer 120, the second membrane layer 110, and at least partially
into the second silicon layer 108. In some embodiments, the contact hole 136 is
etched through the cured polymer of the dielectric layer 130, as well as the other
materials of the second silicon layer 108 and completely through the second
membrane layer 110, the protective oxide layer 120, using a lithography-etch

processing sequence. In one or more embodiments, the contact hole 136 is
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formed by reactive ion etching (RIE). The diameter of the contact hole 136 can be
about 1 um, about 10 um, about 50 pym, or about 100 um to about 250 um, about
500 um, about 800 um, or about 1,000 um.

[0054] Figure 8 depicts a schematic cross-sectional view of the workpiece 100
depicted in Figure 7 after being exposed to one or more metal deposition
processes, according to one or more embodiments described and discussed
herein. The workpiece 100 has a metal contact 138 containing one or more
conductive materials disposed within the contact hole 136 and across the at least
a portion of the upper surface of the dielectric layer 130. The metal contact 138
extends through the dielectric layer 130, the protective oxide layer 120, and the
second membrane layer 110, and at least partially into the second silicon layer
108. In one or more aspects, the metal contact 138 extends parallel or

substantially parallel to the channel 402, as illustrated in Figure 8.

[0055] The one or more conductive materials disposed in the contact hole 136
forming the metal contact 138 can be or include copper, aluminum, tungsten,
titanium, chromium, cobalt, alloys thereof, or any combination thereof. The metal
contact 138 can be deposited, plated, or otherwise formed by one or more
deposition processes, including electroplating or electrodeposition, electroless
deposition, CVD, PE-CVD, PVD, or any combination thereof.

[0056] Figure 9 depicts a schematic cross-sectional view of the workpiece 100
depicted in Figure 8 after being exposed to one or more etch processes,
according to one or more embodiments described and discussed herein. The
metal contact 138 disposed on the upper surface of the dielectric layer 130 is a
residual layer of the conductive material leftover after the metal contact deposition
process. This residual layer containing the conductive material of the metal
contact 138 can be etched, polished, and/or otherwise removed to the dielectric
layer 130. In some examples, the residual layer containing the conductive
material of the metal contact 138 is exposed to a wet etch process, a chemical

mechanical process (CMP), an electro-CMP (e-CMP), or any combination thereof.

[0057] Figure 10A depicts a schematic cross-sectional view of the workpiece 100

depicted in Figure 9 after being exposed to another etch process, and Figure 10B
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depicts a schematic top view of the workpiece 100 depicted in Figure 10A,
according to one or more embodiments described and discussed herein. At least
a portion of the dielectric layer 130 is etched or otherwise removed to form a well
140 disposed above the channel 402 at the second nanopore 402d, as depicted in
Figure 10A. In some examples, the portion of the dielectric layer 130 is etched
with a dry etch process to form the well 140. For example, the well 140 is formed
by removing the portion of the dielectric layer 130 with an RIE process or other

plasma etch process.

[0058] The well 140 can have a diameter of about 0.5 ym, about 1 um, about 5
pm, about 10 pym, or about 15 pym to about 20 ym, about 30 um, about 50 um,
about 80 um, or about 100 um. For example, the well 140 can have a diameter of
about 0.5 ym to about 100 um, about 0.5 pm to about 90 um, about 0.5 pm to
about 80 um, about 0.5 um to about 65 um, about 0.5 um to about 50 um, about
0.5 um to about 30 um, about 0.5 um to about 20 um, about 0.5 um to about 10
pm, about 0.5 ym to about 5 ym, about 0.5 ym to about 1 pm, about 10 pm to
about 100 um, about 10 pm to about 90 um, about 10 um to about 80 um, about
10 um to about 65 um, about 10 um to about 50 um, about 10 um to about 30 um,
about 10 um to about 20 um, or about 10 um to about 15 ym.

[0059] The well 140 can have a depth of about 200 nm, about 300 nm, about 400
nm, or about 450 nm to about 500 nm, about 550 nm, about 600 nm, about 700
nm, about 800 nm, about 1,000 nm, about 2,000 nm, about 3,000 nm, or about
5,000 nm. For example, the well 140 can have a depth of about 200 nm to about
5,000 nm, about 200 nm to about 2,000 nm, about 200 nm to about 1,000 nm,
about 200 nm to about 800 nm, about 200 nm to about 600 nm, about 200 nm to
about 500 nm, about 200 nm to about 400 nm, about 400 nm to about 5,000 nm,
about 400 nm to about 2,000 nm, about 400 nm to about 1,000 nm, about 400 nm
to about 800 nm, about 400 nm to about 600 nm, about 400 nm to about 500 nm,
about 450 nm to about 500 nm, about 500 nm to about 800 nm, about 500 nm to
about 600 nm, or about 500 nm to about 550 nm.

[0060] Figure 11 depicts a schematic cross-sectional view of the workpiece 100
depicted in Figure 10A after being exposed to another etch process, according to

one or more embodiments described and discussed herein. At least a portion of
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the first silicon layer 104 is etched or otherwise removed to form a well 142 and
reveal at least a portion of the protective oxide layer 120 deposited on the inner
surfaces of the first reservoir 402a. In one or more examples, the portion of the
first silicon layer 104 is etched away with a wet etch process to reveal the portion

of the protective oxide layer 120, as depicted in Figure 11.

[0061] Examples of suitable wet etchants used in the wet etching process are
aqueous solutions which can be or include one or more of tetramethylammonium
hydroxide (TMAH), ammonium hydroxide (NH4OH), hydrazine (N2H4), ethylene
diamine and pyrocatechol (EPD), sodium hydroxide (NaOH), potassium hydroxide
(KOH), lithium hydroxide (LiOH), or any combination thereof. In one or more
examples, the portion of the first silicon layer 104 is removed by exposing the
workpiece 100 to an aqueous hydroxide solution (about 30 wt% to about 35 wt%
of KOH) at a temperature of about 70°C to about 90°C for about 10 hours to about

14 hours.

[0062] Figure 12A depicts a schematic cross-sectional view of the workpiece 100
depicted in Figure 11A after being exposed to another etch process, and Figure
12B depicts a schematic top view of the workpiece 100 depicted in Figure 12A,
according to one or more embodiments described and discussed herein. All of
substantially all of the protective oxide layer 120 can be etched or otherwise
removed, as well as and the lower portion of the dielectric layer 130 disposed in
the well 140 can be etched or otherwise removed, as depicted in Figures 12A and
12B. Specifically, the protective oxide layer 120 originally deposited on the inner
surfaces of the first and second reservoirs 402a, 402¢ and originally deposited on
the inner surfaces of the first and second nanopores 402b, 402d can be etched or

otherwise removed by one or more etching process.

[0063] In one or more examples, the protective oxide layer 120 and the lower
portion of the dielectric layer 130 disposed in the well 140 are etched by one or
more wet etch processes. The wet etch process includes exposing the protective
oxide layer 120 and the lower portion of the dielectric layer 130 to one or more
etching solutions. The etching solution can be or include an aqueous dilute
hydrofluoric acid (DHF) solution and/or a buffered aqueous HF solutions, such as

an aqueous solution of HF and ammonium fluoride (NH4F). The workpiece 100 is
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exposed to the etching solution for less than 10 minutes, such as about 1 minute

to about 8 minutes.

[0064] Each of the first and second nanopores 402b, 402d can independently
have diameter ds of about 0.5 nm, about 1 nm, about 1.25 nm, about 1.5 nm,
about 1.75 nm, or about 2 nm to about 2.25 nm, about 2.5 nm, about 2.75 nm,
about 3 nm, about 4 nm, about 5 nm, about 6 nm, about 8 nm, about 10 nm,
about 15 nm, about 20 nm, about 30 nm, about 40 nm, or about 50 nm. For
example, each of the first and second nanopores 402b, 402d can independently
have diameter ds of about 0.5 nm to about 50 nm, about 0.5 nm to about 30 nm,
about 0.5 nm to about 20 nm, about 0.5 nm to about 15 nm, about 0.5 nm to
about 10 nm, about 0.5 nm to about 8 nm, about 0.5 nm to about 5 nm, about 0.5
nm to about 4 nm, about 0.5 nm to about 3 nm, about 0.5 nm to about 2.5 nm,
about 0.5 nm to about 2.25 nm, about 0.5 nm to about 2 nm, about 0.5 nm to
about 1.75 nm, about 0.5 nm to about 1.5 nm, about 0.5 nm to about 1.25 nm,
about 0.5 nm to about 1 nm, about 0.5 nm to about 0.75 nm, about 1 nm to about
50 nm, about 1 nm to about 40 nm, about 1 nm to about 30 nm, about 1 nm to
about 20 nm, about 1 nm to about 15 nm, about 1 nm to about 10 nm, about 1 nm
to about 8 nm, about 1 nm to about 5 nm, about 1 nm to about 4 nm, about 1 nm
to about 3 nm, about 1 nm to about 2.5 nm, about 1 nm to about 2.25 nm, about 1
nm to about 2 nm, about 1 nm to about 1.75 nm, about 1 nm to about 1.5 nm,
about 1 nm to about 1.25 nm, about 1.5 nm to about 50 nm, about 1.5 nm to
about 30 nm, about 1.5 nm to about 20 nm, about 1.5 nm to about 10 nm, about
1.5 nm to about 8 nm, about 1.5 nm to about 5 nm, about 1.5 nm to about 4 nm,
about 1.5 nm to about 3 nm, about 1.5 nm to about 2.5 nm, about 1.5 nm to about

2.25 nm, about 1.5 nm to about 2 nm, or about 1.5 nm to about 1.75 nm.

[0065] In one or more examples, the first membrane layer 106 and the second
membrane layer 110 can independently have a thickness of about 0.1 nm to
about 40 nm and the first and second nanopores 402b, 402d can independently
have diameter ds of about 0.5 nm to about 50 nm. In other examples, the first
membrane layer 106 and the second membrane layer 110 can independently
have a thickness of about 0.5 nm to about 20 nm and the first and second

nanopores 402b, 402d can independently have diameter ds of about 1 nm to
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about 3.5 nm. In some examples, the first membrane layer 106 and the second
membrane layer 110 can independently have a thickness of about 0.7 nm to
about 10 nm and the first and second nanopores 402b, 402d can independently
have diameter ds of about 1.5 nm to about 2.5 nm. In other examples, the first
membrane layer 106 and the second membrane layer 110 can independently
have a thickness of about 0.8 nm to about 1.2 nm and the first and second
nanopores 402b, 402d can independently have diameter ds of about 1.75 nm to
about 2.25 nm.

[0066] In one or more embodiments, the workpiece 100 depicted in Figures 12A
and 12B is a vertically aligned, dual pore sensor as described and discussed
herein, and can be used during sequencing of DNA, RNA, biopolymers, and/or
other biomolecules. In the event that either of the first or second nanopores 402b,
402d do not have the desired diameter ds, additional material can be deposited to
further reduce the diameter of the first or second nanopores 402b, 402d in order
to have a desired diameter ds. Additional details to adjust the diameter of the first
or second nanopores 402b, 402d in order to have a desired diameter ds are

further described and discussed below and depicted in Figures 13, 14A, and 14B.

[0067] Figure 13 depicts a schematic cross-sectional view of the workpiece 100
depicted in Figure 12A after being exposed to a deposition process, according to
one or more embodiments described and discussed herein. After etching or
otherwise removing the protective oxide layer 120 deposited on the inner surfaces
of the first and second reservoirs 402a, 402¢ and the inner surfaces of the first
and second nanopores 402b, 402d, the method can also include depositing a
spacer layer 150 on at least the inner surfaces of the first and second nanopores
402b, 402d to reduce the diameters therebetween.

[0068] For example, the workpiece 100 is exposed to one or more vapor
deposition processes to deposit the spacer layer 150 on most, if not all, exposed
surfaces on the workpiece 150. The spacer layer 150 is disposed on the exposed
surfaces of the first silicon layer 104, the first membrane layer 106, the second
silicon layer 108, the second membrane layer 110, the protective oxide layer 120,
the dielectric layer 130, and the metal contact 138. The spacer layer 150

disposed on the inner surfaces of the first and second nanopores 402b, 402d
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(e.g., inner surfaces the first and second membrane layers 106, 110) and the
second reservoir 402¢ (e.g., inner surfaces of the second silicon layer 108). The
spacer layer 150 can partially or completely cover or otherwise block the channel
402 at or adjacent the first and/or second nanopores 402b, 402d. The channel
402 is illustrated in Figure 13 as being completely covered near the first nanopore
402b. In other examples, the spacer layer 150 is conformally or substantially
conformally deposited onto the underlying surfaces such that the channel 402

remains completely opened between the wells 140, 142.

[0069] The spacer layer 150 includes one or more materials, such as silicon oxide,
silicon nitride, silicon oxynitride, dopant variants thereof, or any combination
thereof. The spacer layer 150 can be deposited by any vapor deposition process,
such as an ALD process, a PE-ALD process, a CVD process, a PE-CVD process,
a pulsed-CVD process, or any combination thereof. In one or more examples, the

spacer layer 150 can be deposited by an ALD process or a PE-ALD process.

[0070] The spacer layer 150 can be deposited to any thickness needed to adjust
the diameter of the first or second nanopores 402b, 402d in order to have a
desired diameter ds. As such, the spacer layer 150 can have a thickness of about
0.1 nm, about 0.2 nm, about 0.3 nm, about 0.4 nm, about 0.5 nm, about 0.6 nm,
about 0.7 nm, about 0.8 nm, about 0.9 nm, about 1 nm, about 1.1 nm, about 1.2
nm, about 1.3 nm, about 1.4 nm, about 1.5 nm, about 1.6 nm, about 1.8 nm,
about 2 nm, about 2.5 nm, about 3 nm, about 5 nm, about 7 nm, about 9 nm,
about 10 nm, about 15 nm, about 20 nm, or greater. For example, the spacer
layer 150 can have a thickness of about 0.1 nm to about 20 nm, about 0.1 nm to
about 15 nm, about 0.1 nm to about 10 nm, about 0.1 nm to about 8 nm, about
0.1 nm to about 6 nm, about 0.1 nm to about 5 nm, about 0.1 nm to about 3 nm,
about 0.1 nm to about 2 nm, about 0.1 nm to about 1.5 nm, about 0.1 nm to about
1.2 nm, about 0.1 nm to about 1 nm, about 0.1 nm to about 0.8 nm, about 0.1 nm
to about 0.6 nm, about 0.1 nm to about 0.5 nm, about 0.1 nm to about 0.3 nm,
about 0.5 nm to about 20 nm, about 0.5 nm to about 15 nm, about 0.5 nm to
about 10 nm, about 0.5 nm to about 8 nm, about 0.5 nm to about 6 nm, about 0.5
nm to about 5 nm, about 0.5 nm to about 3 nm, about 0.5 nm to about 2 nm,

about 0.5 nm to about 1.5 nm, about 0.5 nm to about 1.2 nm, about 0.5 nm to
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about 1 nm, about 0.5 nm to about 0.8 nm, about 0.5 nm to about 0.6 nm, about
0.8 nm to about 20 nm, about 0.8 nm to about 15 nm, about 0.8 nm to about 10
nm, about 0.8 nm to about 8 nm, about 0.8 nm to about 6 nm, about 0.8 nm to
about 5 nm, about 0.8 nm to about 3 nm, about 0.8 nm to about 2 nm, about 0.8
nm to about 1.5 nm, about 0.8 nm to about 1.2 nm, or about 0.8 nm to about 1

nm.

[0071] Figure 14A depicts a schematic cross-sectional view of the workpiece 100
depicted in Figure 13 after being exposed to one or more etch processes to
remove portions of the spacer layer 150, and Figure 14B depicts a schematic top
view of the workpiece 100, according to one or more embodiments described and

discussed herein.

[0072] The method includes etching at least a portion of the spacer layer 150 from
the upper and side surfaces of the dielectric layer 130 and the upper surface of
the metal contact 138. The method also includes etching at least a portion of the
spacer layer 150 to produce desired diameter of the channel 402 extending
through the first and second nanopores 402b, 402d. As such, the first and second
nanopores 402b, 402d have the desired diameter ds. The method further includes
etching at least a portion of the spacer layer 150 from a lower surface of the first
membrane 106, an upper surface of the second membrane 110, or both surfaces.
If the channel 402 is covered or has a block due to the spacer layer 150, the
etching process removes enough of the spacer layer 150 to alleviate or

completely remove the blockage and free the channel 402.

[0073] The overall membrane thicknesses are effectively thinned by etching or
otherwise removing at least a portion of the spacer layer 150 from the lower
surface of the first membrane 106 and/or the upper surface of the second
membrane 110. For example, an overall lower membrane can include the first
membrane 106 and the spacer layer 150 disposed on the lower surface of the first
membrane 106. The thickness of the overall lower membrane is reduced to a
desired thickness by thinning the spacer layer 150 on the lower surface of the first
membrane 106 during the etching process. Similarly, an overall upper membrane
can include the second membrane 110 and the spacer layer 150 disposed on the

upper surface of the second membrane 110. The thickness of the overall upper

22



WO 2021/141701 PCT/US2020/063309

membrane is reduced to a desired thickness by thinning the spacer layer 150 on

the upper surface of the second membrane 110 during the etching process.

[0074] In one or more examples, the spacer layer 150 is etched by one or more
wet etch processes. The wet etch process includes exposing the spacer layer
150 to one or more etching solutions. The etching solution can be or include an
aqueous dilute hydrofluoric acid (DHF) solution and/or a buffered aqueous HF

solutions, such as an aqueous solution of HF and ammonium fluoride (NH4F).

[0075] Figure 15 depicts a schematic cross-sectional view of a dual pore sensor
400, according to one or more embodiments described and discussed herein.
The dual pore sensor 400 is middle grounded at the second reservoir 402c¢ via the
metal contact 138 used as an anode. The middle grounding by the second
reservoir 402c¢ forms two circuits — an upper circuit via the second nanopore 402d
and the well 140 and a lower circuit via the first nanopore 402b and the well 142.

Each of the wells 140, 142 independently work as a cathode.

[0076] Beneficially, the methods described and discussed herein allow for high
volume manufacturing, as well as improvements in quality, repeatability, and
manufacturing costs of a vertically aligned, dual pore sensor. Furthermore, the
vertically aligned, dual pore sensors described and discussed herein provide
better control over biomolecule sequencing of DNA, RNA, and/or other

biopolymers over traditional horizontal dual pore systems.

[0077]1 Embodiments of the present disclosure further relate to any one or more of

the following paragraphs 1-24:

[0078] 1. A method of forming a dual pore sensor, comprising: forming a film
stack, wherein the film stack comprises: a first silicon layer, a first membrane layer
disposed on the first silicon layer, a second silicon layer disposed on the first
membrane layer, and a second membrane layer disposed on the second silicon
layer; etching the film stack to produce: a first reservoir in the first silicon layer, a
first nanopore in the first membrane layer, a second reservoir in the second silicon
layer, a second nanopore in the second membrane layer, and a channel and in

fluid communication with the first and second reservoirs and the first and second
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nanopores; depositing a protective oxide layer on the second membrane layer
and inner surfaces of the first and second reservoirs and inner surfaces of the first
and second nanopores; depositing a dielectric layer on the protective oxide layer
disposed on the second membrane layer and covering the second nanopore;
forming a metal contact which extends through the dielectric layer, the protective
oxide layer, and the second membrane layer, and at least partially into the second
silicon layer; etching at least a portion of the dielectric layer to form a well above
the second nanopore; etching at least a portion of the first silicon layer to reveal at
least a portion of the protective oxide layer deposited on the inner surfaces of the
first reservoir; and etching the protective oxide layer deposited on the inner
surfaces of the first and second reservoirs and the inner surfaces of the first and

second nanopores.

[0079] 2. The method according to paragraph 1, wherein the protective oxide
layer comprises silicon oxide, a metal oxide, a metal silicate, or any combination

thereof.

[0080] 3. The method according to paragraph 1 or 2, wherein the protective oxide

layer is deposited by atomic layer deposition.

[0081] 4. The method according to any one of paragraphs 1-3, wherein each of
the first nanopore and the second nanopore independently has a diameter of

about 0.5 nm to about 50 nm.

[0082] 5. The method according to any one of paragraphs 1-4, wherein each of
the first nanopore and the second nanopore independently has a diameter of

about 1 nm to about 5 nm.

[0083] 6. The method according to any one of paragraphs 1-5, wherein the
dielectric layer comprises a tetraethyl orthosilicate oxide, a silane oxide, a

polyimide, or any combination thereof.

[0084] 7. The method according to any one of paragraphs 1-6, wherein the

dielectric layer is about 1 um to about 5 um.
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[0o85] 8. The method according to any one of paragraphs 1-7, wherein the

dielectric layer is about 1.5 ym to about 3 um.

[0086] 9. The method according to any one of paragraphs 1-8, wherein forming
the metal contact further comprises: etching a contact hole through the dielectric
layer, the protective oxide layer, and the second membrane layer, and partially
into the second silicon layer; and depositing a conductive material into the contact

hole.

[00871 10. The method according to paragraph 9, wherein forming the metal
contact further comprises etching any residual layer of the conductive material

from the dielectric layer.

[0088] 11. The method according to any one of paragraphs 1-10, wherein the

metal contact extends parallel or substantially parallel to the channel.

[0089] 12. The method according to any one of paragraphs 1-11, wherein the
portion of the dielectric layer is etched with a dry etch process to form the well
above the second nanopore, and wherein the portion of the first silicon layer is
etched with a wet etch process to reveal the portion of the protective oxide layer

deposited on the inner surfaces of the first reservoir.

[0090] 13. The method according to any one of paragraphs 1-12, wherein the

protective oxide layer is etched by a wet etch process.

[0091] 14. The method according to any one of paragraphs 1-13, wherein after
etching the protective oxide layer deposited on the inner surfaces of the first and
second reservoirs and the inner surfaces of the first and second nanopores,
further comprising depositing a spacer layer on at least the inner surfaces of the

first and second nanopores.

[0092] 15. The method according to paragraph 14, wherein the spacer layer
comprises silicon oxide, a silicon nitride, a silicon oxynitride, or any combination

thereof.

[0093] 16. The method according to paragraph 14, wherein the spacer layer is

deposited by atomic layer deposition.
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[0094] 17. The method according to paragraph 14, further comprising etching at
least a portion of the spacer layer to produce desired diameter of the channel

extending through the first and second nanopores.

[0095] 18. The method according to paragraph 14, further comprising etching at
least a portion of the spacer layer from a lower surface of the first membrane or an

upper surface of the second membrane.

[0096] 19. A method of forming a dual pore sensor, comprising: forming a film
stack, wherein the film stack comprises: a first silicon layer, a first membrane layer
disposed on the first silicon layer, a second silicon layer disposed on the first
membrane layer, a second membrane layer disposed on the second silicon layer,
a first reservoir in the first silicon layer, a first nanopore in the first membrane
layer, a second reservoir in the second silicon layer, a second nanopore in the
second membrane layer, and a channel and in fluid communication with the first
and second reservoirs and the first and second nanopores; depositing a protective
oxide layer on the second membrane layer and inner surfaces of the first and
second reservoirs and inner surfaces of the first and second nanopores;
depositing a dielectric layer on the protective oxide layer disposed on the second
membrane layer and covering the second nanopore; forming a metal contact
which extends through the dielectric layer, the protective oxide layer, and the
second membrane layer, and at least partially into the second silicon layer,;
etching at least a portion of the dielectric layer to form a well above the second
nanopore; etching at least a portion of the first silicon layer to reveal at least a
portion of the protective oxide layer deposited on the inner surfaces of the first
reservoir; etching the protective oxide layer deposited on the inner surfaces of the
first and second reservoirs and the inner surfaces of the first and second
nanopores; and depositing a spacer layer on at least the inner surfaces of the first

and second nanopores.

[0097] 20. The method according to paragraph 19, wherein the spacer layer
comprises silicon oxide, a silicon nitride, a silicon oxynitride, or any combination

thereof, and wherein the spacer layer is deposited by atomic layer deposition.
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[0o98] 21. The method according to paragraph 19 or 20, further comprising
etching at least a portion of the spacer layer from a lower surface of the first

membrane or an upper surface of the second membrane.

[0099] 22. The method according to any one of paragraphs 19-21, wherein each
of the first nanopore and the second nanopore independently has a diameter of

about 1 nm to about 50 nm.

[00100]123. A dual pore sensor prepared by the method according to any one of

paragraphs 1-22.

[00101]124. A dual pore sensor, comprising: a film stack, wherein the film stack
comprises: a first silicon layer, a first membrane layer disposed on the first silicon
layer, a second silicon layer disposed on the first membrane layer, a second
membrane layer disposed on the second silicon layer, a first reservoir in the first
silicon layer, a first nanopore in the first membrane layer, a second reservoir in the
second silicon layer, a second nanopore in the second membrane layer, and a
channel and in fluid communication with the first and second reservoirs and the
first and second nanopores, wherein each of the first nanopore and the second
nanopore has a diameter of about 1 nm to about 50 nm; and a well formed in a
dielectric layer disposed above the second membrane layer; and a metal contact
extending through the dielectric layer, the second membrane layer, and into the

second silicon layer.

[00102] While the foregoing is directed to embodiments of the disclosure, other and
further embodiments may be devised without departing from the basic scope
thereof, and the scope thereof is determined by the claims that follow. All
documents described herein are incorporated by reference herein, including any
priority documents and/or testing procedures to the extent they are not
inconsistent with this text. As is apparent from the foregoing general description
and the specific embodiments, while forms of the present disclosure have been
illustrated and described, various modifications can be made without departing
from the spirit and scope of the present disclosure. Accordingly, it is not intended
that the present disclosure be limited thereby. Likewise, the term "comprising" is

considered synonymous with the term "including" for purposes of United States
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law. Likewise, whenever a composition, an element, or a group of elements is
preceded with the transitional phrase "comprising", it is understood that the same
composition or group of elements with transitional phrases "consisting essentially
of", "consisting of", "selected from the group of consisting of", or "is" preceding the
recitation of the composition, element, or elements and vice versa, are

contemplated.

[00103] Certain embodiments and features have been described using a set of
numerical upper limits and a set of numerical lower limits. It should be
appreciated that ranges including the combination of any two values, e.g., the
combination of any lower value with any upper value, the combination of any two
lower values, and/or the combination of any two upper values are contemplated
unless otherwise indicated. Certain lower limits, upper limits and ranges appear in

one or more claims below.

28



WO 2021/141701 PCT/US2020/063309

Claims:

1. A method of forming a dual pore sensor, comprising:
forming a film stack, wherein the film stack comprises:
afirst silicon layer,
a first membrane layer disposed on the first silicon layer,
a second silicon layer disposed on the first membrane layer, and
a second membrane layer disposed on the second silicon layer;
etching the film stack to produce:
a first reservoir in the first silicon layer,
a first nanopore in the first membrane layer,
a second reservoir in the second silicon layer,
a second nanopore in the second membrane layer, and
a channel and in fluid communication with the first and second
reservoirs and the first and second nanopores;
depositing a protective oxide layer on the second membrane layer and
inner surfaces of the first and second reservoirs and inner surfaces of the first and
second nanopores;
depositing a dielectric layer on the protective oxide layer disposed on the
second membrane layer and covering the second nanopore;
forming a metal contact which extends through the dielectric layer, the
protective oxide layer, and the second membrane layer, and at least partially into
the second silicon layer,
etching at least a portion of the dielectric layer to form a well above the
second nanopore;
etching at least a portion of the first silicon layer to reveal at least a portion
of the protective oxide layer deposited on the inner surfaces of the first reservorr;
and
etching the protective oxide layer deposited on the inner surfaces of the
first and second reservoirs and the inner surfaces of the first and second

nanopores.
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2. The method of claim 1, wherein the protective oxide layer comprises silicon

oxide, a metal oxide, a metal silicate, or any combination thereof.

3. The method of claim 2, wherein the protective oxide layer is deposited by

atomic layer deposition.

4. The method of claim 1, wherein each of the first nanopore and the second

nanopore independently has a diameter of about 0.5 nm to about 50 nm.

5. The method of claim 1, wherein the dielectric layer comprises a tetraethyl

orthosilicate oxide, a silane oxide, a polyimide, or any combination thereof.

6. The method of claim 1, wherein the dielectric layer is about 1 um to about 5
pm.

7. The method of claim 1, wherein forming the metal contact further
comprises:

etching a contact hole through the dielectric layer, the protective oxide
layer, and the second membrane layer, and partially into the second silicon layer;
and

depositing a conductive material into the contact hole.

8. The method of claim 1, wherein the metal contact extends parallel or

substantially parallel to the channel.

9. The method of claim 1, wherein the portion of the dielectric layer is etched
with a dry etch process to form the well above the second nanopore, and wherein
the portion of the first silicon layer is etched with a wet etch process to reveal the
portion of the protective oxide layer deposited on the inner surfaces of the first

reservoir.

10. The method of claim 1, wherein the protective oxide layer is etched by a

wet etch process.
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11.  The method of claim 1, wherein after etching the protective oxide layer
deposited on the inner surfaces of the first and second reservoirs and the inner
surfaces of the first and second nanopores, further comprising depositing a

spacer layer on at least the inner surfaces of the first and second nanopores.

12. The method of claim 11, wherein the spacer layer comprises silicon oxide,

a silicon nitride, a silicon oxynitride, or any combination thereof.

13.  The method of claim 11, wherein the spacer layer is deposited by atomic

layer deposition.

14.  The method of claim 11, further comprising etching at least a portion of the
spacer layer to produce desired diameter of the channel extending through the

first and second nanopores.

15.  The method of claim 11, further comprising etching at least a portion of the
spacer layer from a lower surface of the first membrane or an upper surface of the

second membrane.

16. A method of forming a dual pore sensor, comprising:
forming a film stack, wherein the film stack comprises:

a first silicon layer,
a first membrane layer disposed on the first silicon layer,
a second silicon layer disposed on the first membrane layer,
a second membrane layer disposed on the second silicon layer,
a first reservoir in the first silicon layer,
a first nanopore in the first membrane layer,
a second reservoir in the second silicon layer,
a second nanopore in the second membrane layer, and
a channel and in fluid communication with the first and second

reservoirs and the first and second nanopores;
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depositing a protective oxide layer on the second membrane layer and
inner surfaces of the first and second reservoirs and inner surfaces of the first and
second nanopores;

depositing a dielectric layer on the protective oxide layer disposed on the
second membrane layer and covering the second nanopore;

forming a metal contact which extends through the dielectric layer, the
protective oxide layer, and the second membrane layer, and at least partially into
the second silicon layer,

etching at least a portion of the dielectric layer to form a well above the
second nanopore;

etching at least a portion of the first silicon layer to reveal at least a portion
of the protective oxide layer deposited on the inner surfaces of the first reservoir;

etching the protective oxide layer deposited on the inner surfaces of the
first and second reservoirs and the inner surfaces of the first and second
nanopores; and

depositing a spacer layer on at least the inner surfaces of the first and

second nanopores.

17.  The method of claim 16, wherein the spacer layer comprises silicon oxide,
a silicon nitride, a silicon oxynitride, or any combination thereof, and wherein the

spacer layer is deposited by atomic layer deposition.

18.  The method of claim 16, further comprising etching at least a portion of the
spacer layer from a lower surface of the first membrane or an upper surface of the

second membrane.

19.  The method of claim 16, wherein each of the first nanopore and the second

nanopore independently has a diameter of about 1 nm to about 50 nm.

20. A dual pore sensor, comprising:
a film stack, wherein the film stack comprises:
a first silicon layer,

a first membrane layer disposed on the first silicon layer,
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a second silicon layer disposed on the first membrane layer,
a second membrane layer disposed on the second silicon layer,
a first reservoir in the first silicon layer,
a first nanopore in the first membrane layer,
a second reservoir in the second silicon layer,
a second nanopore in the second membrane layer, and
a channel and in fluid communication with the first and second
reservoirs and the first and second nanopores,
wherein each of the first nanopore and the second nanopore has a
diameter of about 1 nm to about 50 nm; and
a well formed in a dielectric layer disposed above the second membrane
layer; and
a metal contact extending through the dielectric layer, the second

membrane layer, and into the second silicon layer.
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