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DEVICES WITH FIELD EFFECT TRANSISTORS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Provisional Application No.
63/047743, filed July 2, 2020, and U.S. Provisional Application No. 63/200868, filed March

31, 2021, the content of each of which 1s incorporated by reference m its entirety.

BACKGROUND

{86021 Various polynucleotide sequencing techniques mvolve performing a large
number of conirolied reactions on support surfaces or within predefined reaction chambers.
The controlled reactions may then be observed or detected, and subsequent analysis may help
wdentify properties of the polynucleotide inveolved in the reaction.

{6003} Some of these polynucleotide sequencing techmques utilize a nanopore,
which can provide a path for an ionic electrical current. For example, as the polynucleotide
traverses through the nanopore, it influences the electrical current through the nanopore. Each
passing nucleotide, or series of nucleptides, that passes through the nanopore yields a
characteristic electrical current.  These characteristic electrical currents of the traversing
polynucleotide can be recorded to determine the sequence of the polynuclectide.

{80041 FIG. 1A shows a prior art nanopoere sequencing device 1110 as shown in
PCT publication WO 2019/160925. The prior art nanopore sequencing device 1110 includes
a cis well 1114 associated with a cis electrode 1130, a trans well 1116 associated with a trans
electrode 1134, and a field effect transistor (FET) 1122 positioned hetween the cis well 1114
and the trans well 1116, The FET 1122 includes a source 1150, a drain 1152, and a channel
1154, Below the cis well 1114 s a first cavity 1115 facing the cis well 1114, The trans well
1116 includes a second cavity 1117, A fluidic tunnel 1121 extends through the FET 1122 from
the first cavity 1115 to the trans well 1116, An electrolyte 1120 is disposed n the cis well
1114, first cavity 1115 and trans well 1116,

[06003] Between the cis well 1114 and furst cavity 1115 15 a vanopore 1118 that s

disposed mto a membrane 1124, The vanopore 1118 has first navoscale opening 1123
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fhudically and electrically connecting elecirolyte from the cis well 14 to the first cavity 1115,
The first nanoscale opening 1123 has an inner diameter 11237, As the polynucleotide 1129
traverses through the first nanoscale opening 1123, the sequence of the polynucleotide can be
determined by measwring the change in voltage of the FET sensor 1122 A second nanoscale
opening 1125 within a base substrate 1162" fluidically connects the fluidic tunnel 1121 and the
second cavity 1117, with the second nanoscale opening 1125 having an inner diameter 11257,

[6086] Metallic nterconnects 1164" and 11667 are in electrical communication
with the source 1150 and drain 1152 of the FET 1122, A relatively thick interlayer dielectric
1168, generally thicker than about 30 nm, surrounds the channel 1154 and upper and lower
surfaces of the FET sensor 1122 to form the fluidic tunnel 1121, The FET sensor 112215 in
electrical communication with the electrolyte 1120 at the boundary 1156 where the channel
1154 is closest to the fluidic tunnel 1121 As illustrated, the thickness of the interlaver
dielectric 1168 on top of, or below, the channel 1154 may be about 3 times or more the

thickness of the channel 1154 of the FET 1122,

SUMMARY

[0067] Provided in examples herein are devices for sequencing polynucleotides
and methods of using the devices. One example of such a device is a nanopore device. In
particular, examples include devices having a field effect transistor (FET) sensor and a porous
structure.

[0008] The systems, devices, kits, and methods disclosed herein each have several
aspects, no single one of which s solely responsible for their desirable atirtbutes. Without
limiting the scope of the claums, some prominent features will now be discussed briefly.
Numerous other examples are also conternplated, mcluding examples that have fewer,
additional, and/or different components, steps, features, objects, benefits, and advantages. The
components, aspects, and steps may also be arranged and ordered differently. After
considering this discussion, and particularly after reading the section entitled “Detailed
Description,” one will understand how the features of the devices and methods disclosed herein

provide advantages over other known devices and methods.
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{68009 One example is a device comprising a middle well comprising a fhudic
tunnel; a cis well associated with a cis electrode, wherein a first nanoscale opening is disposed
between the cis well and the middle well; a trans well associated with a trans electrode, wherein
a second nanoscale opening is disposed between the trans well and the middle well; and a field
effect transistor {(FET} positioned between the first nanoscale opening and the second
nanoscale opening.  In this example, the FET comprises: a source, a drain, and a channel
connecting the source to the drain, wherein the channel comprises a gate oxide layer having an
upper surface fluidically exposed to the middle well, wherein the nuddle well fluidically
connects the cis well to the trans well. In some embodiments, the fluidic tunnel extends through
the channel. In alternative embodiments, the fluidic tunnel is offset from (Le., does not extend
through) the FET channel

[8010) Another example is a device comprising a middle well comprising a fluidic
tunnel; a cis well associated with a cis electrode, wherein a first nanoscale opening is disposed
between the cis well and the middle well; a trans well associated with a trans electrode, wherein
a second nanoscale opening 1s disposed between the trans well and the nuddle well; and a field
effect transistor (FET) positioned between the first nanoscale opening  and the secound
nanoscale opening, the FET comprising: a source, a draig, and a channel connecting the source
to the drain, wherein the channel coroprises a gate oxide layer having an upper surface and a
lower surface, the surfaces fluidically exposed to the middle well, wherein the middle well
flndically connects the cis well to the trans well. In some embodiments, the flaidic tunnel
extends through the channel. In alternative embodiments, the fluidic tunnel 15 offset from {i.e,,
does not extend through) the FET channel.

(801 1] Yet another example 13 3 device comprising a middle well comprising a
flurdic tunnel; a cis well associated with a s electrode, wherein a first nanoscale opening 1s
disposed between the ¢is well and the middle well; a trans well associated with a trans
electrode, wherein a porous structure 18 disposed between the trans well and the muddle well;
and a field effect transistor (FET) positioned between the first nanoscale opening and the
porous structure, the FET comprising: a source, a drain, and a channel connecting the source
to the drain, wherein the channel comprises a gate oxide laver having an upper surface
flurdically exposed to the middle well, wherein the middle weli fhudically connecis the cis

well to the trans well In some embodiments, the fhindic tunnel extends through the FET
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channel. In alternative embodiments, the fluidic tunnel is offset from {Le., does not extend
through) the FET channel

{8012} Still another example s a method of using the any of the aforementioned
devices in method comprising: introducing an electrolyte into each of the cis well, the trans
well, the middie well and the fluidic tunnel of a device; applying a voltage bias between the
cis electrode and the trans electrode, wherein an electrical resistance of the first nanoscale
opening varies in response 1o an wdentity of bases n the polynucleotide at the first nanoscale
opening, and wherein a potential (/) of the electrolyte in the fhudic tunnel varies in response
to the variation in electrical resistance of the first nanoscale opening; and measuring a response
of the FET as a function of bases in the polynucleotide at the first nanoscale opening, to identify
the bases in the polynucleotide.

[8013) It 18 to be understood that any features of the device and/or of the array
disclosed herein may be combined together in any desirable manner and/or configuration.
Further, 1t 1s to be understood that any features of the method of using the device may be
combined together in any desirable manner. Moreover, it is to be understood that any
combination of features of this method and/or of the device and/or of the array may be used
together, and/or may be combined with any of the examples disclosed herein. Stil further, it
is 10 be understood that any feature or combination of features of any of the devices and/or of
the arrays and/or of any of the methods may be combined together in any desirable manner,
and/or may be combined with any of the examples disclosed herein.

[B8014] it should be appreciated that all combinations of the foregoing concepts and
addiional concepts discussed in greater detail below are contemplated as being part of the
mventive subject matier disclosed herein and may be used to achieve the benefits and

advantages described herein,

BRIEF DESCRIPTION OF THE DRAWINGS
[0015] Features of examples of the present disclosure will become apparent by
reference to the following detailed description and drawings, in which like reference numerals
correspond to similar, though perhaps not dentical, components. For the sake of brevity,
reference numerals or features having a previously described function may or may not be

described 1y connection with other drawings m which they appear.
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[0016] FIG. 1A is a cross-sectional side view of a prior art nanopore sequencing
device.

{8017} FIG. 1B shows a schematic circuit diagram of the electrical resistance
provided by the prior art nanopore sequencing device of FIG. TA.

[0018] FIG. 2A 18 a cross-seciional side view of a nanopore sequencing device
according to one example.

(6019} FIG. 2B 15 a cross-sectional top view, taken on line 3-3 of the nanopore
sequencing device of FIG. 2A.

(80261 FIG. 2B’ 1s a cross-sectional top view, taken on line 37-37 of the nanopore
sequencing device of FIG. 2A.

{8021 FIG. 3A shows a cross-sectional side view of an alternate example of a
nanopore sequencing device according to one example.

66221 FIG. 3B s a cross-sectional top view, taken on line 3-3 of the nanopore
sequencing device of FIG 3A and a FET sensor.

[6623] FIG. 3C 1s a cross-sectional top view, taken on line 3737 of the nanopore
sequencing device of FIG. 34 and a FET sensor.

[0024] FIG. 313 1s an alternate example of a cross-sectional top view, taken on line
3-3 of a nanopore sequencing device sumilar to FIG. 3A, but with a wider example of a FET
Sensor,

[0025] FIG. 3E 15 an alternate example of a cross-sectional top view, taken on line
37-3” of a nanopore sequencing device stmidar to FIG. 3 A, but with a wider example of a FET
3ensof,

[8026] FIG. 4A 15 another cross-sectional side view of an alternate example of a
nanopore sequencing device,

(8027} FIG. 4B 15 a cross-sectional top view, taken on line 3-3 of the nanopore

sequencing device of FIG. 4A.

[0028] FIG. 4B’ 15 a cross-sectional top view, taken on line 3°-37 of the nanopore
sequencing device of FIG. 4A.
[8029] FIG. 5A s cross-sectional side view of yet another alternate example of a

nanopore sequencing device.

(V)
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(603G} FIG. 5B 15 a cross-sectional top view, taken on line 3-3 of the nanopore
sequencing device of FIG. SA.

[8031] FIG. 5B 1s a cross-sectional top view, taken on line 3°-37 of the nanopore
sequencing device of FIG. SA.

(060321 FIG. 6 15 a cross-sectional side view of another exemplary alternate example
of a nanopore sequencing device.

[0033] FIG. TA 15 a cross-sectional side view of vet another exemplary alternate
example of a nanopore sequencing device with an offset opening.

[8034] FIG. 78 s a cross-sectional top view, taken on line 3-3 of the nanopore
sequencing device of FIG. 5A showing the offset opening.

[B8035] FIG 78 1s a cross-sectional top view, taken on line 37-37 of the nanopore
sequencing device of FIG. 5A showing the offset opening.

[6036] FIG. 8 1s a cross-sectional side view of a further exemplary alternate
example of a nanopore sequencing device with a vertical field effect transistor.

[8637] FIG. 9 1s a cross-sectional side view of vet another further exemplary
alternate example of a nanopore sequencing device with a field effect travsistor having a vou-

Faradaic metal electrode.

DETAILED DESCRIPTION

[8038] All patents, applications, published applications and other publications
referred to herein are incorporated herein by reference to the referenced material and 1o therr
entireties. If a term or phrase 15 used herein in a way that 13 contrary to or otherwise
meonsistent with a definution set forth in the patents, applications, published applications and
other publications that are herein 1ncorporated by reference, the use herein prevads over the
definition that is incorporated herein by reference.

[6(39] One example relates to a sequencing device that includes a field effect
fransistor (FET) sensor having channel disposed between the source and the drain of the FET
sensor. While i many instances herein, the sequencing device are described as nanopore
devices, the devices need not be nanopore devices and other configurations are possible. In
one example, the channel has an upper surface, a lower surface, or both exposed to electrolyte

within the device. The exposed upper and/or lower surface of the FET sensor provides an
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increased surface area of the FET in elecirical contact with the electrolvte that improves the
sensitivity of the nanopore sequencing device. Moreover, increasing the surface area of the
FET exposed to the electrolyte was found to reduce the background electrical noise in the
sensor, thus providing a multi-factor boost to the signal-to-noise ratio (SNR) when measuring
nucleic acid sequences that come in contact with the nanopore.

[0040] In one example, the nanopore sequencing system utilizes an FET sensor
built with gate-all-around (GAA} transistors to further increase the signal to noise ratio of the
device. This GAA technology allows the FET sensor to not only have an upper surface that is
exposed to elecirolyte, but also have a lower surface that is also exposed to electrolyte. More
information regarding this structure 15 described below with reference to FIG 4A In one
embodiment, one or more gate-all-around transistors of the nanopore sequencing system may
comprise an upper surface and a lower surface of the source-drain channel exposed fo an
electrolyte as shown in FIGs. 4A, 4B and 4B’. In another embodiment, one or more gate-all-
around transistors of the nanopore sequencing system may comprise an upper surface and a
lower surface of a plurality of source-drain channels exposed to an electrolyte as shown in FIG.
&, Tn vet another embodiment, one or more gate-all-around transistors of the nanopore
sequencing system may comprise vertical transistors as shown in FIG. 8,

[8041] In another example, the FET is not in direct contact with the electrolyte.
Instead, a non-Faradaic metal elecirode as shown in FIG. 9 15 exposed 1o the electrolvie and
ransmits a detected signal to the sensing FET. This configuration allows for a sigmificant
simplification of the fabrication process and a beiter compatibility with conventional
sermiconductor process flows.

[8042] in another example, the solid-state nanopore structure may be replaced with
a porous structure, as discussed m more detatd below. Such porous structures may be more
readily integrated into g semiconductor fabrication process flow.

[0043] As used herein, the term “exposed to electrolyie” does not necessarily mean
that a component is directly contacting the electrolyte. For example, a FET sensor or a channel
of a FET sensor that is exposed to electrolyte may comprise a relatively thin layer of an
msulator between the sensor or channel and the electrolyte. For example, in one example the
channel portion of the FET sensor located between the source and drain may be covered by a

relatively thin layer of a gate oxade, for example a thermally grown silicon dioxide layer, and

~3
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the channel with its gate oxide is said to be “exposed to electrolyte”. Alternatively, a thin layer
of an insulator may be formed of hugh-k diglecirics, such as HfOn, ALOs, silicon mitroxides,
SiaNg, Ti0g, Taz0s, Y20s, Lac(Ds, Zr0r, ZrSi0s, barium strontium titanate, lead zirconate
titanate, ZrSi:0y, or ZrAl:Oy. The layer of gate oxide may be about 10 nm in thickness, or in

e
I
i

other examples, less than about 9, about 8, about 7, about 6, about 5, about 4, about 3, about 2,

or about 1 num in thickness and still be within examples described herein.

Flectrical Operation of a Nanopore Sequencing Device

[8044] Referring now to FIG. 1B, an equivalent circuit diagram of a nanopore
device, such as a nanopore device illustrated in FIGs. 2-7, 1s shown. As elecirolyte is
mtroduced into each of the cis well, the trans well, the middle well, and the fluidic tunnel. A
voltage difference ¥ is applied between the cis electrode and the trans elecirode. In some
examples, a polynucieotide is driven through a first nanoscale opening of a first nanopore, e.g.
a protein nanopore. In alternative examples, the polynucleotide does not pass through the first
nanopore, but tagged nucleotides are incorporated by a polymerase acting on the
polynucleotide. In certain embodiments, a single-stranded polynuclectide, a double-stranded
polynucleotide, tags or labels of incorporated nucleotide bases, or other representatives of the
incorporated nucleotide bases, and any combination thereof may pass through the first
nanopore. In certain embodiments, tags or labels of mcorporated nucleotide base may be
separated or dissociated from a polynucleotide, and such tags or labels may pass through the
first nanopore with or without the polynucleotide passing through the first nanopore. Examples
are not limited to how the polynucleotide communicates with the nanopore to cause signal
generation n the nanopore sequencing device. An electrical resistance Rprorein of the first
nanoscale opening varies 1o response to an wdentity of bases at the first navoscale opening, e.g.,
while a base of the polynucleotide passes through the first nanoscale opening, or while a tagged
nucleotide is being incorporated by a polymerase acting on the polynucleotide, thus the
different tags of the tagged nucleotides change the resistance of the first nanoscale opening.

[0045] In an example, a second nanoscale opening of a second nanopore, 8.¢., a
solid-state nanopore, has a fixed, or substantially fixed elecirical resistance Rpore. A potential
of the ¢lectrolyte in the fluidic tunnel, denoted as the voltage divider point M in FIG. 10, varies

in response to the variation in elecirical resistance o of the first nanoscale opening,
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Therefore, measuring the response of the FET as the resistance changes in the first nanoscale
opening permits determination of the resistance in the first nanoscale opening, and such
information can be used to tdentify the base in the polynucleotide.

[8046] During a nanopore sequencing operation, the application of the electrical
potential (1.e, voltage difference V) across the first nanopore may force the translocation of a
nucleotide through the first nanoscale opening along with the anions carrying charges.
Depending upon the bias, the nucleotide may be transported from the cis well to middle well,
or from the middle well to the cis well. As the nucleotide transits through the first nanoscale
opening, the current across the membrane 24 changes due, for example, to base-dependent
blockage of the constriction, for example. The signal from that change in current can be
measured using the FET sensor. Examples of measuring the response of the FET include:
measuring a source drain current; or measuring a poteniial at the source and/or drain
Additionally, a resistance in the FET channel can be measured to identify the base at the first
nanoscale opening.

[6647] During operation, the range of measured voltages can be selected from
about 0.1 V to upwards of about 0.1 V, from about -0.5 V to upwards of about 0.5 V, from
about ~1 V to upwards of about 1 V, from about -1.5 V to upwards of about 1.5V, from about
-2.8 'V to ypwards of about 2.0V, from about -3.0 V o upwards of about 3.0V, from about -
5.0 V to upwards of about 5.0 V. The voltage polarity 13 typically apphed such that the
negatively charged nucleic acid 1s electrophoretically driven towards the trans electrode. In
some instances, the voltage can be reduced, or the polarity reversed, to facilitate appropriate
function of the device. In one non-hnuting example, the resistance of the first nanoscale
opening, ferowin, May be about 0.5 to about 1 giga-ohm (GQ). The resistance of the second
nanoscale opening, Rpore, may be about 50 mega-chm (ML), In one example, Rprowim changes
as a function of the base of the polynucleotide at the first nanoscale opening.

[0048] The potential of the voltage divider point M varies with Bproren and acts as
the FET gate potential. The resistance Hpore of the second nanoscale opening, which may be
formed in a solid-state nanopore, is fixed or at least substantially fixed and is not modulated
by the base of the polynuclectide at the first nanoscale opening. For example, as the
polvnucleotide enters the constriction of the first nanoscale opening, the resistance Hprotein 0f

the first nanoscale opening is modulated based on the identity of the bases i the

9
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polynucleotide. Alternatively, the resistance Roprorein of the first nanoscale opening i1s modulated
based on the identity of a tag of a tagged nucleotide that is being incorporated by a polymerase
acting on the polynucleotide. The resistance Rproein may be relatively large, and generallu
varies by 30-40% as a function of different polynuclectide bases at the first nanoscale opening,
In other examples, the resistance Ry may vary by between about 0.001% to about 1%, about
1%% to about 3%, about 5% to about 20%, about 20% to about 40%, about 40% to about about
60%, or 60% to about 100%. The resistance Rpore of the second nanoscale opening, which may
be have a larger size than the first nanoscale opening, may be about 10 times lower compared
10 Rprorein. Since the function of the second nanoscale opening is to provide the fixed resistance
Rpere 10 the voltage divider (but not to read out the current associated with the first nancscale
opening), the second nanoscale opening may not need to be atomically precise.

[3049] The equivalent circuit shown mm FIG. 1B is a voltage divider, where the
potential of point M is the potential of the electrolyte in the fluidic tunnel. This potential is the
equivalent gate potential of the FET and establishes its operating point. As the potential Vs of
pownt M changes with base identity of the polynucleotide, the current flowing through the FET
{the source-~drain current) changes, providing a measurement of the current flowing through
the first nanoscale opening, and therefore of the wdentity of polynucleotide base. In certamn
embodiments, the equivalent circuit of the nanopore device satisfies the following equations:

[0056] The potential Farat point M is given by

Vi = DV (1)
[0051] where
D= R'pmt-em )
Rpare + Ryprotein
[6052] is the voltage divider ratio and V is the cis-trans bias.
[8053) The signal that drives the FET sensor response is 8§V, the variation of the

potential Vi as the base of the polynuclectide at the first nanoscale opening changes. From
the above the following relationship can be derived:

8V = VD 3

[B054] where § 1s the variation in the voltage divider ratio as the base of the

polynucleotide at the first nanoscale opening changes.

10
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[B8055] The signal 8V, may exceed the limit of detection (7.053} of the FET sensor,
1e, V8D > LoD, Therefore, the sensitivity of the nanopore device 10 improves as Lol? is

reduced, V is increased, or 6D is increased.

[8056] The operating cis-trans bias ¥ may therefore satisfy:
v Lo} O
sD 4
Examples
[B087) One example of a nanopore sequencing device with an FET sensor having

an increased surface area exposed to elecirolyte 1s shown in FIG. 2A. FIG 2A is a side cross-
sectional view of the exemplary device 10A. FIG 2B is a cross-sectional top view, taken on
line 3-3 of FIG. 2A. FIG. 2B’ 15 a cross-sectional top view, taken on line 37-3” of FIG. 2A.

[0058] The nanopore sequencing device 10A shown n FIGs. 2A, 2B, and 2B
neiudes a ¢is electrode 30A connecting to a ¢13 well 14A. The cis well 14A bas a lower portion
that includes a first nanopore 18A disposed into a membrane 24A. The first nanopore 18A
mnciudes a first nanoscale opening 23A defined by the first nanopore 18A that coramunicates
with a fluidic tunnel 21T A 1o a second nanoscale operung 25A disposed in a narrower region
17A between the fluidic funnel 21 A and a trans well 16A at a lower portion of the device T0A,
As shown, the second nanoscale opening 1s formed m the substrate material 62A. The first
nanopore 18A provides a fluidic pathway for electrolyte Z0A 1o pass between the cis well 14A
and the middie well 15A. The fhudic tunnel 21 A provides a fhndic pathway for the electrolyte
to pass from the rmddle well 154, through the second nanoscale opening 25A and to the trans
well 16A.

[8059] in one example, the ¢is electrode 30A and the trans electrode 34A are at
least substantially parallel to one another in an at least substantially hornizonial direction. In
other examples, the cis electrode and the trans electrode may be in any suitable orieniation
relative to each other and to the nanopore device. The nanopore device 10A further includes a
field effect transistor (FET) sensor 22A positioned between the first nanoscale opening 23A
and the second nanoscale opening 25A. The FET sensor includes a source (8} 50A, a drain
(D) 5ZA, and a channel 54A that connects the source S0A to the drain 52A. As shown in top
views, FIGs. 2B and 2B’ the electrolyte 20A can be seen in the fluidic tunnel 21A and

extending through the channel 54A Metallic interconnects 64A and 66A are in electrical

{1
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communication with the source S0A and drain 52A of the FET 224, through the etch stop layer
38A. The metallic interconnects 64A and 66A communicate data from the FET sensor 22A to
a controf system monitoring the FET sensor 22A.

[0060] In the example of the nanopore device 10A shown in FIG. 24, a thin layer
of gate oxide 56A is grown arcund the channel 54A, therefore its upper surface 55A s
fluidically exposed to the electrolyte 20A in the middle well 15A. The gate oxide 56A may
have a vertical surface fluidically exposed to the electrolyte 20A in the fluidic tunnel 21 A The
thin layer of gate oxide 36A separates the channel 54A from the electrolyte 20A and exposes
the channel 34 A of the FET sensor 224 to the electrolyte 20A. The thickness of the gate oxide
S6A may be between about land about 10 nm, or alternatively between about 2and about 4
nm. The thickness of the gate oxide 56A is chosen such that a strong enough electric field,
given the potential Vi, can induce an imversion laver of electrons, or holes, which constitute a
conductive path at the boundary of the channel 54A and gate oxide S6A to provide a
measurable conduction between the source S0A and drain S2A of the FET 22A

[6061] In this configuration, the upper surface SSA of the gate oxide 36A of the
channel 34A fluidically exposes the channel S4A to the electrolyte in the middle well 15A, as
shown i FIG. 2B. By providing a large area of the channel 54A exposed to the electrolyte
20A, the potential Vis has a better gate controllability over the chanuel 54A.

[0062] Following equations (2} and {4} above, assuming that the expected level
separation 10 Rprorein~10% of the open pore resistance, with an expected base divider ratio

D~0.1, then the variation §0~0.1x0.1 = 0.01. Using a FET sensor with a 3 mV LoD sroplies

. 0.003v 0.3V (5)
= 001 - .0 A3
[0063] Such high cis-trans bias J” may be incompatible with some choices of the

membrane 24A.

[8064] Reduction of the Lo/ to about 0.2 mV reduces the required cis-trans bias V'
by about 15x (15 times), to about 20 mV, which is compatible with typical membranes. This
means FET sensors with large gate areas would be advantageous. In the FET sensor as shown
in prior art FIG. 1A, only a small fraction of the channel 1154 is exposed to the variation in

voltage 8V),, mainly through the gate oxide 56A at the boundary of the fluidic tunnel 21A. In

addition to exposing the channel 54A to the varation 1n voltage through the boundary of the
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fhidic tunnel 21 A, the structure with the exposed upper surface S5A as shown in FIGs. 2A,
2B and 2B’ greatly mereases the sensing area of the FET exposed to §Vy, and improves the
LoD, which scales as 1/sqrt{A), where 4 15 the area of the channel S4A exposed to the
electrolyte 204,

[8063] The wterlayer diclectric 68A may be any suitable insulator, ncluding 810,
HIG., or AhQO: When the interlayer diglectric 68A 1s silicon dioxide, etching may be
performed to eich the various components of the nanopore sequencing device. For example,
etching may be performed using an etchant with high anisotropy, such as fluorinated reactive
ion etch wncluding CHF3/Gs, CoFs, CiFs, and CaFe/CG/00/ Ar as some non-himiting examples.

[8066] The membrane 24A may be any of the non-permeable or semi-permeable
materials. The first nanoscale opening 23A extends through the membrane 24A. {t s {o be
understood that the membrane 24A may be formed from any suttable natural or synthetic
material, as described herein. In an example, the membrane 24A 15 selected from the group
consisting of a lipid and a biomimetic equivalent of a ipid. In a further example, the membrane
24A 15 a synthetic membrane {(e.g., a solid-state membrane, one example of which is silicon
nitride), and the first nanoscale opening 23A 13 in a solid-state nanopore extending through the
membrane 24A. In an example, the first nanoscale opening 23 A extends through, for example:
a polynucleotide nanopore; a polvpeptide nanopore; or a solid-state nanopore, e.g., a carbon
nanotube, disposed in the membrane.

[8067) in one example, the source, drain, and channel of the FET sensor 22A may
be formed of silicon, and a surface of the silicon may be thermally oxidized to form a gate
oxide on the channel of the FET sensor 2ZA.

[8068] The first nanopore 18A may be any of the biological nanopores, eg., a
protein nanopore, solid-state nanopores, hybrid nanopores, e.g, a hybrid protein/solid state
nanopore, and synthetic nanopores. In some examples, the nanopore has two open ends and a
hollow core or hole (i.e., the first nanoscale opening) that connects the two open ends. When
mserted mto the membrane, one of the open ends of the nanopore faces the cis well and the
ather of the open ends of the nanopore faces the middle well. In some wnstances, the open end
of the nanopore that faces the muddle well 1s fluidically connected to the fluidic tunnel and may
also be aligned with at least a portion of the fluidic tunnel. In other instances, the open end of

the nanopore that faces the middle well 15 fluidically connected to the fluidic tunnel, but 18 vot

13



WO 2022/005780 PCT/US2021/038125

aligned with the fluidic tunnel. The hollow core of the nanopore enables the fluidic and
electrical connection between the cis well and the nuddle well. The diameter of the hollow
core of the nanopore may range from about T nm up fo about 1 pm, and may vary along the
length of the nanopore. In some examples, the open end that faces the cis well may be larger
than the open end that faces the middle well. In other examples, the open end that faces the
cis well may be smaller than the open end that faces the middle well.

[8069] The first nanopore 18A may be inserted into the membrane directly, or the
membrane may be formed around the nanopore. In an example, the nanopore may insert iself
mto a formed lipid bilayer membrane. For example, a nanopore in its monomeric form or
polymeric form {e.g., an octamer} may insert itself into the lipid bilayer and assemble into a
transmembrane pore. In ancther example, the nanopore may be added to a grounded side of a
lipid bilayer at a desirable concentration where 1t will insert 1iself into the lipid bilayer. In still
another example, the lipid bilaver may be formed across an aperture in a
polytetraftuoroethylene (PTFE) film and positioned between the cis well and the middle well
The nanopore may be added to the grounded cis compartment, and may insert uself into the
hipid bilaver at the area where the PTFE aperture is formed. To vet a further example, the
nanopore may be tethered to a solid support {e.g., silicon, silicon oxide, quartz, mdium tin
oxide, gold, polymer, etc.). A tethering molecule, which may be part of the nanopore itself or
may be attached to the nanopore, may attach the nanopore to the sohid support. The attachment
via the tethering molecule may be such that a single pore 18 timmobilized (¢.g., between the ¢is
well and the middle well), A lipid bilayer may then be formed around the nanopore.

[8070] In an example, the second nanoscale opening inner diameter is at least about
two times larger than the first nanoscale opening inner diameter. In another example, the
second nanoscale opening inner diameter 1s about three times larger than the first nancscale
opening inner diameter. In yet another example, the second nanoscale opening inner diameter
ranges from about two times larger than the first nanoscale opening inner diameter to about
five times larger than the first nanoscale opening inner diameter. In an example, the area of
the second nanoscale opening ranges from about five times to about 10 times larger than the
area of the first nanoscale opening.

[8071] Further, in an example, the first nanoscale opening inner diameter ranges

from about 0.5 nm to about 3 nm, and the second nanoscale opening inner diameter 25A ranges
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from about 10 nm to about 20 nm. In another example, the first nanoscale opening mner
diameter 23 A ranges from about 1 nm to about 2 nm, and the second nanoscale opening inner
diameter Z5A ranges from about 10 nm to about 20 nm. In yet another example, the first
nanoscale opening inner diameter 23 A ranges from about 1 nm to about 3 nm, and the second
nanoscale opening inner diameter 25A ranges from abowut 2 nm to about 20 nm. The example
ranges for the first nanoscale opening inner diameter 23A given above are intended to be the
smaliest diameter of the nanoscale opening 23 A through the first nanopore 18A.

[0072] A substrate comprising an array of nanopore sequencing devices may have
many different layouts of first nanoscale openings on the array, including regular, repeating,
and non-regular patterns of nanoscale openings. In an example, the first nanoscale openings
may be disposed in a hexagonal grid for close packing and improved density of the devices.
Other array layouts may include, for example, rectilinear (i.e., rectangular) layouts, triangular
layouis, and so forth. As examples, the lavout or pattern can be an x-y format of first nanoscale
openings that are in rows and columns. In some other examples, the layout or pattern can be
a repeating arrangement of first nanoscale operungs. In still other examples, the lavout or
patiern can be a random arrangement of first nanoscale openings. The pattern may include
spots, posts, stripes, swirls, lines, triangles, rectangles, circles, arcs, checks, plaids, diagonals,
arrows, squares, and/or cross-hatches.

[6073] The layout of nanoscale operungs may be characterized with respect to the
density of first nanoscale openings (1.e., number of first nanoscale openings in a defined area
of the substrate comprising the array). For example, an array of first nanoscale openings may
be present at a density ranging from about 10 first nanoscale openings per mm? to about

1,000,000 first nanoscale openings per mmn’

. The density may also include, for example, a
density of at least about 10 per mm?, about 5,000 per mum?, about 10,000 per mm?, about 0.1
million per nun’, or more. Alternatively or additionally, the density may no more than about
1,000,000 per mm?, about 0.1 million per mm®, about 10,000 per mum?, about 5,000 per mm?,
or less. It is to be further understood that the density of the first nanoscale openings in the
substrate can be between one of the lower values and one of the upper values selected from the
ranges above.

[8074] The layout of first nanoscale openings in an array on a substrate may also

be characterized in terms of the average piich, e, the spacing from the center of a first
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nanoscale opening to the center of an adjacent first nancscale opening {(center-to-center
spacing). The pattern can be regular such that the coefficient of variation arcund the average
pitch is small, or the pattern can be non-regular in which case the coefficient of varation can
be relatively large. In an example, the average piich may range from about 100 nm to about
500 um. The average pitch can be, for example, at least about 160 nm, about 5 um, about 10
um, about 100 pm, or more. Alternatively or additionally, the average piich can be, for
example, at most about 500 um, about 100 m, about 50 pm, about 10 um, about 5 pm, or less.
The average prich for an example array of devices can be between one of the lower values and
one of the upper values selected from the ranges above. In an example, the array may have a
pitch {center-to-center spacing) of about 10 um. In another example, the array may have a
pitch {center-to-center spacing) of about 5 um. In yet another exaruple, the array may have a
pitch {center-to-center spacing) ranging from about 1 ym to about 10 um.

[0075] As mentioned above, a substrate for sequencing may include an array of
nanopore sequencing devices. In one example of a nanopore sequencing device, the trans well
is fluidically connected to the cis well by the middle well and the respective second and first
nanoscale openings. In a substrate with an array of nanopore sequencing devices, there may
be one common cis well and one common trans well communicating with a portion, or all, of
the nanopore sequencing devices within the array on the substrate. However, it should be
understood that an array of the nanopore devices may also mnclude several cis wells that are
flundically 1solated from one another and are fluadically connected to respective one or more
trans wells fluidically 1solated from one another and defined in the sebstrate. Multiple cis wells
may be desirable, for example, in order to enable the measurement of multiple polynucleotides
on a single substrate. In some embodiments, a subsirate with an array of nanopors sequencing
devices comprises one common cis glectrode, one common trans electrode, one common cig
well, one common trans well, and a plurality of nanopore sequencing devices, such as those
shown m FIG. 2A where each nanopore sequencing device comprises a FET sensor and a dual
pore with a first nanopore and a second nanopore. Each nanopore sequencing device of the
plurality of nanopore sequencing devices can separately measure the resistance or signal by its
associated FET sensor. In other embodiments, each nanopore sequencing device may
comprise a mulliple pore with three or more nanopores and a FET sensor. In other

embodiments, the substrate with an array of nanopore sequencing devices comprises one
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common cis well, a plurality of trans wells, and a plurality of nanopore sequencing devices,
where each nanopore sequencing device can be mdividually addressable with individual trans
electrodes. In other embodiments, the substrate with an array of nanopore sequencing devices
comprises a plurality of cis wells, a plurality of trans wells, and a plurality of nanopore
sequencing devices, where each nanopore sequencing device can be individually addressable
with individual trans electrodes.

[8076] The cis well of & nanopore sequencing device may be a flind chamber that
is defined, by sidewalls that are connected to the substrate. 1n some examples, the sidewalls
and the substrate may be integrally formed, such that they are formed from a continuous piece
of material {e.g., glass or plastic). In other examples, the sidewalls and the substrate may be
separate components that are coupled to each other. In an example, the sidewalls are photo
patiernable polymers. In some examples, the cis well 5 formed within the space defined by
the cis electrode, portions of the substrate, and the membrane. The cis well may have any
suitable dimensions. In an example, the cis well ranges from about 1 mm x 1 mm to about 3
cm x 3 em. The cis slectrode, whose interior surface forms one surface of the cis well, may be
physically connected to the sidewalls. The ais electrode may be physically connected to the
sidewalls, for example, by an adhesive or another suitable fastening mechanism. The miterface
between the cis electrode and the sidewalls may seal the upper portion of the cis well.

(60771 The trans well of the nanopore sequencing device 18 a fluad chamber that
may be defined 1n a portion of the substrate. The trans well may extend through the thickness
of the substrate and may have opemings at opposed ends of the substrate. In some examples, a
trans well may have sidewalls that are defined by the substrate and/or by interstitial regions of
the substrate, a lower surface that 1s defined by the trans electrode and an upper surface that 18
defined by a base structure. Thus, the frans well may be formed within the space defined by
the trans electrode, the other portion and/or interstitial regions of the substrate, and the base
structure. It is to be understood that the upper surface of the trans well may include the second
nanoscale opening to provide fluid communication to the middle well. In some examples, the
second nanoscale opening goes through the base structure. In some examples, the second
nanoscale opening may be fluidically connected to and facing a narrower region of the trans

well.
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[8078] The trans well may be a micro well {(having at least one dimension on the
micron scale, e.g., about 1 pm up to, but not including, about 1000 pum) or nanowells (having
the largest dimension on the nanoscale, .g., about 10 nm up to, but not including, 1000 nm).
The trans well may be characterized by its aspect ratio {e.g., width or diameter divided by depth
or height in this example}. In an example, the aspect ratio of the trans well may range from
about 1:1 to about 1:5. In another example, the aspect ratio of each trans well may range from
about 1:10 to about 1:30. In an example, the aspect ratio of the trans well is about 3.3, The
depth/height and width/diameter of the trans well may be selected in order to obtain a desirable
aspect ratio. The depthvheight of each trans well can be at least about 0.1 um, about 1 pm,
about 10 pym, about 100 um, or more. Alternatively or additionally, the depth can be at most
about 1,000 wm, about 100 um, about 10 pum, about 1 um, about 0.1 pm, or less. The
width/diameter of each trans well 16 can be at least about S0 nm, about 0.1 pm, about 0.5 um,
about 1 pum, about 10 pum, about 100 um, or more. Aliernatively or additionally, the
width/diameter can be at most about 1,000 pm, about 100 pum, about 10 pm, about 1 um, about
0.5 wm, about 0.1 wm, about 50 nm, or less.

[8079] The cis well and the trans well may be fabricated using a vanety of
technigues, mcluding, for example, photolithography, vanoimprint lithography, stamping
technigues, embossing techniques, molding techniques, microetching techniques, ete. As will
be appreciated by those skilled n the art, the techmque used will depend on the composition
and shape of the substrate and the sidewalls. In an example, the cis well may be defined by

one or more sidewalls at an end of the substrate, and the trans well may be defined through the

substrate,
[6080] The trans electrode, whose interior surface 1s the lower surface of the irans
well, may be physically connected to the substrate. The trans electrode may be fabricated in

the process of forming the substrate (e.g., during the formation of the trans wells).
Microfabrication techniques that may be used to form the substrate and the trans electrode
include lithography, metal deposttion and Liftoff, dry and/or spin on film deposition, etching,
etc. The interface between the trans electrode and the substrate may seal the lower portion of
the trans well.

[8081] Examples of the material used to form the base structure 62A include silicon

nitride (SisNa), silicon carbide (8iC), alununum oxide {AlOs), hafium oxide (Hf(G:), and
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tantalum pentoxide (Ta2z0s). Examples of surtable deposition technigues for these matenials,
in addition to CVD, include atomic layer deposition (ALDY), or the Hike. Examples of suitable
material combinations for the base structure 62A include S13N4, Si10n, SiC or AlOs.

[0082] The cis elecirode that is used depends, at least in part, upon the redox couple
in the efectrolyte. As examples, the cis elecirode may be gold (Au), platinum (Pt), carbon (C)
{e.g., graphite, diamond, etc ), palladium (Pd}, silver {Ag), copper {Cu), or the like. In an
example, the cis electrode may be a silver/silver chlonde (Ag/AgCh electrode. In one
example, the cis well is capable of mamtaining the electrolyte in contact with the first nanoscale
opening. In some examples, the cis well may be in contact with an array of nanopores, and
thus 1s capable of maintaining the electrolyte in contact with each of the nanopores in the array.

[0083] The trans electrode that 1s used depends, at least in part, upon the redox
couple in the electrolyte. As examples, the trans electrode may be gold {Au), platinum (Pt),
carbon (C) {e.g., graphite, diamond, etc.}, palladium (Pd), silver {Ag), copper (Cu), or the like.
in an example, the trans electrode may be a silver/silver chloride (Ag/AgCl) electrode.

[6(84] In some examples, the relevant elecirochemical half-reactions at the
electrodes for a Ag/AgCl electrode in NaCl or KCl solution, are:

[8085] Cis (cathode): AgCl+e => Ag’+CI': and
[3086] Trans (anode): Agl+ Cl—=» AgCl+e .

[0087] For every unit charge of current, one Cl atom 13 consumed at the trans
electrode. Though the discussion above 18 1n terms of an Ag/AgCl electrode 1n NaCl or KCl
solution, it s to be understood that any electrode/electrolyie pair that may be used to pass the
current may apply.

[B088] in ose, an electrolyte may be filled into the cis well, the muddle well, the
flundic tunnel, the narrower region, and the trans well. In alternative examples, the electrolyie
mn the cis well, the muddle well, and the trans well may be different. The electrolyte may be
any electrolyte that is capable of dissociating into counter tons {(a cation and its associated
anion}. As examples, the electrolyte may be an electrolyte that 1s capable of disseciating into
a potassium cation (K™} or a sodium cation {(Na™). This type of electrolyte inchuides a potassium
cation and an associated amion, or a sodium cafion and an associated anion, or combinations
thereof. Examples of potassium-containing electrolytes include potassium chloride (K1),

potassium ferricyanide (K3{Fe{CNle] - 3H20 or Ku[Fe(CN)s] - 3Ha03), or other potassium-
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contaiming electrolytes {e.g., bicarbonate (KHCGs} or phosphates {e.g., KHPOs, KoHPOy,
KsP(4). Examples of sodium-containing electrolytes mnclude sodium chloride (NaCl} or other
sodium-containing electrolytes, such as sodium bicarbonate (NaHCOs), sodium phosphates
{e.g., NatzPOs, Na:HPO4 or NasPQs).  As ancther example, the elecirolyte may be any
electrolyte that s capable of dissociating into a rutheniume-containing cation {(e.g., ruthenium
hexamine, such as [Ru{NH3)s "™ or [Ru(NHz)s}1*"). Electrolytes that are capable of dissociating
into a lithium cation (Li7), a rubidium cation (Rb"), a magnesium cation (Mg}, or a calcium
cation {Ca™} may also be used.

0089 in examples wherein a plurality of nanopore sequencing devices forms an
array on a substrate, each of the plurality of the nanopore sequencing devices in the array may
share a common cis electrode and a common trans electrode. In another example, each of the
plurality of the nanopore sequencing devices shares a common cis electrode, but has a distinet
trans electrode. In vet another example, each of the plurality of the nanopore sequencing
devices has a distinct cis electrode and a distinct trans electrode. In still another example, each
of the plurality of nanopore sequencing devices has a distinct ¢is electrode and shares a
common trans electrode. As the array of nanopore devices is scaled, the volume of each trans
well typically depletes as the 3™ power of the well dimension (assurning that a constant aspect
ratio 1s mantained). In soroe example, an array bifetime 15 about or above 48 hours, and a

typical diameter of the trans well 13 about or above 100 um.

Alternare Exanmples

[4096] FIG. 3A shows a vanation of the device 10A illustrated in FIG. 2A. As
shown tn FIG 3A, a nanopore sequencing device 10B includes similar coraponents with the
device shown in FIG. 2A. However, the substrate matenal 628 shown 1o FIG. 3A does oot
have a narrower region as was ilfustrated in FIG. 2A. The substrate material 62B 1s wore planar
in format.

[8091] The nanopore sequencing device 10B 15 shown mn FIGs. 3A, 3B, and 3C
inciudes a 18 electrode 30B connecting to a ¢1s well 14B. The cis well 14B has a lower portion
that includes a first nanopore 188 disposed into a membrane 24B. The first nanopore 18B
inciudes a first nanoscale opening 238 defined by the first nanopore 18B that communicates
with a flindic tunnel 21B to a second nanoscale opening 25B between the fluidic tunnel 218

and a trans well 16B at a lower portion of the device 10B.  As shown, the second nanoscale
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opening 258 is formed in the substrate material 62B. The first nanopore 188 provides a fhudic
pathway for electrolyte 20B to pass between the cis well 148 and the muddle well 158, The
flurdic tunnel 218 provides a fhuidic pathway for the electrolyte to pass from the middle well
158, through the second nanoscale opening 258 and to the irans well 16B. In use, an
electrolyte may be filled into the cis well 148, the middle well 15B, and the trans well 16B.
In alternative examples, the electrolvie in the cis well 14B, the middle well 15B, and the frans
well 168 may be different. In some examples, the diameter of the first nanoscale opening 238
may be equal to or smaller than the opening of the fluidic tunnel 21B. A substrate for
sequencing may include an array of nanopore sequencing devices. In one example of a
nanopore sequencing device, the trans well is fluidically connected to the cis well by the middie
well and the respective second and first nanoscale openings. In a substrate with an array of
nanopore sequencing devices, there may be one common cis well and one comnmon trans well
communicating with a portion, or all, of the nanopore sequencing devices within the array on
the substrate. However, it should be understood that an array of the nanopore devices may
also 1nclude several cis wells that are fluidically isolated from one another and are fluidically
connected o respective one or more trans wells fluidically 1solated from one another and
defined in the substrate. Multiple cis wells may be deswrable, for example, 1in order to enable
the measurement of multiple polynucleotides on a single substrate. In some embodiments, a
substrate with an array of nanopore sequencing devices comprises one common cis electrode,
one common trans electrode, one common cis well, one conunon trans well, and a plurality of
nanopore sequencing devices, such as those shown 1n FIG. 3A where each nanopore
sequencing device comprises a FET sensor and a dual pore with a first nanopore and a second
nanopore. Each nanopore sequencing device of the plurality of nanopore sequencing devices
can separately measure the resistance or signal by its associated FET sensor.  In other
embodiments, each nanopore sequencing device may comprise a multiple pore with three or
more nanopores and a FET sensor. In other embodiments, the substrate with an array of
nanopore sequencing devices comprises one common cis well, a plurabity of trans wells, and a
plurality of nanopore sequencing devices, where each nanopore sequencing device can be
ndividually addressable with individual trans electrodes. In other embodiments, the substrate

with an array of nanopore sequencing devices comprises a plurality of cis wells, a plurality of
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trans wells, and a plurality of nanopore sequencing devices, where each nanopore sequencing
device can be individually addressable with individual trans electrodes.

{80921 in one example, the cis electrode 30B and the trans electrode 34B are at
least subsiantially parallel to one another in an at least substantially honizontal direction. In
other examples, the cis electrode and the trans electrode may be in any sutiable orientation
relative to each other and to the nanopore device. The nanopore device 10B further includes a
field effect transistor {(FET) sensor 22B positioned between the first nanoscale opening 238
and the second nanoscale opening 25B. The FET sensor includes a source (8) 50B, a drain
(D) 52B, and a channel 548 that connects the scurce 50B to the drain 52B.  As shown n top
views, FiGs. 3B and 3C, the electrolyte 208 can be seen in the fluidic tunnel 21B and extending
through the channel 548, Metallic interconnects 648 and 66B are in electrical communication
with the source 50B and drain 528 of the FET 22B, through the etch stop layer 38B. The
metallic interconnects 648 and 668 communicate data from the FET sensor 228 to a control
system monitoring the FET sensor 22B.

[6093] In the example of the nanopore device 10B shown in FIG. 3A, a thin layer
of gate oxide 36B 15 grown around the channel 54B; therefore, its upper surface SSB s
fluidically exposed to the middle well 15B. The gate oxide S6B may have a vertical surface
flurdically exposed to the electrolyie 208 in the fluidic tunnel 21B. The thin layer of gate oxide
separates the channel 34B from the electrolyte 208 and exposes the channel 548 of the FET
sensor 22B to the electrolyte 20B. In addition to exposing the channel 54B to the vanation in
voltage through the gate oxide 56B at the boundary of the fluidic tunnel 218, the stracture with
the exposed upper surface 558 as shown in FIGs. 3A, 3B and 3C greatly increases the sensing
area of the FET exposed to 8V, and improves the LoD. The thickness of the gate oxide 56B
may be between about 1 and aboutl 0 nm in thickness, and in some examples between about 2
and about 4 nm m thickness. The thickness of the gate oxide 568 1s chosen such that a strong
enough electric field, given the potential Vis, can induce an ioversion layer of elecirons or holes
which constitutes a conductive path at the channel 34B-gate oxude 56B boundary to conduct
between the source SOB and drain S2B.

[6(94] The mterlayer dielectric 688 may be any suitable wsulator, including S102,
HEQ», or ALO;. When the interlayer dielectric 68B 1s silicon dioxide, etching may be

performed to etch the various components of the nanopore sequencing device. For example,
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etching may be performed using an etchant with high amisotropy, such as fluorinated reactive
ion etch including CHF3/Gq, CaFs, UsFe, and CsF/CO/02/Ar as some non-linuting examples.

[8095] As iHustrated, the trans well 16 m FIG. 3A does not include a narrower
region as compared to FIG. ZA. In some instances, this allows for a larger trans well 168, The
basic operating principle remains the same for the remainder of the nanopore sequencing
device.

[6096] FIG. 3B and FIG. 3C are cross-sectional top views, taken in FIG. 3A on line
3-3 and line 3°-3’, respectively, showing an example of the FET sensor which is a nanowire
transistor, 1.e., the channel 548 has a nanowire configuration.

[8097] in the nanowire transistor, the channel 54B has a length along a direction
from the source SOB to the drain 528, a height along a direction from the ¢is electrode 308 to
the trans electrode 34B, and a width along a direction at least partially or substantially
orthogonal to both the length and the height. In one example, the length may be at least about
10 times the width or the height. The intersection between the fluidic tunnel 218 and the
channel S4B, in a plane defined by the length and the width, may be disc shaped as shown mn
FIG 3B and FIG 3C

[6098] The LoD of a nanowire transistor having an about 250 nm x 20 nm x 30 nm
nanowire 18 about 3 mV, while the LoD of a nanowire transistor having an about 10,000 nm x
100 nm x 30 nm wire 1s about 0.2 mV.

[3099] FiGs. 3D and FIG. 3E are cross-sectional top views of a nanosheet FET
sensor 2287, as compared to the nanowire FET sensor 22B shown i FIGs. 3B and 3C. In the
nanosheet FET sensor 228, the channel 548 has a nanosheet configuration. A thin laver of
gate oxide S6B” separates the upper surface of the channel 54B° from the electrolyte 208 and
exposes the channel 54B” of the FET sensor 22B7 to the electrolyte 208, The thickness of the
gate oxide SOB” may be about 1- about 10 nm, preferably about 2- about 4 nm. The thickness
of the gate oxide 568 1s chosen such that a strong enocugh electric field, given the potential
Vii, can induce an inversion layer of electrons or holes which constitutes a conductive path at
the channel 548 -gate oxide 568 boundary to conduct between the source 50B’ and drain
528°. The sensing area of the FET exposed to the electrolyte 208’ is greatly increased, thus

further improving the Lol
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{0160} in the nanosheet FET sensor 22B°, the channel 54B” has a length along a
direction from a source S0B 1o a drain 528’ a height along a direction from the cis electrods
to the trans elecirode, and a width along a direction at least partially or substantially orthogonal
to both the length and the height The length may be at least about 2 times the height, and the
width may be at least about 2 times the height. In other examples length may be at least about
3, about 4, about 5, about 6, about 7, about 8, about 9, about 10 or more times the height, and

-
7
i

the width may be at least about 3, about 4, about 5, about 6, about 7, about 8, about 9, about
10 or more times the height. The intersection between the fluidic tunnel 218’ and the channel
548, n a plane defined by the length and the width, may be oblong shaped as shown in FI1G.
30 and FIG. 3E (for example, see the oblong shaped boundary of 56B7).

{8101} Alternatively, the intersection between the fluidic tunnel 218’ and the
channel 54B° in a nanosheet transistor can be of nearly arbitrary shape and size, potentially
increasing the sensing area of the FET even further and thus driving the LoD down even
further. Since the size and shape requirement of the fluidic tunnel may be relaxed, the

manufacturability of the device may be moproved.

Additional Examples

(6102} FlGs. 4A, 4B, and 4B’ illustrate another example of the nanopore device
shown in FIGs. ZA, 2B, and 2B, which uses a gate-all-arround (GAA) transistor. FIG. 4A s
a cross-sectional side view of a nanopore sequencing device 10C. FIG. 4B s a cross-sectional
top view, taken on line 3-3 in FIG. 4A. FIG 4B’ 15 a cross-sectional top view, taken on hine
3-3” in FIG. 4A.

[0103] The nanopore sequencing device 10C shown wn FIGs. 4A, 4B, and 4B’
mnciudes a ¢is electrode 30C connecting to a ¢i18 well 14C. The cis well 14C has a lower portion
that mcludes a first nanopore 18C disposed mto a membrane 24C. The first nanopore 18C
inciudes a first nanoscale opening 23C defined by the first nanopore 18C that communicates
with a fluidic tunnel 21C 10 a second nanoscale opening 25C disposed in a narrower region
17C between the fluidic tunnel 21C and a trans well 16C at a lower portion of the device 10C,
As shown, the second nanoscale opening s formed in the substrate material 62C. The first
nanopore 18C provides a fluidic pathway for elecirolyte 20C o pass between the cis well 14C
and the muddle well 15C. The fluidic tunnel 21C provides a fluidic pathway for the electrolyte

{0 pass from the middle well 15C, through the second nanoscale operung 25C and (o the trans
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well 16C. A substrate for sequencing may include an array of nanopore sequencing devices.
in one example of a nanopore sequencing device, the trans well 1s fhmdically connected to the
cis well by the middle well and the respective second and first nanoscale openings. In a
substrate with an array of nanopore sequencing devices, there may be one common c¢is weil
and one common frans well communicating with a portion, or all) of the nanopore sequencing
devices within the array on the substrate. However, it should be understood that an array of
the nanopore devices may also include several cis wells that are fluidically isolated from one
another and are fluidically connected to respective one or more trans wells fluidically isolated
from one ancther and defined in the substrate. Multiple cis wells may be desirable, for
example, in order to enable the measurement of multiple polynucleotides on a single substrate.
In some embodiments, a substrate with an array of nanopore sequencing devices comprises
one common cis electrode, one common trans electrode, one common cis well, one common
trans well, and a plurality of nanopore sequencing devices, such as those shown in FIG 4A
where each nanopore sequencing device comprises a FET sensor and a dual pore with a first
nanopore and a second nanopore. Each nanopore sequencing device of the plurality of
nanopore sequencing devices can separately measure the resistance or signal by s associated
FET sensor. In other embodiments, each nanopore sequencing device roay comprise a multiple
pore with three or more nanopores and a FET sensor. In other embodiments, the substrate with
an array of nanopore sequencing devices comprises one common cis well, a plurahity of trans
wells, and a plurality of nanopore sequencing devices, where each nanopore sequencing device
can be individually addressable with imndividual trans electrodes. In other embodiments, the
substrate with an array of nanopore sequencing devices comprises a plurahty of ¢is wells, a
plurality of trans wells, and a plurality of nanopore sequencing devices, where each nanopore
sequencing device can be individually addressable with individual trans electrodes.

[68104] In one example, the cis electrode 30C and the trans electrode 34C are at
least substantially parallel to one another 1n an at least substantially horizontal direction. In
other examples, the cis electrode and the trans electrode may be in any suitable orientation
relative to each other and to the nanopore device. The nanopore device 10C further includes a
field effect transistor (FET) sensor 22C positioned between the first nanoscale opening 23C
and the second nancscale opening 25C. The FET sensor includes a source (8} 50C, a drain

(D} 52C, and a channel 54C that connects the source SOC to the drain 52C.  As shown m top
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views, FIGs. 4B and 4B’ the electrolyte 20C can be seen in the fhadic tunnel 21T and
extending through the channel 54C. Metallic interconnects 66C and 64C are i electrical
communication with the source 50C and drain 52C of the FET 22C, through the etch stop layer
38C. The metallic interconnecis communicate data from the FET sensor 22C 10 a control
system monitoring the FET sensor 22,

[0105] In the nanopore sequencing device 10C shown i FIG. 44, the bulk of the
material right above line 3-3 separating the channel 54C from the electrolyte 20C is removed,
exposing the channel S4C of the FET sensor 22C to the electrolyte 20C. In addition, the bulk
of the material right below the channel 54C s removed, or hollowed cut, exposing the channel
54C to the electrolyte from below as well—this may be formed by undercutting the active area
54C of the FET sensor 22C by well-known methods. Only a thin layer of gate oxide 56C 1s
grown around the channel 54C. An upper surface 55C and a lower surface 58C of the gate
oxide S6C are fluidically exposed to the electrolyte 20C in the middie well 15C and fluidic
channel 21C. The gate oxide 56C may have a vertical surface fluidically exposed to the
electrolyte 20C in the fhudic tunnel 21 C. The thin layer of gate oxide S6C separates the channel
S4C from the electrolyte 20C and exposes the channel 34C of the FET sensor 22C 1o the
electrolyte 20C. The thickness of the gate oxide 56C may be between about 1 and about 10
o, and in some examples between about 2 and about 4 nm. The thickuess of the gate oxide
56C 15 chosen such that a strong enough electric field, given the potential Vs, can induce an
mversion layer of electrons or holes which constitutes a conductive path at the channel 54C-
gate oxide 56C boundary to conduct between the source 50C and dram 52C.

[0186] Such a configuration of the FET sensor 22C shown in FIG. 44 allows the
exposure of a relatively large area of the channel 54C to the electrolyte 20C (as compared to
FIG. 2A). The channel 54C therefore uses the upper surface 55C and lower surface S3C for
flurdically connecting the channel 34C to the middie well 15C. Therefore, the potential Vs
has advantageous gate controliabibity over the channel 54C, and further reduces the 70D, In
addition to exposing the channel 54C to the variation m voltage through the gate oxide 560 at
the boundary of the fluidic tunnel 21C, the structure of the FET sensor 22C with the exposed
upper surface 55C and lower surface 58C as shown in FIGs. 4A, 48 and 4B greatly increases

the sensing area of the FET exposed to 8V, and improves the Lol
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[6107] The mnterlayer dielectric 68C may be any suttable insulator, such as 8510;,
HIO, or AhOs. When the mterlayer dielectric 68C is silicon dioxide, etching may be
performed to eich the various components of the nanopore sequencing device. For example,
etching may be performed using an etchant with high anisotropy, such as flucrinated reactive
ion etch including CHF1/Qr, OoFe, CaFs, and CsFe/CO/O2/ Ar as some non-limiting examples.

[0108] The membrane 24C may be any of the non-permeable or semi-permeable
materials. The first nanoscale opening 23C extends through the membrane 24C. 1t 15 to be
understood that the membrane 24C may be formed from any suitable natural or synthetic
material, as described herein. 1n an example, the membrane 24C s selected from the group
consisting of a lipid and a biomimetic equivalent of a lipid. 1n a further example, the membrane
24C 18 a synthetic membrane {e.g, a solid-state membrane, one example of which is silicon
nitride), and the first nanoscale opening 23C is in a solid-state nanopore extending through the
membrane 24C. In an example, the first nanoscale opening 23C extends through, for example:
a polynucleotide nanopore; a polypeptide nanopore; or a solid-state nanopore, e.9., a carbon
nanotube, disposed in the membrane,

[8109] In one exarple, the source, drain, and channel of the FET sensor 22C may
be formed of sihicon, and a surface of the silicon may be thermally oxidized to form a gate
oxide on the channel of the FET sensor 22C.

(01140 The first nanopore 18C may be any of the biological nanopores, solid-state
nanopores, hybrid nanopores, and synthetic nanopores. In some examples, the first nanopore
18C has two open ends and a hollow core or hole (1.¢, the first nanoscale opening 23C) that
connects the two open ends. When inserted mito the membrane 24C, one of the open ends of
the first nanopore 18C faces the cis well 14C and the other of the open ends of the first nanopore
18C faces the middle well 15C. In some instances, the open end of the first nanopore 18C that
faces the middle well 15C 1s fluidically connected to the flusdic tunnel 21C and may also be
aligned with at least a portion of the flurdic tunnel 21C. In other mstances, the open end of the
first nanopore 18C that faces the middle well 15C 1s fhudically connected to the fluidic tunnel
21C, but is not aligned with the fluidic tunnel 21C. The hollow core of the first nanopore 18C
enables the fluidic and electrical connection between the ¢is well 14C and the middle well 15C.
The diameter of the holiow core of the first nanopore 18C may range from about 1 nm up o

about 1 pm, and may vary along the length of the first nanopore 18C. In some examples, the
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open end that faces the cis well 14C may be larger than the open end that faces the middle well
15C. In other examples, the open end that faces the cis well 14C may be smaller than the open

end that faces the middle well 15C.

Fursher Exanples

(8111} FiGs. SA, 5B, and 5B’ illustrate a modification to the nanopore device
shown i FIGs. 2A, 2B, and 2B’°, which uses a porous structure 25000 in hieu of a second
nanoscale opening 25A shown in FIG. 2A. FIG. 5A is a side cross-sectional view of the
modified exemplary device 10D, FIG. 5B is a cross-sectional top view, taken on line 3-3
FIG. 5A. FIG 5B 15 a cross-sectional top view, taken on line 373" i FIG. SA.

[0812] The nanopore sequencing device 10D shown in FiGs. 5A, 5B, and 5B’
inciudes a cis electrode 30D connecting to a cis well 1413, The cis well 14D has a lower portion
that includes a first nanopore 18D disposed into a membrane 243, The first nanopore 18D
meludes a first nanoscale opening 23D defined by the first nanopore 18D that communicates
with a fluidic tunnel 21D to a narrower region 17D of a trans well 16D at a lower portion of
the device 10D, The first nanopore 18D provides a fluidic pathway for electrolyte 20D to pass
between the cis well 14D and the nuddle well 15D, The fluidic tunnel 21D provides a fluidic
pathway for the elecirolyte to pass from the middle well 15D to the trans well 16D, A porous
structure 25000 is disposed between the trans well 16 and the middle well 15D. A substrate
for sequencing ray nclude an array of nanopore sequencing devices. In one example of a
nanopore sequencing device, the trans well 1s fluidically connected to the cis well by the middle
well and the respective second and first nanoscale operungs. In a substrate with an array of
nanopore sequencing devices, there may be one comyuon cis well and one coramon trans well
communicating with a portion, or all, of the nanopore sequencing devices within the array on
the substrate. However, it should be understood that an array of the nanopore devices may
also include several cis wells that are fhadically solated from ove another and are fluidically
connected o respective one or more trans wells fluidically solated from one another and
defined 1n the substrate. Multiple cis wells may be deswable, for example, in order to enable
the measurement of multiple polynucleotides on a single substrate. In some embodiments, a
substrate with an array of nanopore sequencing devices comprises one common cis electrode,
one common trans elecirode, one common cis well, one common frans well, and a plurality of

nanopore sequencing devices, such as those shown 1n FIG. SA where each nanopore
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sequencing device comprises a FET sensor and a dual pore with a first nanopore and a second
nanopore. Each nanopore sequencing device of the plurality of nanopore sequencing devices
can separately measure the resistance or signal by its associated FET sensor. In other
embodiments, each nanopore sequencing device may comprise a multiple pore with three or
more nanopores and a FET sensor. In other embodiments, the substrate with an array of
nanopore sequencing devices comprises one common cis well, a plurality of trans wells, and a
plurality of nanopore sequencing devices, where each nanopore sequencing device can be
individually addressable with individual trans electrodes. In other embodiments, the substrate
with an array of nanopore sequencing devices comprises a plurality of cis wells, a plurality of
trans wells, and a plurality of nanopore sequencing devices, where each nanopore sequencing
device can be individually addressable with individual trans elecirodes.

[0113] In one example, the cis electrode 30D and the trans electrode 34D are at
least substantially parallel to one another in an at least substantially horizonial direction. In
other examples, the cis electrode and the trans electrode may be in any suitable orientation
relative to each other and to the nanopore device. The nanopore device 10D further includes a
field etfect transistor {FET) sensor 22D positioned between the first nanoscale opening 23D
and the porous structure 25000, The FET sensor includes a source {5) 50D, a draim (D) 52D,
and a chaonnel 54D that connects the source 50D to the drain 52D, As shown 1n top views,
FiGs. 5B and 5B, the electrolyte 20D can be seen in the fluidic tunnel 21D and extending
through the channel 54D, Metallic interconnects 66D and 64D are in electrical communication
with the source 30D and drain 32D of the FET 22D, through the eich stop fayer 38D, The
metallic interconnecis 66D and 640 communicate data from the FET sensor 22D to a control
system monitoring the FET sensor 22D,

(0114} In the example of the nanopore device 10D shown m FIG. 54, a thin layer
of gate oxide 56D 1s grown around the channel 54D, therefore, ts upper swrface 55D 13
flndically exposed to the muddle well. The gate oxide 56D may have a vertical surface
fluidically exposed to the electrolyte 200 in the fluidic tunnel 21D. The gate oxide separates
the channel 54D from the electrolyte 200 and exposes the channel 541 of the FET sensor 22D
to the electrolyte 20D, The thickness of the gate oxide 561 may be between about 1 and about
10 nm, and in some examples between about 2 and about 4 nm.  The thickness of the gate

oxide 56D is chosen such that a strong enough electric field, given the potential Vi, can induce

b
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an inversion layer of electrons or holes which constitutes a conductive path at the channel 54D-
gate oxide 56D boundary to conduct between the source 50D and drain 52D,

[8115] in this configuration, the channel 540 has an upper surface fluidically
comnecting the channel 54D to the electrolyie in the middle well 15D, as shown in FIG. 5B,
By increasing the area of the channel 54D exposed to the electrolyte 20D, the potential Vis has
a better gate controllability over the channel 34D, In addition to exposing the channel 54D to
the vanation in voltage through the gate oxide 5613 at the boundary of the fluidic tunnel 21D,
the structure with the exposed upper surface of the channel 34D as shown in F1Gs. SA, 5B and
5B’ greatly increases the sensing area of the FET exposed to 8V, and improves the Lol

[8116] In FIG. 2A, the second nanoscale opening 25A, e.g., formed in a solid-state
nanopore, defines part of the operation of the device. Using current complementary metal-
oxide-semiconductor (CMOS)-technologies to make nanopores of less than about 10 nm may
be a challienge. However, this chotce limits the divider ratio D to~0.1, which in turn reduces
the varation 80 when the base of the polynucleotide at the first nanoscale opening 23 changes,
which in turn drives up the required cis-trans bias V. In certain embodiments, the equivalent
circuit of the nanopore device satisfies the following equations:

[0117] In the device 10A of FIG. 2A, the signal detected by the FET sensor 1

proportional to

g 1 Rpmtein
oR TR R Z: (®)
i€ profein protein + pore (-Rpf'otein + Rpa'r'e)
[0118] This signal 1s maximized when
: (}’ D - , (7)
0 R'pore a R’protem '
[0119] which translates 1o a requirement that
R;czire = Rp'i'atein’ (8)
[0820] Fabricating a sclid-siate nanopore with size and resistance simular to that of

a protein nanopore remains challenging for current CMOS-based fabrication technology.
Furthermore, a single solid-state nanopore meeting this requirement may have a resistance that
varies, since the polynucleotide, e.g., a single-stranded BNA polymer, with a width of about 1
nm, 18 expected to sigmificantly alter the resistance if it traverses the solid-state nanopore that

has an opening of similar width.
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[0121] In conirast, in FIG. SA, the second nanoscale opening is replaced with a
porous structure 2500D, e g, a nanoporous frit or membrane. The structure and function of
the frit is simlar to that of glass frits used in reference electrodes. The pores in the it may be
randomly distributed and may form complicated pathways. The porosity of the frit is selected
so that 1t 1s sufficient to establish electrical contimuty across the frit (i.¢., big enough to allow
ionic species from the electrolyte to pass), but small enough so that significant resistance to
ionic current is established. The resistance of typical frits having a 1 mm’ in size is on the
order of 1 M) Therefore, a 100 nm x 100 nm frit may be expected to have a resistance of >1
T Typical frits have pore sizes of about a few nm and thickness of about | mm. Tuning the
porosity and thickness of the frit should allow achieving the desired target of

R,fr;t - Rp’rotem (9)

(6122} There are numerous fabrication compatible materials that may be used for
the frit. low-x dielectrics, such as porous low-x dielectrics {e.g., organosilicate glass (SiCOH),
such as porous organosilicate glass (SiCOH)}, may be used and fabricated to have porosities
that can be tuned as high as 50%. Precursors with ring structures such as cyclomethicone, e g.,
decamethylcyciopentasiloxane {([{CH:2S:0]s), are sometimes used to achieve an intrinsic
porosity of a few percent. Porosities as high as 50% can be achieved from dual-phase
precursors such as mixtures of DMDS {dimethy! disulfide, CH3SSCH3) and o-terpenine, where
the a-terpenine phase is removed via thermal treatment. The structure of the resulting roatenal
can vary from worm-like mesopores arranged 1n a disorderly fashion to well-ordered channel-
fike arrays, with typical pore size of about a few mmn.  Ordered porosity with pertods of about

tens of nm has also been demonstrated.

Additional Exomple

[8123] FIG. 6 15 a cutaway, schematic and partially cross-sectional view of vet
another exemplary nanopore sequencing device 10E. FIG. 6 llustrates a modification of FIG.
SA, where the FET sensor further improves the SNR and gate controllability by using a stack
of channels 601.

[8124] The nanopore sequencing device [0E shown in FIG. 6 includes a cis
electrode 30F connecting to a cis well 14E. The cis well 14E has a lower portion that includes

a first nanopore 18E disposed into a membrane 24E. The first nanopore 18E mncludes a first
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nanoscale opening 23E defined by the first nanopore 18E that communicates with a fhudic
tunnel 21E to a narrower region 17E of a trans well 16E at a lower portion of the device 10E.
The first nanopore 18F provides a fluidic pathway for electrolyie 20E to pass between the cig
well 14E and the middle well 15E. The fluidic tunnet 21E provides a fluidic pathway for the
electrolyte to pass from the muddle well 15E to the trans well 16E. A porous siructure 2500E
is disposed between the trans well 16E and the middie well 15E. A subsirate for sequencing
may include an array of nanopore sequencing devices. In one example of a nanopore
sequencing device, the trans well 1s fluidically connected to the cis well by the middle well and
the respective second and first nanoscale openings. In a substrate with an array of nanopore
sequencing devices, there may be one common cis well and one common trans well
communicating with a portion, or all, of the nanopore sequencing devices within the array on
the substrate. However, it should be understood that an array of the nanopore devices may
also include several cis wells that are flurdically isolated from one another and are fluidically
connected o respective one or more trans wells fluidically isolated from one another and
defined in the substrate. Multiple cis wells may be deswrable, for example, in order to enable
the measurement of multiple polynucleotides on a single substrate. In some embodiments, a
substrate with an array of nanopore sequencing devices comprises one common s electrode,
one coromon trans electrode, one commeon cis well, one conumon trans well, and a plurality of
nanopore sequencing devices, such as those shown 1o FIG. 6 where each nanopore sequencing
device comprises a FET sensor and a dual pore with a first nanopore and a second nanopore.
Fach nanopore sequencing device of the plurality of nanopore sequencing devices can
separaiely measure the resistance or signal by s associated FET sensor. In other
embodiments, each nanopore sequencing device may comprise a multiple pore with thres or
more nanopores and a FET sensor. In other embodiments, the substrate with an array of
nanopore sequencing devices comprises one common ¢is well, a plurality of trans wells, and a
plurality of nanopore sequencing devices, where each nanopore sequencing device can be
mdividually addressable with individual trans electrodes. In other embodiments, the substrate
with an array of nanopore sequencing devices comprises a plurality of cis wells, a plurality of
trans wells, and a plurality of nanopore sequencing devices, where each nanopore sequencing

device can be individually addressable with individual trans electrodes.
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[8125] In one example, the ¢is electrode 30F and the trans electrode 34E are at least
substantially parallel to one another 1n an at least subsiantially horizontal direction. In other
examples, the cis electrode and the trans elecirode may be in any suitable orientation relative
to each other and to the nanopore device. The nanopore device 10D further includes a field
effect transistor (FET) sensor 22F positioned between the first nanoscale opening 23E and the
porous structure 2500E. The FET sensor includes a scurce {8) S0E, a drain (D) S2E. Metallic
interconnects 66E and 64F are in electrical communication with the source S0E and drain 52E
of the FET 228, through the etch stop layer 38H. The metallic interconnects 66E and ¢4E
communicate data from the FET sensor 22E to a control system monitoring the FET sensor

[8126] The FET sensor 22F 1s modified such that the FET further includes a stack
of channels 601 that are aligned substantially horizontally and connect the source S0E o the
drain 32E. In the example of the nanopore device 10E shown in FIG. 3E, a thin layer of gate
oxide S6E is grown around the stack of channels 601. The thin laver of gate oxide separates
the channels from the electrolyte 20E and exposes the channels of the FET sensor 22E to the
electrolyte 20E. The thickness of the gate oxide 568 may be between about 1 and about 10
nm, and 10 some examples between about 2 and about 4 nm. The thickness of the gate oxide
56 18 chosen such that a strong enough electric field, given the potential ¥y, can 1nduce an
mversion layer of electrons or holes which constitutes a conductive path at the channel 54E-
gate oxide 56E boundary to conduct between the source SOE and drain S2E. Each channel 605
of the phlurality of channels therefore has an upper surface 607 and a lower surface 608 of the
gate oxide fhndically connecting to the middie well 15E. Each channel 605 may have a vertical
surface fluidically connecting to the fhudic tunnel 21E. The fludic tunnel 21E extends through
each of the plurality of channels. Therefore, the total FET sensing area can be increased by
increasing the number of channels n the stack. By increasing the area of the channels 601
exposed to the electrolyte 20E, the potential Vi bas a better gate controllabibity over the
channels. This configuration greatly imcreases the sensing area of the FET exposed to &V, and
mmproves the Lol

(0327} The device 10E i FIG. 6 wncludes a porous structure 2500K, eg, a
nanoporous frit or membrane. However, it should be realized that this example may also use

a second nanoscale opening, similar to the structure 1 FIG 2ZA. However, i the example
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shown in FIG. 6, the structure and function of the frif 1s similar to that of glass frits used in
reference electrodes. The porosity of the frit is selected so that it is sufficient to establish
electrical continuity across the frit (1.e., big enough to allow ionic species from the electrolyie
to pass), but small enough that diffusion of polymers across it 1s not possible. The resistance
of typical frits 1 mm” in size is on the order of 1 M{, therefore a 100 nm x 100 nm frit may be
expected to have a resistance of >1 T€. Typical frits have pore sizes of about a few nm and
thickness of about 1 mm. Tuning the porosity and thickness of the frit should allow achieving
the desired target of K.

[6128] Other aspects and advantages of the disclosure will become apparent from
this detailed description taken in conjunction with the accompanying drawings which itlustrate,
by way of example, the principles of the disclosure.

[6129] While only certamn features of the examples have been illustrated and
described herein, many modifications and changes will occur to those skilled in the art. It is,
therefore, to be understood that the appended claims are mtended to cover all such
maodifications and changes.

[68130] Varous modification and variation of the described methods and
compositions will be apparent to those skilled i the art without departing from the scope of
the examples described bhererm. It should be understood that examples as claimed should not be
unduly Hmited to the specific examples disclosed heremn. Indeed, various modifications that
are obvious to those skilled in the relevant fields are mtended to be within the scope of the
following claims.

[8131] Orther aspects and advantages of the disclosure will become apparent from
this detailed description taken in conjunciion with the accompanying drawings which itlustrate,
by way of example, the principles of the disclosure.

[8132] While only certain features have been illustrated and described herein,
many modifications and changes will occur to those skilled i the art. It 15, therefore, to be

understood that the appended claims are intended to cover all such modifications and changes.

Alternate Examples
[8133] FiGs. 74, 7B, and 7B’ tllustrate another varation of the nanopore device
shown m FIGs. 24, 2B, and 2B°, which has an alternate arrangement of the fluidic tunnel with

respect to the field effect transistor. FIG. 7A 15 a cross-sectional side view of a nanopore
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sequencing device 10F. FIG. 7B is a cross-sectional top view, taken on line 3-3 m FIG. 7A.
FIG. 7B’ is a cross-sectional top view, taken on line 37-37 in FIG. 7A.

[0134] The nanopore sequencing device 10F shown m FIGs. 7A, 7B, and 78’
inciudes a cis electrode 30F connecting to a cis well 14F. The cis well 14F has a lower portion
that ncludes a first nanopore 18F disposed into a membrane 24F. The first nanopore 18F
mciudes a first nanoscale opening 23F defined by the first nanopore 18F that communicates
with an offset fluidic tunnel 21F to a second nanoscale opening 25F. The second nanoscale
opening 25F is disposed in a narrow region 17F between the offset fluidic tunnel 21F and a
trans well 16F at a lower portion of the device 10F. As shown, the second nanoscale opening
25F is formed in the substrate material 62F. In other embodiments, the substrate material 62F
does not have a narrower region, but is more planar in format, similar to the structure shown
in FIG. 3A

[0135] The first nanopore 18F provides a fluidic pathway for electrolyte 20F to
pass between the cis well 14F and the middle well 15F. As shown in FIG. 78, the fluidic tunnel
21F 15 located offset from the central portion of the device and provides a fluidic pathway for
the electrolyte to pass from the middie well 15F, through the second nanoscale opening 25F
and to the trans well 16F.

[0136] A substrate for sequencing may nclude an array of nanopore sequencing
devices 10F. In one example of a nanopore sequencing device, the trans well 15 fluidically
connected to the cis well by the muddle well and the respective second and first nanoscale
openings. In a substrate with an array of nanopore sequencing devices, there may be one
common cis well and one common trans well communicating with a portion, or alf, of the
nanopore sequencing devices within the array on the substrate. However, 1t should be
understood that an array of the nanopore devices may also mclude several cis wells that are
fuidically 1solated from one another and are fhudically connected to respective one or more
trans wells fhudically 1solated from one another and defined 1n the substrate. Multiple cis wells
may be desirable, for example, in order to enable the measurement of muluple polynucleotides
on a single subsirate. In some embodiments, a substrate with an array of nanopore sequencing
devices comprises one common cis electrode, one common trans electrode, one common cis
well, one common trans well, and a plurality of nanopore sequencing devices, such as those

shown 1n FIG. 7A where each nanopore sequencing device comprises 2 FET sensor and a dual
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pore with a first nanopore and a second nanopore. Fach nanopore sequencing device of the
plurality of nanopore sequencing devices can separately measure the resistance or signal by its
associated FET sensor. In other embodiments, each nanopore sequencing device may
comprise a multiple pore with three or more nanopores and a FET sensor. In other
embodiments, the substrate with an array of nanopore sequencing devices comprises one
common cis well, a plurality of trans wells, and a plurality of nanopore sequencing devices,
where each nanopore sequencing device can be individually addressable with individual trans
electrodes. In other embodimenis, the substrate with an array of nanopore sequencing devices
comprises a plurality of cis wells, a plurality of trans wells, and a plurality of nanopore
sequencing devices, where each nanopore seguencing device can be individually addressable
with individual trans electrodes.

[0137] In one example, the cis electrode 30F and the trans elecirode 34F are at least
substantially parallel to one another in an at least substantially horizontal direction. In other
examples, the cis electrode and the trans electrode may be in any suitable orientation relative
to each other and to the nanopore device. The nanopore device 10F further mcludes a field
effect transistor (FET) sensor 22F positioned between the first nanoscale openmg 23F and the
second nanoscale opemng 25F. The FET sensor mcludes a source (S) 50F, a dramn (D) 52F,
and a channel 534F that connects the source 50F to the drain 52F. In some embodiments, the
channel 54F has a nanowire configuration, similar to the structure shown in FIGs. 3B and 3C.
In other embodiments, the channel 54F has 2 nanosheet configuration, similar to the structure
shown in FIGs. 3D and 3E. Metallic interconnects 66F and 64F are in electrical commumication
with the source SOF and drain S2F of the FET 22F, through the eich stop layer 38F. The
metallic mterconnects commumcate data from the FET sensor 22F to a control system
momitoring the FET sensor 22F. In alternative embodiments, the nanopore sequencing device
10F may use a porous structure in lieu of the second nanoscale opening 25F, similar to the
structure Hlustrated in FIG. SA.

{0138] As shown in the cross-sectional top views Fi(Gs. 78 and 7B’ the fluidic
tunnel 21F is offset from the channel 54F. In other words, the fluidic tunnel 21F does not
extend through the channel 54F, and therefore is not seen in the cross-sectional side view FIG.
7A. Rather, the fluidic tunnel 21F extends through the mterlayer dielectric 68F around the

channel 54F. In FIGs. 7B and 78, the electrolyte 20F can be seen in the fluidic tunnel 21F.
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The boundary of the fluidic tunnel 21F may be circular shaped as shown in FIGs. 78 and 7B,
in other embodiments, the boundary of the fluidic tunnel 21F may be oblong shaped as shown
in FIG. 3D and FIG. 3E. Alternatively, the boundary of the fluidic tunnel 21F can be of nearly
arbitrary shape and size. In some embodiments, the FET sensor 22F may include a stack of
channels, similar to the structure illustrated in FIG. 6, but the fhndic tunnel does not extend
through the stack of channels.

(0139} One non-himiting benefit of the arrangement of the offset fluidic tunnel 21F
with respect to the channel 54F shown in FIGs. 7A, 7B and 7B’ 1s a simpler fabrication process
flow. Eiching a hole/opening in the channel may disturb the gate oxide of the device and
require an additional oxide regrowth step. The embodiment as show in FIGs. 7A, 7B and 7B’
can avoid etching a hole or opening within the source-drain channel.

[0140] The interlayer dielectric 68F may be any suitable insulator, such as SOy,
HIEO: or AlOs. When the interlayer dielectric 68F is silicon dioxide, etching may be performed
o etch the various components of the nanopore sequencing device. For example, etching may
be performed using an etchant with high anisotropy, such as fluorinated reactive ion etch
macluding CHIF5/On, CaFs, CaFs, and CsFe/CO/02/Ar as sorne non-hinuting examples.

0141} In one example, the source, drain, and channel of the FET sevsor 22F may
be formed of silicon, and a surface of the silicon may be thermally oxidized to form a gate
oxide on the channel of the FET sensor 22F.

[0142] In the nanopore sequencing device 10F shown in FIG. 7A, the bulk of the
material right above line 3-3 separating the channel S4F from the electrolyte 20F is removed,
exposing the channel 54F of the FET sensor 22F to the electrolyte 20F. As shown in FIG. 7A,
a portion the channel 54F 13 exposed to the electrolyte from below. In other embodiments,
sirmilar to the structure shown in FIG. 4A, the bulk of the matenial right below the channel 34F
may be removed, or hollowed out, exposing a larger portion the channel 54F to the electrolyte
from below-—this may be formed by undercutting the active area 54F of the FET sensor 22F
by well-known methods. Only a thin laver of gate oxide 56F is grown around the channgl 54F.
An upper surface 55F and a lower surface 58F of the gate oxide 56F are fluidically exposed to
the electrolyte 20F 1n the middle well 15F. The thin layer of gate oxide S56F separates the
channel 54F from the electrolyte 20F and exposes the channel S4F of the FET sensor 22F to

the electrolyte 20F.  The thickness of the gate oxide 56F may be between about 1 and about
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10 nm, and in some examples between about 2 and about 4 nm. The thickness of the gate oxide
S6F 1s chosen such that a strong encugh electric field, given the potential ¥is, can induce an
inversion laver of electrons or holes which constitutes a conductive path at the channel 54F-
gate oxide 56F boundary to conduct between the source 50F and drain 52F.

[0143] The membrane 24F may be any of the non-permeable or semi-permeable
materials. The first nanoscale opening 23F extends through the membrane 24F. It is to be
understood that the membrane 24F may be formed from any suitable natural or synthetic
material, as described herein. In an example, the membrane 24F is selected from the group
consisting of a liptd and a biomimetic equivalent of a lipid. Ina further example, the membrane
24F 15 a synthetic membrane {e.g., a solid-state membrane, one example of which 15 silicon
nitride), and the first nanoscale opening 23F 15 1n a solid-state nanopore extending through the
membrane 24F. Inan example, the first nanoscale opening 23F extends through, for example:
a polynucleotide nanopore; a polypeptide nanopore; or a solid-state nanopore, e.g., a carbon
nanotube, disposed in the membrane,

[6144] The first nanopore 18F may be any of the biological nanopores, solid-state
nanopores, hybrid nanopores, and synthetic nanopores. In some examples, the first nanopore
18F has two open ends and a hollow core or hole {1 e., the first nanoscale opening 23F) that
connects the two open ends. When inserted wio the membrane 24F, one of the open ends of
the first nanopore 18F faces the cis well 14F and the other of the open ends of the first nanopore
IBF faces the middle well 15F. In some mstances, the open end of the first nanopore 18F that
faces the middle well 15F s fludically connected to the flundic tunnel 21F and may also be
aligned with at least a portion of the offset flusdic tunnel 21F. In other instances, the open end
of the first nanopore 18F that faces the middle well 15F 1s fluidically connected to the flaidic
tunnel 21F, but is not aligned with the offset fluidic tunnel 21F. The hollow core of the first
nanopore 18F enables the fluidic and electrical connection between the cis well 14F and the
middle well 15F. The diameter of the holiow core of the first nanopore 18F may range from
about 1 nm up to about 1 um, and may vary along the length of the first nanopore 18F. In
some examples, the open end that faces the cis well 14F may be larger than the open end that
faces the middie well 15F. In other examples, the open end that faces the cis well 14F may be

smaller than the open end that faces the middle well 15F.
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[68145] A method of using the nanopore sequencing device 10F may include
introducing an electrolyte 20F into each of the cis well 14F, the trans well 16F, the middle well
15F and the fluidic tunnel 21F. After introducing the electrolyte, the method may include
providing a polynucleotide to be sequenced into the cis well 14F. After providing the
polvnucieotide, the method may include applying a voltage bias between the cis elecirode 30F
and the trans electrode 34F. The voltage bias drives the polyvnucieotide from the cis well 14F
to the middle well 15F, through the first nanoscale opening 23F. As the polynuclectide passes
through the first nanoscale opening 23F, the electrical resistance of the first nanoscale opening
varies in response {o an identity of bases in the polynucleotide at the first nanoscale opening.
As a result, the potential (Vis) of the electrolyte 20F in the middle well 15F {or equivalently,
the offset thndic tunnel 21F) varies with the identity of bases. The potential (Vi) 1s effectively
the pate voltage applied to the FET, which modulates the conductivity of the channel S4F
Therefore, measurements of the response of the FET can determine the identity of the bases.

[8146] FIG. 8 illustrates vet another variation of a nanopore device, which utilizes
a vertical field effect transistor such that the source-drain channel may not be etched to form a
flndic tunnel but instead s onented vertically along a side of the fluidic path through the
device as explained below. FIG. § 13 a cross-sectional side view of a vertical FET nanopore
sequencing device 810G

(01471 The nanopore sequencing device 310G shown wn FIG 8 includes a cis
electrode 830G connecting to a ci1s well 814G, The cis well 814 G has a lower portion that
inciudes a first nanopore 818G disposed into a membrane 824G, The first nanopore 818G
mcludes a first nanoscale opening 8230 defined by the first nanopore 818G that fluidically
comnumicates with a second nanoscale opening 825G. The second nanoscale opening 825G
may be disposed n a narrower region 317G of a trans well 316G at a lower portion of the
device 810G, As shown, the second nanoscale opening 15 formed in the substrate material
862 In other embodiments, the substrate material 862G does not have a narrower region, but
is more planar in format, similar to the structure shown 1n FIG. 3A. The first nanopore 818G
provides a fluidic pathway for electrolyte 820G to pass between the cis well 814G and the
middle well 815G, A substrate for sequencing may include an array of nanopore sequencing
devices. In one example of a nanopore sequencing device, the trans well 13 fluidically

connected to the cis well by the middle well and the respective second and first nanoscale
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opemings. In a substrate with an array of nanopore sequencing devices, there may be one
common cis well and one commeon trans well commumnicating with a portion, or all, of the
nanopore sequencing devices within the array on the subsirate. However, it should be
understood that an array of the nanopore devices may also include several cis wells that are
fludically 1solated from one another and are fluidically connected to respective one or more
trans wells fluidically isolated from one another and defined in the substrate. Muitiple cis wells
may be desirable, for example, in order to enable the measurement of multiple polynucleotides
on a single substrate. In some embodiments, a substrate with an array of nanopore sequencing
devices comprises one conunon cis electrode, one common trans electrode, one common cis
well, one common trans well, and a plurality of nanopore sequencing devices, such as those
shown 1n FIG. 8 where each nanopore sequencing device comprises a FET sensor and a dual
pore with a first nanopore and a second nanopore. Fach nanopore sequencing device of the
plurality of nanopore sequencing devices can separately measure the resistance or signal by its
associated FET sensor. In other embodiments, each nanopore sequencing device may
comprise a multiple pore with three or more nanopores and a FET sensor. In other
embodiments, the substrate with an array of nanopore sequencing devices comprises one
common ¢is well, a plurality of trans wells, and a plurality of nanopore sequencing devices,
where each nanopore sequencing device can be individually addressable with mdividual trans
electrodes. In other embodiments, the substrate with an array of nanopore sequencing devices
comprises a plurality of cis wells, a plurality of trans wells, and a plurality of nanopore
sequencing devices, where each nanopore sequencing device can be individually addressable
with individual trans electrodes.

[08148] in one example, the ¢is electrode 830G and the trans electrode 834G are at
least substantially parallel to one another 1n an at least substantially horizontal direction. In
other examples, the cis electrode and the trans electrode may be in any suitable orientation
relative to each other and to the nanopore device. The nanopore device 810G further includes
a vertical field effect transistor {FET) sensor positioned between the first nanoscale opening
823G and the second nanoscale opening 825G, The FET sensor includes a source (SRC) 850G,
a drain (DRN) &52G, and a channel that connects the source to the drain. The FET channel 1s
along the vertical direction, which is the direction from the cis electrode 830G to the trans

electrode 834G, In some embodiments, the channel has a nanowire configuration, similar to
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the structure shown in FIGs. 3B and 3C. In other embodiments, the channel has a nanosheet
configuration, similar to the structure shown in FIGs. 3D and 3E. Metallic interconnects 866G
and 864G are in electrical communication with the source 850G and drain 852G of the FET.
The metallic mterconnects communicate daia from the FET sensor to a control system
montioring the FET sensor. In alternative embodiments, the nanopore sequencing device 810G
may use a porous structure in lieu of the second nanoscale opening 823G, similar to the
structure tlustrated in FIG. 5A.

[0149] As shown in FIG. 8, the source 850G, channel, and drain 852G of the
vertical FET sensor are vertically stacked. The vertical FET is arranged on a lateral side of the
middle well 815G, In one example, the source, drain, and channel of the FET sensor may be
formed of silicon, and a surface of the silicon may be thermally oxidized to form a gate oxide
856G on the channel of the FET sensor. A vertical side surface of the gate oxide 856G is
fluidically exposed to the electrolyte 820G in the nuddle well 815G, The thin laver of gate
oxide 836G separates the channel from the electrolyte 820G and exposes the channel of the
FET sensor to the electrolvie 820G, The thickness of the gate oxide 856G may be between
about 1 and about 10 nm, and in some examples between about 2 and about 4 nm. The
thickness of the gate oxide 856G 1s chosen such that a strong enough eleciric field, given the
potential Fir, can induce an mversion layer of electrons or holes which constitutes a conductive
path at the channel-gate oxide boundary to conduct between the source 850G and dram 852G,
In some embodiments, the FET sensor may include a plurality of vertical source-drain channels
that are arranged 1 parallel along a lateral side of the nuddle well.

[8150] Ume non-lHimiting benefit of the vertical FET sensor 15 that etching of a
fluidic tunnel through the FET channel may not be required. Etching a hole/opening in the
channel may disturb the gate oxide of the device and require an additional oxide regrowth step.
The embodiment as show m FIG. 8 with the vertical FET arranged on a lateral side of the
middle well 815G can avoid etching 2 hole or opening within the source-drain channel,

[0151] The mterlayver dielectric 868 may be any suitable insulator, such as S,
HfOz or AbO:. When the mterlayer dielectric 868G 1s silicon dioxide, etching may be
performed to etch the various components of the nanopore sequencing device. For example,
etching may be performed using an etchant with high amisotropy, such as fluorinated reactive

ion eich including CHF3/Oz, CaFs, CsFe, and CsF/C0/02/Ar as some non-limiting examples.
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[8152] The membrane 824G may be any of the non-permeable or semi-permeable
materials. The first nanoscale opening 823G extends through the membrane 824G, tisto be
understood that the membrane 824G may be formed from any suitable natural or synthetic
material, as described herein. In an example, the membrane 824G 1s selecied from the group
consisting of a liptd and a biomimetic equivalent of a lipid. In e further example, the membrane
824G is a synthetic membrane (e.g., a solid-state membrane, one example of which is silicon
nitride), and the first nanoscale opening 823G s in a solid-state nanopore extending through
the membrane 824G In an example, the first nanoscale opening 823G extends through, for
exarmple: a polynucleotide nanopore; a polypeptide nanopore; or a solid-state nanopore, eg., a
carbon nanotube, disposed in the membrane,

[8153] The first nanopore 818G may be any of the bioclogical nanopores, solid-state
nanopores, hyvbrid nanopores, and synthetic nanopores. In some examples, the first nanopore
818G has two open ends and a hollow core or hole (i.e, the first nanoscale opening 823G) that
connects the two open ends. When inserted into the membrane 824G, one of the open ends of
the first nanopore 818G faces the cis well 814G and the other of the open ends of the fust
nanopore 818G faces the middle well 815G, The hollow core of the first nanopore 818G
enables the flnidic and electrical connection between the cis well 814G and the muiddle well
815G, The diameter of the hollow core of the first nanopore 818G may range from about 1
nm up to about 1 um, and may vary along the length of the first vanopore 818G, In some
examples, the open end that faces the ¢is well 814G may be larger than the open end that faces
the middle well 815G, In other examples, the open end that faces the cis well 814G may be
smaller than the open end that faces the nuddie well 815G

[8154] A method of using the nanopore sequencing device 810G may mchude
mtroducing an electrolyte 820G into each of the cis well 814G, the trans well 316G, and the
middle well B15G. After introducing the electrolyte, the method may inclade providing a
polynucleotide to be sequenced mto the ais well 814G, After providing the polynucleotide, the
method may include applying a voltage bias between the c¢is electrode 830G and the trans
electrode 834G. The voltage bias drives the polynucleotide from the cis well 140G to the
middle well 815G, through the first nanoscale opening 823G As the polynuclectide passes
through the first nanoscale opening 823G, the electrical resistance of the first nanoscale

opening varies in response to an identity of bases in the polynucleotide at the first nanoscale
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opening. As a result, the potential (¥} of the electrolyte 820G in the nuiddle well 815G varies
with the identity of bases. The potential (Vae) 1s effectively the gate voltage applied to the FET,
which modulates the conductivity of the FET channel. Therefore, measurements of the
response of the FET can determine the identity of the bases.

[0155] FiIG. 9 illustrates yet another further variation of a nanopore sequencing
device with a field effect transistor (FET) having a non-Faradaic metal electrode. In this
embodiment, the FET has a non-Faradaic metal electrode, which includes a metal structure
that does not participate in the Faradaic processes in the nanopore sequencing device, 1.e., no
electrochemical reaction cccurs at the metal structure. The non-Faradaic metal electrode 1s
used to detect the electrical potential of the electrolyte in the middle well and to transmit the
potential as a detected signal to the FET. This design means that the FET can detect the
potential of the electrolyie but not be exposed to the electrolyte. FIG. 9 is a cross-sectional side
view of a nanopore sequencing device 910H.

[8156] The nanopore sequencing device 910H shown in FIG. 9 includes a cis
electrode 930H connecting fo a i3 well 914H. The cis well 914H has a fower portion that
macludes a first nanopore 918H disposed nto a membrane 924H. The first nanopore 918H
neludes a first nanoscale operung 923H defined by the first nanopore 218H that fludically
communicates with a second nanoscale opening 925H. The second nanoscale opening 925H
may be disposed 1 a narrower region 917H of a trans well 916H at a lower portion of the
device 910H. As shown, the second nanoscale opening is formed i the substrate material
962H. In other embodiments, the substrate material 962H does not have a narrower region, but
is more planar o format, similar to the structure shown in FIG. 3A. The first nanopore 918H
provides a fluidic pathway for electrolyte 920H to pass between the cis well 314H and the
mddle well 915H.

[8157] In one example, the ¢is electrode 930H and the trans electrode 934H are at
least substantially parallel to one another 1n an at least substantially horizontal direction. In
other examples, the cis electrode and the trans electrode may be in any suitable orientation
relative to each other and to the nanopore device. The nanopore device 910H fusther includes
a field effect transistor (FET) sensor 922H positioned between the first nanoscale opening
923H and the second nanoscale opening 925H. The FET sensor 922H includes a source (SRC)

950H, a drain {DRN} 952H, and a channel 954H that connecis the source 950H to the drain
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952H. The FET channel may be along the horizontal direction. In some embodiments, the FET
channel has a nanowire configuration, similar to the structure shown in FiGs. 3B and 3C. In
other embodiments, the FET channel has a nanosheet configuration, stmilar to the struciure
shown 1n FIGs. 3D and 3E. Metallic interconnects 906H and 964H are i electrical
communication with the source 950H and drain 952H of the FET. The metallic interconnects
966H and 964H communicate data from the FET sensor to a control system {(now shown) that
is monitoring the FET sensor. In alternative embodiments, the nanopore sequencing device
910H may use a porous structure in lieu of the second nanoscale opening 925H, similar to the
structure Hlustrated in FIG. SA.

[8158] As shown in FIG. 9, the FET sensor 922H 1s not in direct contact with the
electrolyte. In one example, the source, drain, and channel of the FET sensor may be formed
of silicon, and a surface of the silicon may be thermally oxidized to form a gate oxide 956H
on the channel of the FET sensor. As shown in FIG. 9, the gate oxide 956H is not fluidically
exposed to the electrolyte 920H in the middle well ©15H. Instead, a non-Faradaic metal
electrode structure 999H 15 exposed to the electrolvte. The metal structure 999H is used to
detect the potential Vs of the electrolyte 1n the middle well and to transmit the detected signal
to the FET. Compared to the size of the nuddle well which ts of the order of a few pm, the path
length or a characteristic size of the metal structure 999H may be about 1 o, 2 wro, 3 um, 4
wm, 5 pm, 6 pm, 7 pro, 8 ure, 9 um, 10 pm, 20 wmy, 30 wm, 40 wim, 50 pm, 60 um, 70 um, 80
wim, 90 um, 100 pm, 110 pm, 120 um, 130 wm, 140 wm, 150 pm, 160 pum, 170 um, 180 pm,
190 pm, 200 wm, 210 wm, 220 wm, 230 wm, 240 um, 250 pm, 260 pm, 270 pm, 280 pm, 290
wm, 30C um, or any value therebetween.

[8159] The size and shape of the metal stracture 999H may be chosen appropriately
1o avoid a high parasitic capacitance in the system. The metal structure 999H may be made of
non-Faradaic corrosion-resistant metals with respect to the electrolyte. The metal stracture
999H may be made of platinum, indiom, ruthenyum, palladivm, tantalem, gold, or any
combination thereof. No electrochemical reaction may occur at the metal structure. In some
embodiments, the metal structure 999H may have a cup-shaped portion exposed to the
electrolyte in order to increase the contact area with the electrolyte. In some embodiments, the
portion of the metal siracture 999H exposed to the electrolyte may include one or more holes

of gpenings. [n some embodiments, the portion of the metal structure 999H exposed to the
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electrolyte may include several parallel fins in order to increase the contact area with the
electrolyte, where the fins may be partially vertically or honizontally arranged. Using the metal
structure 999H to contact the electrolyie allows the FET to be decoupled from the middle well,
which may be easier to manufacture in some embodiments. Decoupling the size of the FET
with the size of the middle well also allows a larger FET, which may allow a higher signal
detection sensitivity and a lower noise level. This configuration also allows decoupling of the
size of the FET, which determines the limit of signal detection, from the size of the metal
structure 999H, and thus provides more design flexibility.

6160 The thickness of the gate oxide 956H may be between about 1 and about 10
nim, and in some examples between about 2 and about 4 nm. The thickness of the gate oxide
956H 1s chosen such that a strong enough electric field, given the potential Vir in the middle
well, can induce an mversion layer of electrons or holes which constitutes a conductive path at
the channel-gate oxide boundary to conduct between the source 950H and drain 952H. The
mterlayer dielectric 968H may be any suitable insulator, such as 810z, HfO: or A3, When
the interlayer dielectric 968H s silicon dioxide, etching may be performed to etch the various
components of the nanopore sequencing device. For example, etching may be performed using
an etchant with high anisotropy, such as fluorinated reactive 1on etch including CHF5/00, CoFs,
CaFs, and CsFs/CO/00/Ar as some non-himiting examples.

0161} The membrane 924H may be any of the non-permeable or semi-permeable
materials. The first nanoscale opening 923H extends through the membrane 924H. Ttis to be
understood that the membrane 924H may be formed from any suitable natural or synthetic
matenal, as described herein. In an example, the membrane 924H is selected from the group
consisting of a lipid and a biomimetic equivalent of a Tipid. In a further example, the membrane
924H is a synthetic membraune (e.g., a solid-state membrane, one example of which 1s silicon
nitride}, and the first nanoscale opening 923H 15 in a solid-state nanopore extending through
the membrane 924H. In an example, the first nanoscale opening 923H extends through, for
example: a polynucleotide nanopore; a polypeptide nanopore; or a solid-state nanopore, g, 2
carbon nanotube, disposed in the membrane. The first nanopore 918H may be any of the
biological nanopores, solid-state nanopores, hybrid nanopores, and synthetic nanopores. In
some examples, the first nanopore 918H has two open ends and a hollow core or hole (1.e, the

first nanoscale opening 923H) that connects the two open ends. When inserted into the
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membrane 924H, one of the open ends of the first nanopore 918H faces the cis well 914H and
the other of the open ends of the first nancpore 918H faces the middle well 915H. The hollow
core of the first nanopore 918H enables the fluidic and electrical connection between the cis
well 914H and the middle well 915H. The diameter of the hollow core of the first nanopore
918H may range from about 1 nm up to about 1 um, and may vary aleng the length of the first
nanopore 918H. In some examples, the open end that faces the cis well 914H may be larger
than the open end that faces the middle well 915H. In other examples, the open end that faces
the cis well 914H may be smaller than the open end that faces the middle well 915H.

[0162] A method of using the nanopore sequencing device 910H may nclude
mtroducing an electrolyte 920H into each of the cis well 914H, the trans well 916H, and the
middle well 91SH. After miroducing the electrolyte, the method may include providing a
polynucleotide to be sequenced into the cis well 914H. After providing the polynucleotide, the
method may include applying a voliage bias between the cis electrode 930H and the trans
electrode 934H. In some embodiments, the voltage bias may drive the polynucleotide from the
cis well 914H to the middle well 915H, through the first nanoscale opening 923H. As the
polvaucleotide passes through the first nanoscale opening 923H, the electrical resistance of the
furst nanoscale opening varies in response to an identity of bases in the polvnucleotide at the
first nanoscale opening. In alternative embodiments, the polynucleotide does not pass through
the first nanoscale opening, but fags or labels of nucleotides being mcorporated by a
polymerase acting on the polynucleotide may pass through the first nanoscale opening or may
temporarily reside m the first nanoscale opening. Thus, the electrical resistance of the first
nangscale opening varies in response to an identity of the nucleotide being incorporated, which
is complementary to the identity of 3 base 1n the polynucleotide. As a result, the potential (Vi)
of the electrolyte 920H in the middle well 915H varies with the identities of bases m the
polynucleotide. The potential (Vi) 1s effectively the gate voltage applied to the FET, which
modulates the conductivity of the FET channel. Therefore, measurements of the response of
the FET can determine the identity of the bases 1n the polynucleotide.

[0163] A substrate for sequencing may include an array of nanopore sequencing
devices such as those shown in FIG. 9. In one example of a nanopore sequencing device, the
trang well s fluidically connected to the cis well by the middie wel and the respective second

and first nanoscale openings. In a subsirate with an array of nanopore sequencing devices,
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there may be one common cis well and one common trans well communicating with a portion,
or all, of the nanopore sequencing devices within the array on the substrate. However, it should
be understood that an array of the nanopore devices may also include several ¢is wells that are
fluidically isolated from one another and are fhndically connected to respective one or more
trans wells fhindically isolated from one another and defined in the substrate. Multiple cis wells
may be desirable, for example, in order to enable the measurement of multiple polynucleotides
on a single subsirate. In some embodiments, a substrate with an array of nanopore sequencing
devices comprises one common cis electrode, one common trans electrode, one common cis
well, one common trans well, and a plurality of nanopore sequencing devices, such as those
shown 1n FIG. 9 where each nanopore sequencing device comprises a FET sensor and a dual
pore with a first nanopore and a second nanopore. Each nanopore sequencing device of the
plurality of nanopore sequencing devices can separately measure the resistance or signal by its
associated FET sensor. In other embodiments, each nanopore sequencing device may
comprise a multiple pore with three or more nanopores and a FHET sensor. In other
embodiments, the substrate with an array of nanopore sequencing devices comprises one
common ¢is well, a plurality of trans wells, and a plurality of nanopore sequencing devices,
where each nanopore seqguencing device can be mdividually addressable with individual trans
electrodes. In other embodiments, the substrate with an array of nanopore sequencing devices
comprises a plurality of as wells, a plurality of trans wells, and a plurality of nanopore
sequencing devices, where each nanopore sequencing device can be individually addressable

with individual trans electrodes.

Definitions

[8164] All techoical and scientific terms used herein have the sarne meaning as
commonly understood 1o one of ordinary skill in the art to which this disclosure belongs unless
clearly indicated otherwise.

[0165] As used herein, the singolar forms “a”, “and”, and “the” inchude pharal
referents unless the context clearly dictates otherwise. Thus, for example, reference to “a
sequence” may include a plurality of such sequences, and so forth.

[0166] The terms comprising, including, containming and vartous forms of these

terms are synonymous with each other and are meant (o be equally broad. Moreover, unless
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explicitly stated to the contrary, examples comprising, including, or having an element or a
plorality of elements having a particular property may include additional elements, whether or
not the additional elements have that property.

2 <

[0867] As used herein, the terms "fluidically connecting,” “fluid communication,”
"fluidically coupled,” and the like refer to two spatial regions being connected together such
that a liquid or gas may flow between the two spatial regions. For example, a cis well/wells
may be fluidically connected to a trans well/wells by way of a middle well, a fluidic tunnel,
and a narrower region, such that at least a portion of an electrolyte may flow between the
connected wells. The two spatial regions may be in fluid communication through first and
second nanoscale openings, or through one or more valves, restrictors, or other fluidic
components that are to control or regulate a flow of fluid through a system.

[0168] As used herein, the term "mterstitial region" refers to an area in a
substrate/solid support or a membrane, or an area on a surface that separates other areas,
regions, features associated with the support or membrane or surface. For example, an
mterstitial region of a membrane can separate one nanopore of an array from ancther nanopore
of the array. For another example, an interstitial region of a substrate can separate one trans
well from another trans well. The two areas that are separated from each other can be discrete,
i.e., lacking physical contact with each other. In many exaroples, the interstitial region is
continuous whereas the areas are discrete, for example, as is the case for a plurality of
nanopores defined 1 an otherwise contimious membrane, or for a plurality of wells defined 1
an otherwise continuous substrate/support.  The separation provided by an iterstitial region
can be partial or full separation. Iuterstitial regions may have a surface material that differs
from the surface material of the features defined in the surface. For example, the surface
material at the interstitial regions may be a hipid matenial, and a nanopore formed in the hipid
material can have an amount or concentration of polypepiide that exceeds the amount or
concentration present at the interstitial regions. In some examples, the polypeptide may not be
present at the mterstitial regions.

[8169] As used herein, the term “membrane” refers o a non-permeable or semi-
permeable barrier or other sheet that separates two hiquid/gel chambers (e.g., a cis well and a
flurdic cavity} which can contain the same compositions or different compositions therein. The

permeability of the membrane to any given species depends upon the nature of the membrane.
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In some examples, the membrane may be non-permeable to tons, 1o electric current, and/or to
fluids. For example, a lipid membrane may be impermeable to ions {1.e., does not allow any
ion transport therethrough), but may be at least partially permeable to water {e.g., water
diffusivity ranges from about 40 pm/s to about 100 pm/s)  For another example, a
synthetic/solid-state membrane, one example of which 15 silicon nitride, may be impermeable
to ions, electric charge, and fluids {i.¢., the diffusion of all of these specigs is zero). Any
membrane may be used in accordance with the present disclosure, as long as the membrane
can include a transmembrane nanoscale opening and can maintain a potential difference across
the membrane. The membrane may be a monolaver or a multilayer membrane. A multilayer
membrane includes two or more layers, each of which is a non-permeable or semi-permeable
material.

[617¢] The membrane may be formed of materials of biological or non-bislogical
origin. A material that is of biological origin refers to material derived from or isolated from
a biological environment such as an organism or cell, or a synthetically manufactured version
of a biologically available structure {e.g., a biomimetic material}.

(8171} An example membrane that 15 made from the matenal of biological origin
nciudes a monolayer formed by a bolalipid.  Avother example membrane that is made from
the material of biological onigin jucludes a hipid bilaver. Suuable hipid bilayers melude, for
exarnple, a membrane of a cell, a membrane of an organelle, a liposome, a planar lipid bilayer,
and a supported hipid bilayer. A hipid bilayer can be formed, for example, from two opposing
layers of phospholipuds, which are arranged such that thew hydrophobic tail groups face
towards each other to form a hydrophobic interior, whereas the hydrophilic head groups of the
lipids face outwards towards the aguecus environment on each side of the bilayer. Lipd
bilayers also can be formed, for example, by a method m which a hipid monolayer is carried
on an aqueous solution/air interface past either side of an aperture that is substantially
perpendicular to that interface. The lipid 1s normally added to the surface of an agqueous
electrolyte solution by first dissolving it in an organic solvent and then allowing a drop of the
solvent to evaporate on the surface of the agueous solution on either side of the aperture. Once
the organic solvent has at least partially evaporated, the solution/air interfaces on either side of
the aperture are physically moved up and down past the aperture until 2 bhilayer is formed.

{rther suitable methods of bilayer formation include tip-dipping, painiing bilayers, and patch-
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clamping of liposome bilayers. Any other methods for obtaining or generating hipid bilayers
may also be used.

[0172] A material that 1s not of biological origin may also be used as the membrane.
Some of these materials are solid-state materials and can form a solid-state membrane, and
others of these materials can form a thin liquid film or membrane. The solid-state membrane
can be a monolayer, such as a coating or film on a supporting substrate (i.e., a solid support),
or a freestanding element. The solid-state membrane can also be a composite of multilavered
materials in a sandwich configuration. Any material not of biological origin may be used, as
long as the resulting membrane can include a transmembrane nanoscale opening and can
maintain a potential difference across the membrane. The membranes may include organic
materials, inorganic materials, or both. Examples of suitable solid-state materials include, for
example, microelectronic materials, msulating materials {e.g., silicon nitride {Si3N4),
aluminum oxide {ALOs), hafnium oxide (HfOy), tantalum pentoxide {Ta:0s5), silicon oxide
{81(n), etc), some organic and inorganic polymers {e.g., polvamide, plastics, such as
polytetrafluorcethylene (PTFE), or elastomers, such as two-component addition-cure silicone
rubber), and glasses. In addition, the sohid-state membrane can be made from a monolayer of
graphene, which 18 an atomically thin sheet of carbon atoms densely packed mnto a two-
dimensional honeycomb lattice, a multidayer of graphene, or ove or more layers of graphene
mixed with one or more lavers of other solid-state materials. A graphene-contaimng sohd-
state membrane can melude at least one graphene layer that is a graphene nanoribbon or
graphene nanogap, which can be used as an electrical sensor to characterize the farget
polvaucleotide. It 15 to be undersiood that the solid-state membrane can be made by any
suitable method, for example, chemical vapor deposttion (CVD). In an example, 3 graphene
membrane can be prepared through either CVD or exfoliation from graphite. Examples of
suitable thin hquid film materials that may be used include diblock copolymers or triblock
copolymers, such as amphiphilic PMOXA-PDMS-PMOXA ABA tniblock copolymers.

[0173] As used herein, the term “nanopore” 1s intended to mean a hollow stracture
discrete from, or defined in, and extending across the membrane that permits ions, electric
current, and/or fluids to cross from one side of the membrane to the other side of the membrane.
For example, a membrane that inhibits the passage of ions or water-soluble molecules can

inciude a nanopore structure that extends across the membrane to permit the passage {through
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a nanoscale opening extending through the nanopore structure} of the ions or water-soluble
molecules from one side of the membrane to the other side of the membrane. The diameter of
the nanoscale opening extending through the nanopore structure can vary along its length (e,
from one side of the membrane to the other side of the membrane), but at any point 15 on the
nanoscale (1.2, from about I nm to about 100 nm, or to less than 1000 nm). BExamples of the
nanopore include, for example, biological nanopores, solid-state nanopores, and biological and
solid-state hybrid nanopores.

[8174] As used herein, the term “diameter” is intended to mean a longest straight
line inscribable in a cross-section of a nanoscale opening through a centroid of the cross-
section of the nanoscale opening. 1t 15 to be understood that the nanoscale opening may or may
not have a circular or substantially circular cross-section (the cross-section of the nanoscale
opening being substantially parallel with the cis/irans electrodes). Further, the cross-section
may be regularly or irregularly shaped.

[8175] As used heremn, the term “biological nanopore” i1s mtended to mean a
nanopore whose structure portion is made from materials of biological origin. Biclogical
origin refers to a matenal derived from or isolated from a biological environment such as an
organism ot cell, or a synthetically manufactured version of a biologically avaiable structure,
Biological nanopores mnclude, for example, polypeptide nanopores and polynucleotide
nanopores,

[8176] As used herein, the term “polypeptide nanopore™ 1s intended to mean a
protein/polypeptide that extends across the membrane, and permuts ions, electric cusrent,
polymers such as DNA or peptides, or other molecules of appropriate dimension and charge,
and/or fluids to flow therethrough from one side of the membrane 1o the other side of the
membrane. A polypeptide nanopore can be a monomer, a homopolymer, or 8 heteropolymer,
Structures of polypeptide nanopores include, for example, an a-~helix bondie nanopore and a
-barrel nanopore. Example polypeptide nanopores include a-hemolysin, Mycobacterium
smegmaris porin A (MspA), gramicidin A, maltoporin, OmpF, OmpC, PhoE, Tsx, F-pilus, eic.
The protein a-hemolysin is found naturally in cell membranes, where it acts as a pore for ions
or molecules to be transported in and out of cells. Myceobacterium smegmatis porin A (MspA)

is a membrane porin produced by Mycobacteria, which allows hydrophilic molecules to enter

51



WO 2022/005780 PCT/US2021/038125

the bacterium. MspA forms a tightly interconnected octamer and transmembrane beta-barrel
that resembles a goblet and contains a ceniral pore.

[8177] A polypeptide nanopore can be synthetic. A synthetic polypeptide
nanopore includes a protein-like amino acid sequence that does not occur in natwe. The
protein-hike amino acid sequence may include some of the amino acids that are known to exist
but do not form the basis of proteins {i.e, non-proteinogenic amino acids). The protein-like
amino acid sequence may be artificially synthesized rather than expressed in an orgamism and
then punified/isolated.

[6178] As used herein, the term “polynucleotide nanopore” 15 intended to include
a polynucleotide that extends across the membrane, and permits 1ons, electric current, and/or
fluids to flow from one side of the membrane to the other side of the membrase. A
polynucleotide pore can include, for example, a polynucleotide origami {e.g., nanoscale
folding of DNA to create the nanopore).

[8179] Also as used herein, the term “solid-state nanopore” is intended to mean a
nanopore whose structure portion is defined by a solid-state membrane and imcludes materials
of non-biological ongin {(1.e., not of biological ontigin}. A solid-state nanopore can be formed
of an mnorganic or organic material. Solid-state nanopores mclude, for example, silicon nitride
nanopores, silicon dioxide nanopores, and graphene nanopores,

[18G] The nanopores disclosed herein may be bybrnd nanopores. A “hybnd
nanopore” refers to a nanopore mcluding materials of both bislogical and non-brological
originsg. An example of a hybrid nanopore mcludes a polypeptide-solid-state hybrid nanopore
and a polynucleotide-solid-state nanopore.

[0181] As used herein, the term “nanopore sequencer” refers to any of the devices
disclosed heren that can be used for nanopore sequencing. In the examples disclosed herein,
during nanopore sequencing, the nanopore is immersed i example(s} of the electrolyte
disclosed herein and a potential difference 15 applied across the membrane. In an example, the
potential difference is an electric potential difference or an electrochemical potential
difference. An electrical potential difference can be imposed across the membrane via a
voltage source that injects or administers current to at least one of the ions of the electrolyte
contained in the cis well or one or more of the trans wells.  An electrochemical potential

difference can be established by a difference i ionic composition of the cis and trans wells in
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combination with an electrical potential. The different ionic compeosition can be, for example,
different ions in each well or different concentrations of the same 1ons in each well.

[0182] The application of the potential difference across the nanopores may force
the translocation of a nucleic acid through the first nanoscale opening 23 {shown, e g., in Fig,
2A and described 1n more detail below). One or more signals are generated that correspond to
the translocation of the nucleotide through the nanopore.  Accordingly, as a target
polvnucieotide, or as a mononuclestide or a probe derived from the target polynuciestide or
mononucleoiide, transits through the nanopore, the current across the membrane changes due
to base-dependent {or probe dependent) blockage of the constriction, for example. The signal
from that change in current can be measured using any of a variety of methods. Each signal is
unigue 1o the species of nucleotide(s) {or probe) in the nanopore, such that the resuliant signal
can be used to determine a characteristic of the polynucleotide. For example, the identity of
one or more species of nucleotide(s) {or probe) that produces a characteristic signal can be
determined.

[0183] As used herein, a “nucleotide” includes a nitrogen containing heterocyclic
base, a sugar, and one or more phosphate groups. Nucleotides are monomeric units of a nucleic
acid sequence.  Examples of nucleotides include, for example, ribonucleotides or
deoxyribonucleotides.  In rnibonucleotides (RNA), the sugar 18 a tbose, and 1o
deoxyribonucleotides (DNA), the sugar 15 a deoxyribose, 1.¢., a sugar lacking a hydroxyl group
that 1s present at the 2' position i ribose. The nitrogen containing heterocyclic base canbe a
purine base or a pyrimidine base. Purine bases inchude adenine (A) and guanine {G), and
modified derivatives or analogs thereof. Pyrimidine bases nclude cytosine (C), thymine (T),
and wracil (U}, and modified derivatives or analogs thereof. The C-1 atom of deoxyribose 13
bonded to N-1 of a pyrimidine or N-9 of a purine. The phosphate groups may be m the mono-
, di~, or tri-phosphate form. These nucleotides are natural nucleotides, but it 1s to be further
understood  that non-natural nucleotides, modified nucleotides or analogs of the
aforementioned nucleotides can also be used.

[6184] As used herein, the term “signal” is intended to mean an ndicator that
represents information. Signals include, for example, an electrical signal and an optical signal.
The term “elecirical signal” refers to an ndicator of an electrical guality that represents

mformation.  The indicator can be, for example, current, voltage, tunneling, resistance,
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poteniial, voltage, conductance, or a transverse electrical effect. An “electronic current” or
“electric current” refers to a flow of electric charge. In an example, an electrical signal may
be an electric current passing through a nanopore, and the electric current may flow when an
electric potential difference 1s applied across the nanopore.

[0185] The term “substrate” refers to a nigid, solid support that 1s msoluble in
aqueous liquid and is incapable of passing a liquid absent an aperture, port, or other like Hguid
conduit. In the examples disclosed herein, the substrate may have wells or chambers defined
therein. Examples of suitable substrates include glass and modified or functionalized glass,
plastics (including acrylics, polystyrene and copolymers of styrene and other materials,
polypropyiene, polyethylene, polybutylene, polvurethanes, polytetrafiuorcethylene (PTFE)
(such as TEFLON® from Chemours), cyclic olefins/cyclo-olefin polymers (COP}Y (such as
ZEONOR® from Zeon), polyimides, etc.), nylon, ceramics, silica or silica-based materials,
silicon and modified silicon, carbon, metals, inorganic glasses, and optical fiber bundles.

[8186] The terms top, bottom, lower, upper, on, etc. are used herein to describe the
device/nanopore sequencer and/or the various components of the device. Tt is to be understood
that these directional terms are not meant to mmply a specific orientation, but are used to
designate relative orientation between components. The use of directional terms should not be
mterpreted to limit the examples disclosed herein to any specific orientation(s). As used herein,
the terms “upper”, “lower”, “vertical”, “horizontal” and the like are meant to indicate relative
orientation.

EE
>

[8187] As wused heremn, the terms “well”, “cavity” and “chamber” are used
synonymously, and refer to a discrete feature defined in the device that can contain a fluid
{e.g., hquid, gel, gas). A cis well 15 a chamber that contains or 15 partiafly defined by a ¢is
electrode, and 1s also fhndically connected to the fludic systern of a FET which o turn 1s
fuidically connected to a trans well/chamber. Examples of an array of the present device may
have one cis well or multiple cis wells. The trans well 15 a sigle chamber that contans or s
partially defined by its own trans electrode, and 1s also fhudically connected to a cis well. In
examples including multiple trans wells, each trans well is electrically isolated from each other
trans well. Further, 1t is to be understood that the cross-section of a well taken parallei to a
surface of a substrate at least partially defining the well can be curved, square, polvgonal,

hiyperbolic, conical, angular, etc.
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[0188] As used herein, “figld-effect transistors” or “FETS” typically include doped
source/drain regions that are formed of a semiconductor material, e.g., silicon, germanium,
gallium arsemide, silicon carbide, etc., and are separated by a channel region. A n-FET15a FET
having an n-channel in which the current carriers are electrons. A p-FET is a FET having a p-
channel r which the current carriers are holes. Source/drain regions of a n-FET device may
include a different material than source/drain regions of a p-FET device. In some examples,
the source/drain regions or the channel may not be doped. Doped regions may be formed by
adding dopant atoms to an intrinsic semiconductor. This changes the electron and hole carrier
concentrations of the intrinsic semiconductor at thermal equilibrium. A doped region may be
p-type or n-type. As used herein, “p-type” refers to the addition of impurities to an intrinsic
semiconductor that creates a deficiency of valence electrons. For silicon, example p-type
dopants, 1.e., impurities, include but are not limited fo boron, aluminum, gallium, and indium.
As used herein, “n-type” refers to the addition of impurities that coniribute free electrons to an
mtrinsic semiconductor. For silicon, example n-type dopants, 1.e., impurities, include but are
not himited to, antiroony, arsenic, and phosphorus. The dopant(s) may be introduced by ion
mmplantation or plasma doping.

[0189] For example, 10 an integrated curcuit having a plurahity of metal oxide
seratconductor field effect transistors (MOSFETSs), each MOSFET has a source and a drain
that are formed in an active region of a semuconductor laver by implanting n-type or p-type
mmpurities in the layer of semiconductor material. Disposed between the source and the drain
is a channel {or body) region. Disposed above the body region 1s a gate electrode. The gate
electrode and the body are spaced apart by a gate dielectric {(gate oxide) layer. The channel
region connects the source and the dram, and electrical current flows through the channel
region from the source to the dram. The elecirical current flow 13 induced in the channel region
by a voltage applied at the gate elecirode.

[0196] Non-planar transistor device architectures, such as nanosheet {or nanowire)
transistors, can provide mcereased device density and increased performance over planar
transistors. A “gate-all-around” transistor is a transistor in which the gate is structured to wrap
around the channel. A “nanocsheet transistor” refers to a type of FET that may include a
plurality of stacked nanoshesis extending between a pair of source/drain regions, forming a

channel. Nanosheet {ransisiors, in contrast to conventional planar FETs, may include a gate
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stack that wraps around the full perimeter of muktiple nanosheet channel regions. Nanosheet
transistor configurations enable fuller depletion in the nanosheet channel regions and reduce
short-channel effects. “Nanowire transistors” may be similar to nanosheet transistors, except
the channel may include nanowires instead of nanosheets. The gate-all-around structure in
nanosheet or nanowire transistors can provide very small devices with better switching control,
lower leakage current, faster operations, and lower output resistance.

[6191] A way of increasing channel conductivity and decreasing FET size 1s to
form the channel as a nanostructure. For example, a gate-all-around ((GAA) nanosheet FET is
an architecture for providing a relatively small FET footprint by forming the channel region as
a series of nanosheets. In a GAA configuration, a nanosheet-based FET includes a source
region, & drain region and stacked nanosheet channels between the source and drain regions.
A gate surrounds the stacked nanosheet channels and regulates electron flow through the
nanosheet channels between the source and drain regions. GAA nanosheet FETs may be
fabricated by forming alternating lavers of channel nanosheets and sacrificial nanosheets. The
sacrificial nanosheets are released from the channel nanoshests before the FET device 13
finalized. For n-type FETs, the channel nanosheets are typically silicon (81) and the sacrificial
nanosheets are typically sthcon germanium (Si1Ge}. For p-type FETs, the channel vanosheets
are typically SiGe and the sacrificial nanosheets are typically Si. In some implementations, the
channel nanosheet of a p-FET can be S1Ge or 81, and the sacrificial nanosheets can be St or
R1Ge. Forming the (GAA nanosheets from alternating layers of channel nanosheets formed from
a first type of semiconductor material {e.g., 81 for n-type FETs, and 81Ge for p-type FETs) and
sacrificial nanosheets formed from a second type of semiconductor material {e.g., S1Ge for n-
type FETs, and Si for p-type FETs) provides superior channel electrostatics control, which s
beneficial for continuously scaling gate lengths down to seven nanometer CMOS technology
and below. The use of multiple layered 51Ge/Si sacrificial/channel nanosheets {or S1/8i1Ge
sacrificial/channel nanosheets) to form the channel regions in GAA FET semiconductor
devices provides desirable device characteristics, mcluding the introduction of strain at the
interface between 8iGe and Su.

(8192} In some examples, a “nanowire” s characterized by 2 critical dimension of
less than about 30 nm, while a “nanosheet” is characterized by a critical dimension of about

30 nm or greater. In exemplary devices, the critical dimension is measured along the gate. In
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that direction, if the width of the channel is small, the channel cross-section s like a “wire”
whereas if the width of the channel 15 large, the channel cross-section is ke a “sheet.”

[8193] in some examples, the smallest dimension of the nanosheet or nanowire 1s
between about 1-10, about 1-50, about 1-100, about 1-500, or about 1-1000 nm. In some
examples, the smallest dimension of the nanosheet or nanowire is between about 1-5, about 3-
10, about 5-185, about 10-20, about 15-30, about 20-40, about 30-50, about 40-75, about 50-
100, about 75-150, about 100-200, about 150-300, about 200-400, about 300-500, about 400-
750, or about S00-1000 nm. In some examples, the smallest dimension of the nanosheet is at
least about 3, about 5, about 7, about 10, about 15, about 20, about 50, about 100, about 150,
about 200, about 230, about 300, about 350, about 400, about 430, about 500, about 600, about
700, about 800, about 900, about 1000, about 2000, about 2500, about 3000, about 4000, or
about 5000 times smaller than the other two dimensions of the nanosheet. In some examples,
the smaliest dimension of the nanosheet is between about 2-3, about 3-7, about 5-10, about 7-
15, about 10-20, about 15-30, about 20-100, about 50-130, about 100-200, about 150-250,
about 200-300, about 250-350, about 300-400, about 356-450, about 400-300, about 450-600,
S about 00-700, about 600-800, about 700-900, about 800-1000, about 900-2000, about 1000-
2500, about 2000-3000, about 2500-4000, or about 3000-5000 times smaller than the other two
dimensions of the nanosheet. In some examples, the smallest dimension of the nanosheet 1s at
most about 3, about 5, about 7, about 10, about 15, about 20, about 56, about 100, about 150,
about 200, about 250, about 300, about 350, about 400, about 450, about 500, about 600, about
700, about 800, about 900, about 1000, about 2000, about 2500, about 3000, about 4000, or
about S600 times smaller than the other two dimensions of the nanosheet. In some examples,
the biggest dimension of the nanowire 1s at least about 3, about 5, about 7, about 10, about 15,
about 20, about 50, about 100, about 150, about 200, about 250, about 300, about 350, about
400, about 450, about 500, about 600, about 700, about 800, about 900, about 1060, abowt
2000, about 2500, about 3000, about 4000, or about 5000 times bigger than the other two
dimensions of the nanowire. In some examples, the biggest dimension of the nanowire is
, about 3-7, about 5-10, about 7-15, about 10-20, about 15-50, about 20-100,
about 50-150, about 100-200, about 150-230, about 200-300, about 250-350, about 300-400,
about 350-450, about 400-500, about 450-600, about 300-700, about 600-800, about 700-900,
about 800-1000, about 900-2000, about 1000-2500, about 2000-3000, about 2500-4000, or

between about 2-5
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about 3000-3000 times bigger than the other two dimensions of the nanowire. In some
examples, the biggest dimension of the nanowire is at most about 3, about 5, about 7, about
10, about 135, about 20, about 50, about 100, about 150, about 200, about 250, about 300, about
350, about 400, about 450, about 300, about 600, about 700, about 800, about 900, about 1000,
about 2000, about 2500, about 3000, about 4000, or about 5000 times bigger than the other
two dimensions of the nanowire,

[6194] As used herein, a “porous structure” or “frit” refers to a body that has pore
portions. The typical pore size of the pore portion may be, for example, about 100 um or less,
about 30 pwm or less, about 10 um or less, about 5 wm or less, about 1 pm or less, about 500 nm
or less, about 100 nm or less, about 50 nm or less, about 10 nm or less, aboui 5 nm or less,
about 1 nrm or less, about 300 A or less, about 100 A or less, about 50 A or less, about 10 A or
less, about 5 A or less, about 100 pm or more, about 50 um or more, about 10 um or more,
about 3 um or more, about I um or more, about 300 nm or more, about 100 nm or more, about
S0 nm or more, about 10 nm or more, about 3 nm or more, about 1 nm or more, about 500 A
or more, about 100 A or more, about 50 A or more, about 10 A or more, about 5 A or more,
between about 500 and about 100 um, between about 250 and about 30 ym, between about
125 and about 25 um, between about 50 and about 10 um, between about 25 and about 5 wm,
between about 12.5 and about 2.5 um, between about 5.5 and about 0.5 wm, between about
500 and about 100 nm, between about 250 and about 50 nm, between about 125 and about 25
nm, between about S0 and about 10 nm, between about 25 and about 5 nm, between about 12.5
and about 2.5 nm, between about 5.5 and about 0.5 nm, between about 500 and about 100 A,
between about 250 and about 50 A, between about 125 and about 25 A, between about 50 and
about 10 A, between about 25 and about 5 A, betwesn about 12.5 and about 2.5 A, or between
about 5.5 and about 1 A. There may be a distribution of different pore sizes.

[8195] The porous structure may be formed of a porous material comprising a
matrix defining an array of pores having a porosity sufficient to enable the desired function of
the porous material. As used herein, the term “poresity” refers to the amount of void space in
a porous material comprising a matrix. As such, the total volume of a porous matenal
comprising a matrix is based upon the matrix space and the void space. As used herein, the
term "“void space” refers to actual or physical space in a porous material comprising a matrix,

As such, the total volume of a porous material comprising a matrix disclosed herein 15 based
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upon the matrix space and the void space. For example, a porous material comprising a matrix
defiming an array of pores may have a porosity of, e.g., about 40% of the total volume of a
mairix, about 50% of the total volume of a matrix, about 60% of the total volume of a matrix,
about 70% of the total volume of a matrix, about 80% of the total volume of a matrix, about
90% of the total volume of a matrix, about 95% of the total volume of a matrix, or about 97%
of the total volume of a matrix, at least about 40% of the total volume of a matrix, at least about
50% of the total volume of a maitrix, at least about 60% of the total volume of a maitrix, at least
about 70% of the total volume of a matrix, at least about 80% of the total volume of a matrix,
at least about 90% of the total volume of a matrix, at least about 95% of the total volume of a
matrix, or at least about 97% of the total volume of a matrix, at most about 40% of the {otal
volume of a matrix, at most about 50% of the total volume of a matrix, at most about 60% of
the total volume of a matrix, at most about 70% of the total volume of a matrix, at most about
80% of the total volume of a matrix, at most about 90% of the total volume of a matrix, at most
about 93% of the total volume of a matrix, or at most about 97% of the total volume of a matrix,
about 40% to about 97% of the total volume of a matrix, about 50% to about 97% of the total
volume of a matrix, about 60% to about 97% of the total volume of a matrix, about 70% to
about 97% of the total volurne of a matrix, about 80% to about 97% of the total volume of a
roatrix, about 90% 1o about 97% of the total volume of a matrix, about 40% to about 95% of
the total volume of a matrix, about 50% to about 95% of the total volume of a matrix, about
650% to about 95% of the total volume of a matrix, about 70% to about 95% of the total volume
of a matrix, about 80% to about 95% of the total volume of a matrix, about 90% to about 95%
of the total volume of 3 matrix, about 40% to about 90% of the total volume of a matrix, about
50% to about 90% of the total volume of a matrix, about 60% to about 90% of the total volume
of a matrix, about 70% to about 90% of the total volurne of a matrix, or about 30% to about
90% of the total volume of a mairix. For example, a porous material comprising a matrix
defining an array of pores may have a voud space of, e.g., about 50% of the total volume of &
matrix, about 60% of the total volume of a matrix, about 70% of the total volume of a matrix,
about 80% of the total volume of a matrix, about 90% of the total volume of a matrix, about
95% of the total volume of a matrix, or about 97% of the total volume of a matrix, at least
about 50% of the total volume of a matrix, at least about 60% of the total volume of a matrix,

at least about 70% of the total volume of a matrix, at least about 80% of the total volume of a
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mairix, at least about 90% of the total volume of a matrix, at least about 95% of the total
volume of a matrix, or at least about 97% of the total volume of a matrix, at most about 50%
of the total volume of a matrix, at most about 60% of the total volume of a matrix, at most
about 70% of the total volume of a matrix, at most about 80% of the total volume of a matrix,
at most about 90% of the total volume of a matrix, at most about 95% of the total volume of a
matrix, or at most 97% of the total volume of a matrix, about 50% to about 97% of the iotal
volume of a matrix, about 60% to about 97% of the total volume of a matrix, about 70% to
about 97% of the total volume of a matrix, about 80% to about 97% of the total volume of a
matnx, about 90% to about 97% of the total volume of a matrix, about 50% to aboui 95% of
the total volume of a matrix, about 60% to about 95% of the total volume of a matrix, about
70%% to about 95% of the total volume of a matrix, about 80% to about 95% of the total volume
of a matrix, about 90% to about 95% of the total volume of a matrix, about S0% to about 20%
of the total volume of a matrix, about 60% to about 20% of the total volume of a matrix, about
70% to about 90% of the total volume of a matrix, or about 80% to about 90% of the total
volume of a matrix.

[0196] The porous structure may be a porous matrix, a porous membrane, an
wonomer permeable to certain types of 1ons, a porous glass frit, an ion-selective roembrane, an
iou-conductive glass, a polymer membrane, or an iou-conductive membrane., The porous
structure may be formed of microporous materials such as ceramic or glass frits, ceramic or
glass membranes, or solid porous substrates such as frits or wafers prepared from polymers or
morganic materials. The glass frits may contain, for example, magnesium oxide, calcium
oxide, strontium oxide, bariom oxide, cesium oxide, sodium oxide, potassium oxide, boron
oxide, vanadium oxide, zing oxide, tellunum oxide, aluminum oxide, silicon dioxade, lead
oxide, tin oxide, phosphorus oxide, ruthemum oxide, rhodiurmn oxide, ron oxide, copper oxide,
manganese dioxide, molybdenum oxide, mobiom oxide, titanium oxade, tungsten oxide,
bismuth oxide, zircontom oxide, lthium oxide, antimony oxide, lead borate glass, tin
phosphate glass, vanadate glass, or borosilicate glass.

[6197] In some example, the porous structire may include microporous
membranes formed of polysulfone, polyethersulfone, or polyvinylidene fluoride. In some
example, the porous structure may be formed of a resin material such as polyolefin such as

polyethylene (PE}, polyethylene terephthalate (PET), polybutylene terephthalate (PBT),
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polypropylene (PP}, polytetrafiuoroethylene (PTFE} or the like Further, a hollow fiber
membrane in a laminated structure having a non-porous film and porous films provided to hold
the non-porous film in between may be used. In some example, the porous structure may be
formed of PEDOTPSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate), silicone,
polvtetrafluoroethylene,  polvethviene-co-tetraflucroethviene,  polyeolefin,  polyester,
polycarbonate, biostable polytetrafluoroethyliene, homopolymers, copolvmers, terpolymers of
polvurethanes, polypropylene (PP}, polyvinyichlonide (PVC), polyvinylidene fluoride
{(PVDE), polybutylene terephthalate (PBT), polymethylmethacrylate (PMMA), polvether ether
ketone (PEEK), polyurethanes, cellulosic polvmers, polysulfones and block copolymers
thereof including, for example, di-block, iri-block, alternating, random and grafi copolymers.
[6198] in some examples, the porous structure may be formed of a porous silicon
dioxide, organosilicate glass (carbon-doped oxide}, indium tin oxide (ITQ), or low-x (low
dieleciric constant) dielectrics including silicon carbon bhoron nitride (StCBN), silicon
oxycarbounitride (S10CN), fluorine doped silicon dioxide, carbon doped silicon dioxide,
diamond-like carbon (DLC) and combnations thereof.  Such porous low-x matenals are
commercially available for growth using chemical vapour deposition (CVD) under trade naroes
such as Orion™ from Trikon, BDIIX™ from AMAT and Aurora™ from ASMi. Alternative
roaterials can be deposited by being spun on—such materials include SiLE™ from Dow
Chemical and LKD™ from ISR, For exarmple, a low-x porous organosilicate glass may have
a diglectric constant approximately 2.7, and a porosity {defined as the volume of pores divided
by the total volume including pores and the material between the pores) greater than 10%. For
example, a porous sihicon dioxide may have porosity between about 15 to 40%, or between
about 30 to 35%. The porous sihicon dioxide may have a configuration of vertical and
horizontal pores following the crystaliographic onentation of the <100> silicon body. The
porous silicon dioxide may be formed from a substrate material, for example based on porous
sihcon. In some examples, the porous structure may be formed of a porous material formed
by porosification. In some examples, the porous material may be a nano-porous material that
is to say with pores of size or diameter of the nanometer order. The porous material formed by
porosification may be provided with pores of small diameter, for example between about 2 nm
and about 100 nm. The porous material formed by porosification can be made with an open

porosity greater than 30%. In some examples, the porous structure may be formed of a porous
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material formed by poresification of low-« materials including, but not limited to, silicon boron
nitride (SiBN}, stlicon carbon nitride {(S1CN), silicon boron carbon nitride (SiBCN), hydrogen
silsesquioxane polymer (HSQ), methyl sidsesquioxane polymer (MSQ), polvphenylene
oligomer, methy! doped silica or SiOx{TH3, SiCxOyHy or SiOCH, organosilicate glass
(51COH), silicon oxide, boron nitride, and silicon oxynitride.

[0199] The aspects and examples set forth herein and recited in the claims can be

understood in view of the above definitions.

Additional Notes

[6200] 1t should be appreciated that all combinations of the foregoing concepts and
additional concepts discussed in greater detail below (provided such concepts are not mutually
inconsistent} are contemplated as being part of the inventive subject matter disclosed herein.
Inparticular, all combinations of claimed subject matter appearing at the end of this disclosure
are contemplated as being part of the mventive subject matter disclosed herein. It should also
be appreciated that terminology explicitly emploved herein that also may appear in any
disclosure incorporated by reference should be accorded a meaning most consistent with the
particular concepts disclosed herein

(8201} Reference throughout the specification to “one example”, “another
example”, “an example”, and so forth, means that a particular element {e.g., feature, structure,
and/or characteristic) described tn conuvection with the exaraple 15 ncluded in at least one
example described herein, and may or may not be present in other examples. In addition, itis
10 be understood that the described elements for any example may be combined in any suitable
roanner in the various examples undess the context clearly dictates otherwise.

[6262] 1t 15 to be understood that the ranges provided herein include the stated range
and any value or sub-range within the stated range, as if such value or sub-range were explicitly
recited. For example, a range from about 2 nm to about 20 nm should be interpreted to include
not only the explicitly recited limits of from about 2 nm to about 20 nm, but also to include
mdividual values, such as about 3.5 nm, about 8 nm, about 18.2 nm, etc., and seb-ranges, such
as from about 5 nm to about 10 nm, ete. Furthermore, when “abouwt” and/or “substantially”
are/is utilized to describe 3 value, this is meant to encompass minor variations {up to +/~ 10%}

from the stated value.
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[6203] While several examples have been described in detail, 1t is to be understood
that the disclosed examples may be modified. Therefore, the foregoing description 1s to be
considered non-limiting.

[8204] While certain examples have been described, these examples have been
presented by way of example only, and are not intended to limit the scope of the disclosure.
Indeed, the novel methods and systems described herein may be embodied in a variety of other
forms. Furthermore, various onussions, substitutions and changes in the systems and methods
described herein may be made without departing from the spirit of the disclosure. The
accompanying claims and their equivalents are intended to cover such forms or modifications
as would fall within the scope and spirtt of the disclosure.

[0205] Features, materials, characteristics, or groups described in conjunction with
a particular aspect, or example are to be understood to be applicable to any other aspector
example described in this section or elsewhere in this specification unless incompatible
therewith. All of the features disclosed in this specification {including any accompanying
claims, abstract and drawings), and/or all of the steps of any method or process so disclosed,
roay be combined in any combination, except combinations where at least some of such
features and/or steps are mutually exclusive. The protection is not restricted to the details of
any foregoing examples. The protection extends to any novel one, or any novel combination,
of the features disclosed n this specification (including any accompanying claims, abstract and
drawings}, or to any novel one, or any novel combination, of the steps of any method or process
so disclosed.

[8206] Furthermore, certain features that are described 1o this disclosure n the
context of separate implementations can also be muplemented in combination in a single
mplementation.  Conversely, various features that are deseribed in the context of a single
mmplementation can also be implemented in multiple mplementations separately or n any
suitable subcombination. Moreover, although features may be described above as acting in
certain combinations, one or more features from a claimed combination can, in some cases, be
excised from the combination, and the combination may be claimed as a subcombination or
variation of a subcombination.

(82071 Moreover, while operations may be depicted in the drawings or described

in the specification in a particular order, such operations need not be performed in the particular
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order shown or in sequential order, or that all operations be performed, to achieve desirable
results. Other operations that are not depicted or described can be incorporated in the example
methods and processes. For example, one or more additional operations can be performed
before, after, simultaneocusly, or between any of the described operations. Further, the
operations may be rearranged or reordered in other implementations. Those skilled in the art
will appreciate that in some examples, the actual steps taken in the processes illustrated and/or
disclosed may differ from those shown in the figures. Depending on the example, certain of
the steps described above may be removed or others may be added. Furthermore, the features
and attributes of the specific examples disclosed above may be combined in different ways to
form additional examples, all of which fall within the scope of the present disclosure. Also,
the separation of various system components in the implementations described above should
not be understood as requiring such separation in all tmplementations, and it should be
understood that the described components and systems can generally be integrated together in
a single product or packaged into multiple products. For example, any of the components for
an energy storage system described herein can be provided separately, or integrated together
{e.g., packaged together, or attached together) to form an energy storage system,

[6208] For purposes of this disclosure, certain aspects, advantages, and novel
features are described herein.  Not necessarily all such advantages may be achieved
accordance with any particular example. Thus, for example, those skilled i the art will
recognize that the disclosure may be embodied or carried out in a manner that achieves one
advantage or a group of advantages as taught herem without necessarily achieving other
advantages as may be taught or suggested hersin.

[8209] Conditional ianguage, such as “can,” “could,” “might,” or “may,” unless
specifically stated otherwise, or otherwise undersicod within the context as used, 1s generally
ntended to convey that certain examples include, while other examples do not inclade, certam
features, elements, and/or steps. Thus, such conditional Ianguage 13 not generally miended to
mmply that featores, elements, and/or steps are 1n any way required for one or more examples
or that one or more examples necessarily include logic for deciding, with or without user mput
or prompiing, whether these features, elements, and/or steps are inchided or are to be

performed in any particular example.
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[0210] Conjunctive language such as the phrase “at least one of X, Y, and 2.7
unless specifically siated otherwise, 1s otherwise understood with the coniext as used in general
to convey that an tiem, term, etc. may be either X Y, or Z. Thus, such conjunctive language
is not generally intended to imply that certain examples require the presence of at least one of
X, at least one of Y, and at least one of 7.

(0211 Language of degree used herein, such as the terms “approximately,”
“about,” “generally,” and “substantially” represent a value, amount, or characteristic close to
the stated value, amount, or characteristic that still performs a desired function or achieves a
desired result.

[8212] The scope of the present disclosure 15 not ntended to be limited by the
specific disclosures of preferred examples in this section or elsewhere in this specification, and
may be defined by claims as presented in this section or elsewhere in this specification or as
presented in the future. The language of the claims is to be interpreted broadly based on the
language employed in the claims and not limited to the examples described in the present
specification or during the prosecution of the apphcation, which examples are to be construed

as non-exclusive,
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