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ABSTRACT: Ultra-low-noise solid-state nanopores are attractive for high-
accuracy single-molecule sensing. A conventional silicon platform introduces
acute capacitive noise to the system, which seriously limits the recording
bandwidth. Recently, we have demonstrated the creation of thin triangular 3 . ‘
membranes on an insulating crystal sapphire wafer to eliminate the parasitic device ll\)’il:glln Jf 0 80230 —30-100 100-300
capacitance. Uniquely different from the previous triangular etching window Naﬁopore Membrane area A (um?)

81% |

® Hexagonal window
[ A ATriangular

designs, here hexagonal windows were explored to produce triangular membranes SN QF 250kHz _ lina
by aligning to the sapphire crystal within a large tolerance of alignment angles @iﬁ \ 150mV Tos
(10—35°). Interestingly, sapphire facet competition serves to suppress the I- PRI N L.

formation of more complex polygons but creates stable triangular membranes

with their area insensitive to the facet alignment. Accordingly, a new strategy was successfully established on a 2 in. sapphire wafer to
produce chips with an average membrane side length of 4.7 um, an area of <30 um® for 81% chips, or estimated calculated
membrane capacitance as low as 0.06 pF. We finally demonstrated <4 s high-speed and high-fidelity low-noise protein detection
under 250 kHz high bandwidth.

KEYWORDS: wafer-scale fabrication, small membrane, low noise, low capacitance, high bandwidth, sapphire etching, protein sensing

1. INTRODUCTION Recently, we demonstrated a novel approach to creating thin
triangular nanopore membranes on an insulating crystal
sapphire wafer to completely eliminate C, of the device.'® In
particular, a triangular-shaped window was used to define a
cavity in sapphire in wet etching, eventually etching through
the sapphire and suspending a dielectric (e.g,, silicon nitride or
SiN,) membrane. By aligning the etching windows to the
sapphire A-plane (1120) within a specific angle range (e.g., 40°
in our work'®), the membranes were formed in a triangular
geometry. This process enabled 2 in. wafer-scale fabrication of
suspended dielectric membranes by inexpensive batch-
processing-compatible wet etching for the first time. In this
study, we present a new approach to creating triangular
membranes, defined not by triangular etching windows but by
hexagonal window designs. Interestingly, the triangular
membrane dimension is much less sensitive to the window
alignment to the sapphire crystal, showing a relative standard
deviation (RSD) of the membrane area as small as 4.5% within
a wide range of mask alignment angles (10° < @ < 35°). The

Solid-state nanopore have great potential to be a portable, low-
cost, and versatile single-molecular biosensor.' > However, it
remains a challenge to design and fabricate low-noise nanopore
devices. One major challenge in using prevalent crystalline
silicon as the support substrate is the acute capacitive noise due
to its conductivity, especially at high recording frequencies.
The chip capacitance (Cg;,) typically has to be mitigated to
<100 pF by using elastomer pamtmg, *5 a thick dielectric
film,"” or high-resistivity silicon® for general low-noise use.
Efforts to reduce the Cgy, to sub 10 pF for high-accuracy
sensing usually have to incorporate a thick dielectric film,
painting insulating layers, and electron-beam lithography
(EBL) together,9’10 preventing low-cost and large-scale
manufacturing. Glass, as a highly resistive material, has
demonstrated excellent performance in eliminating the stray
capacitance (C,) and reducing the total Cenip
pico farads.""~"® Nonetheless, more economic acid-based
isotropic glass etching is not feasible to achieve desired precise
dimensional control, which is necessary for producing a small

down to a few

membrane area (A) and small membrane capacitance (C,, « Received: October 21, 2022 EPLE gy
A)."* EBL-involved stepwise etching and femtosecond laser- Accepted: December 21, 2022
assisted etching were demonstrated to successfully control the Published: January 4, 2023

membrane area, but precise size control remains elusive (e.g., a
12,13,15

large range from 20 to 1200 um? was reported), and the

processes are comparatively more complex and expensive.
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(d) Si()z\mgmbrane

Figure 1. Key steps of nanopore fabrication on sapphire using a hexagonal etching mask design. (a) A 250 ym sapphire wafer is cleaned with
solvents and RCA2. (b) A layer of PECVD SiO, (~1 pm) with excellent etching selectivity over the sapphire (~1:1000 in this work) was deposited
on both sides of the sapphire wafer. (c) A hexagonal-shaped window is formed in the top SiO, by photolithography and RIE. (d) The sapphire is
etched through in hot sulfuric acid and phosphoric acid, forming a suspended SiO, membrane. (e) A thin layer of LPCVD SiN is deposited on the
bottom SiO, membrane, and unintentionally deposited SiN in the cavity is etched by RIE. (f) The thin SiN membrane is formed by first selectively
removing the SiO, membrane with HF acid and then optionally thinning SiN in hot phosphoric acid. (g) A nanopore is drilled by a transmission
electron microscope in the SiN membrane.
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Figure 2. Dependence of the membrane geometry on the window-to-sapphire-crystal alignment for hexagonal and triangular window mask designs.
(a) Experimental study comparing the hexagonal window (blue) and the triangular window (red) mask design on the SiO, membrane area affected
by the alignment offset angle (o, the window side to the sapphire wafer flat) after the sapphire etching. The angle range of « to form equilateral
triangular membranes is shadowed. The right-side two schematics show the angle @, membrane to flat angle 3, and membrane to window angle y
for hexagonal and triangular window designs, respectively. (b,c) Optical images of the formed SiO, membranes on a sapphire wafer with (b)
hexagonal window masks and (c) triangular window masks as @ changes from 0 to <60°. The images corresponding to equilateral triangular
membranes are green-outlined. The white dashed lines are used to highlight the hexagonal window sides parallel to the membranes (10°< a < 35°).
The hexagonal window side length L, is S00 ym, and the sapphire etching depth is 232 um (not fully etched). The scale bar is 100 ym for both
(b,c). (d,e) Membrane side orientation relative to the wafer flat (left y-axis, f, solid squares) and window sides (right y-axis, 7, triangles) as &
changes from 0 to 55° or 4 to 58° for (d) hexagonal and (e) triangular window mask designs. The membrane is outlined and color-coded in (b)
(magenta for triangular sides, red for additional sides in ditrigonal geometry) and (c) (blue and green for two different sets of triangular sides, and
orange for the additional sides in the nonagonal geometry) for calculating 8 and y angles in (d,e), respectively. (c) and part of (a) were reproduced
with permission from © 2021 Elsevier."¢

design demonstrated uniform wafer-scale membrane pattern- <100 um?) and excellent reproducibility (<3 um dimension
ing (81% membranes with area <30 ym” and 100% membranes deviation) from wafer to wafer. This new approach could
2657 https://doi.org/10.1021/acsami.2c18983
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advance the low-noise and manufacturable solid-state nano-
pores for high-speed single-molecule sensing, demonstrated by
low-noise protein detection at 250 kHz bandwidth using the
SaS nanopore.

2. RESULTS AND DISCUSSION

2.1. Hexagonal Etching Window Designs for Mem-
brane Fabrication. Briefly, a hexagonal-shaped window was
formed in a plasma-enhanced chemical vapor deposition
(PECVD) silicon dioxide (SiO,) film on a c-plane sapphire
(Figure la—c), and a batch-processing-compatible sapphire
etching in concentrated sulfuric and phosphoric acids
anisotropically etched sapphire to form a cavity and suspended
membrane (Figure 1d). Then, the low-stress low-pressure
chemical vapor deposition (LPCVD) silicon nitride (SiN) film
was deposited on the suspended SiO, membranes. The
unintentionally deposited SiN layer was removed via dry
etching from the cavity side (not shown), and subsequently,
the SiO, film was removed using HF-based wet etching to
form the SiN membrane (Figure 1f), where the nanopores
were drilled via a transmission electron microscope (Figure
lg).16 Here, the other side of the wafer was also coated with
PECVD SiO, (Figure 1b) as the supporting membrane for the
SiN membrane deposition (Figure le) after the sapphire
etching (Figure 1d) as SiN could be easily removed by the
phosphoric acid in the sapphire etching.

2.2. Membrane Geometry Control by the Etching
Window Layout. The anisotropic sapphire etching is known
to produce complex geometries, depending on the competition
of different sapphire crystal facets during anisotropic wet
etching, which is strongly affected by the etching window
layout.'” For example, it was found that using the circular mask
layout, only ditrigonal membranes were formed (Figure S1),
which is consistent with the equatorial outline of the ditrigonal
scalenohedron, known as the crystal lattice structure class for
sapphire.'®'? Differently, triangular etching windows produced
membranes of different geometries, including nonagonal,
ditrigonal, and triangular shapes, depending on the relative
alignment between the etching mask and the sapphire crystal
plane (Figure 2c).'® Yet, the membrane geometry and area
were rather sensitive to the alignment angle o between the
triangular mask and the c-plane sapphire wafer flat [A-plane,
(1120)] (Figure 2a).'® As a result, an error in @, which is
inevitable in practice, would result in a deviation in membrane
size and adversely affect the accuracy of controlling the device
capacitance. Such an effect makes it challenging to create
reproducible small membranes.

To solve this problem, considering both the threefold
symmetry of the sapphire crystal and its hexagonal structural
unit cell, in this work, we devised hexagonal etching windows
rather than triangular shapes. Interestingly, equilateral
triangular membranes were produced with 10°< a < 35°
and ditrigonal (irregular hexagonal) membranes with interior
angles of 152 and 88° were formed for other « angles (Figure
2b), but nonagonal shapes were never revealed. This
observation indicated that the hexagonal etching windows
significantly differentiate from circular or triangular window
layouts by posing different etching constraints. Intuitively, it
can be understood that the anisotropic sapphire etching favors
evolution into 6 n- and 3 r-plane facets, attributed to their
slower etching rates (e.g., etching with circular pillars,ZOFigure
S2). These n- and r-facets would create nonagons when
intersecting with a c-plane sapphire (Figures S3—4). We
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further hypothesize that such a ditrigonal shape might be
derived from the intersection of the c-plane with three n-plane
and three r-plane facets, with another three n-planes being
suppressed during cavity formation (Figure SSa,b). Indeed, the
interior angles of the theoretically derived ditrigon using the
nonagon model are calculated as 150 and 90° (Figure S6), very
close to that of the measured values from hexagonal windows
(152 and 88°) (Figure SSb) and that of circular windows (159
and 81°) (Figure SSd). Such a small deviation could be
attributed to the evolution of more complex planes from the r-
plane (Figure S5¢,d). Additionally, such a ditrigonal profile [six
bottom (6B) planes] with interior angles of 152 and 88° was
also observed using circular pillar masks (Figure S2), with facet
indices identified as {3417}.°° Our experiment showed that, as
the etching window alignment angle @ changes, three of the six
facets forming the ditrigonal crystal became suppressed,
shortening their side lengths and eventually eliminating them
to form triangular membranes (Figures 2b and S7). Notice-
ably, as a changes, the interior angles of the nonagonal
membranes deviated from the theoretical values by 5—16°
(Figure S4a,b), again indicating the creation of more complex
but n- and r-like planes (similar to 6B planes).

By analyzing the membrane geometry and area at different
alignment angles @, importantly, we discovered that the RSD
of the membrane area of the formed triangular membranes
(10°< a < 35°) by a hexagonal window mask is as small as
4.5% (44375 + 4.5% um?), with a standard deviation (o) of
1980 um? (Figure 2a). These values are about 20 times smaller
compared to the triangular window design [571S5 + 83.9% pm®
(o = 6813 um?) for 6°< a < 18° 5940 + 81.7% um? (o =
7275 ymz) for 2°< a < 580],16 indicating a uniquely wide-
range layout design tolerance in crystal alignment where the
membrane area remained almost constant. Besides, sapphire
etching involves many slow-etch-rate crystal planes,”" which is
very different from conventional silicon alkaline micromachin-
ing, where the final etched profile is mainly determined by a
single slow-etch-rate (111) plane.”” This makes the etched
profile in sapphire pretty complex and not only associated with
the sapphire crystal plane but also significantly affected by the
mask alignment.16 Here, within this unique design regime («
from 10 to 35°), the formed triangular membrane sides were
parallel to that of the hexagonal etching window instead of
staying at a constant crystal plane, yielding a membrane-
window angle offset y ~ 0° (Figure 2d, shadowed regime,
denoted as MPW triangle). This indicates that multiple slow-
etch-rate sapphire crystal planes were involved and the mask
alignment strongly impacts the etched profile within this
alignment angle range. In comparison, within the ditrigonal
regime (Figure 2d, unshadowed, @ = 0—5° and 40—55°), the
membrane sides offset with the sapphire wafer flat by an angle
B with fixed values (8 ~ 8° for & = 0—5° and  ~ 37° for a =
40—55°). Meanwhile, the interior angles of the ditrigonal
membranes were found to be ~88 and ~152° (Figure 2b),
indicating that the facet evolution is mainly dependent on the
sapphire crystal but not the etching window layout, consistent
with the formation of r- and n-like facets (e.g., 6B planes) that
contributed to the creation of the ditrigonal membranes.
Noticeably, such WPM phenomena were not observed when
using the triangular window layout. For example, the values of
B were almost constant (—16 and ~76°) with a ~90° offset
when two distinct sets of triangular membranes (blue and
green lines in Figure 2¢,e) formed within angle ranges of 0° <
a < 20° and 40° < a < 60° and the values of y linearly
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changed with a. The change of # and y values in the nonagonal
membrane geometry (20° < a < 42°) was less regulated,
possibly attributed to the fact that the nonagonal geometry is a
transitional state between the two sets of triangles. This
comparison between triangular and hexagonal windows
indicates that the hexagonal window design imposed strong
facet etching constraints to produce triangular WPMs that the
triangular window design was not able to control.

We performed additional scanning electron microscopic
(SEM) analysis to understand the complex facet competition
that is expected to significantly affect the evolution of
triangular and hexagonal membranes. In total, we observed
six types of facets (F1—F6) in the cavity with a = 55° (Figure
S8). For example, facets F4 and FS intersect on the membrane
to form a ditrigonal membrane with interior angles of 152 and
88° and rotational threefold symmetry, indicating that the F4
and F5 planes may be 6B-like ({3417}).”° Noticeably, 6B
planes were reported as 57.3° offset to the c-plane in SEM
measurement, very close to the r-plane (57.6°) and n-plane
(61.2°) offset to the c-plame.18 This is consistent with our
above hypothesis that the ditrigonal membranes emerged from
the six r-like and n-like planes. Clearly, at a large @ angle
(~55°), multiple facets intercept the c-plane, thus forming
ditrigons with similar side lengths. At a smaller & (Figure S8b—
f), the F3 and F4 evolution was suppressed, while FS and F6
planes continued to enlarge and eventually merged into a
single set of facets (F7) that intercept the c-plane of sapphire
with equal side lengths (Figure S8c—f). By tilting the SEM
stage, we roughly measured the slope angle (about +2° error)
of all the facets for the design of & = 25° and 55° (Table S1).
Accordingly, Miller—Bravais indices {hkil} of the exposed
sapphire facets in the cavity were calculated by building a
hexagonal coordinate system (Figure S9, Table S2). As
expected, the calculated indices cannot be directly linked to
any of the typical crystallographic planes of sapphire.”" This
validated the fact that sapphire etching involves many slow-
etch-rate planes. The above analyses presented the complex
evolution of sapphire facets, which have been well documented
with different etching mask layouts such as cavity”” and
pyramids,”>** attributed to its trigonal crystal and strong
etching selectivity between the sapphire crystal planes.”’

2.3. Membrane Size Design and Fabrication Repro-
ducibility. Uniquely, the use of the hexagonal window
allowed us to establish a theoretical design model to precisely
control the membrane size (Figure 3b—c). Briefly, from the
top view (Figure 3b), the window and membrane side lengths

L, and L, are related to d, and d, as d, = ?Ll and

1 . . .
d, = 375 L2 Moreover, from the cross-sectional view (Figure

=
3c), the wafer thickness (~250 ym in this work)

V3 1
h=tan6 X (d, —d,) =|—L, — —L
an (1 2) [ 1 2\/§2

2

where 0 is the slope angle of the single facet (F7).

Empirically, we built a model (6 = 36.37°) using a single
membrane on a test wafer to predict the membrane sizes (red
curve, Figure 3d—e). Experimentally, we measured the
membrane sizes from two wafers of different window size
ranges, that is, 380—450 ym for wafer A (black symbols and
lines) and 393—415 pm for wafer B (green symbols and lines).
Noticeably, an average of only +6 um membrane size
prediction accuracy was determined for a wide range of
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Figure 3. Membrane size prediction for the hexagonal window mask.
(a) SEM image showing the sapphire facets in the cavity and WPM
formation. a = 25°. Scale bar: 100 um. (b,c) Top-view (top) and side-
view (bottom) schematic of a sapphire chip. L, and L, are the window
and membrane side lengths, respectively. @ is defined as the effective
facet angle relative to the c-plane after etching, here specifically the
slope angle of F7. h is the sapphire wafer thickness. O is the central
point of the triangular membrane and the hexagonal mask. d, and d,
are the distance from point O to the window and membrane sides,
respectively. (d) Correlation of SiO, membrane size with window
size. Red curve: A model (6 = 36.37°) built using a single membrane
(a =25°) on a test wafer to predict the membrane sizes. Black curve:
Experimentally produced membrane sizes (Wafer A: W-A). Green
curve: Experimentally produced 214 membranes across a 2” wafer
(Wafer B: W-B). (e) Zoomed view of (d) with L, from 393 to 415
pm.

membrane sizes (from 39 to 166 um) (Wafer A). With even
smaller window designs (average size 403 pm, Wafer B), the
reproducibility deviation from Wafer A was as good as +2.8
um on average. Such consistency between experimentally
determined and modeled membrane sizes clearly demonstrates
great control in producing small membranes of single-digit
micrometer sizes.

2.4. Uniform Patterning of <30 um? Triangular
Membranes on a 2 in. Sapphire Wafer by Hexagonal
Window Masks. We have analyzed the membrane size
variations using both triangular and hexagonal etching mask
designs (Figure 2a). Clearly, the use of a hexagonal window
layout has the advantage to minimize the membrane size
variation. Through engineering the dimension of the hexagonal
window mask, we demonstrated a uniform patterning of 58
membranes over a 2 in. wafer (97% yield, in total 60 windows
with two not forming membranes, Figure 4a). The average area
was 16 ym” and the majority (81%) was <30 um* (Figures 4d
and S11), which was sufficient to effectively mitigate the C,, to
a small value (0.06 pF estimated for a 30 nm thick membrane)
that is insignificant given the presence of capacitance
contribution from the measurement electronics (typically S—
20 pF).”® Furthermore, compared to our previous triangular
window design,16 the hexagonal windows also yielded more
small membranes (Figure 4d) with reduced size deviation
(Figure S11). For example, the number of small membranes
(threshold defined as <30 um?) doubled on the 2” sapphire
wafer without any membranes over 100 um?* whereas about
30% of membranes were >100 ym” in a triangular window
design (Figure 4d). This analysis indicates that the hexagonal
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Figure 4. Uniform patterning of small triangular membranes on a 2 in. sapphire wafer by hexagonal window masks. (a) Optical image of a 2 in.
sapphire wafer with intact, wafer-scale, small SiO, membranes with hexagonal window masks. (b) Optical image of a S mm by S mm sapphire chip
diced from a 2 in. wafer. (c) SEM image showing the hexagonal window mask with the SiO, membrane in the center. Scale bar: 100 ym. a = 25°
(a: the alignment angle between the etching window and the sapphire wafer flat A-plane (1120)). (d) Wafer-scale small SiO, membrane
distributions created from hexagonal windows (Wafer C, blue) and triangular windows (TW-D, red; TW-E, green). The insets show optical images
of 2 0.6 ym* and a 12.6 ym” SiO, membrane on Wafer C (scale bar: 5 yum). (e—f) Heat maps showing the membrane side lengths and membrane

area on Wafer C.

mask design can greatly improve the yield of the small
membranes.

2.5. Membrane Size Uniformity Study. To study the
factors affecting the membrane dimension uniformity across
the wafer, we plotted the membrane side length L, as a heat
map on the 2” wafer schematic (Figure 4e). First, we found
that L, decreases continuously from one side of the wafer
(top) to another (bottom). This may be attributed to the
higher temperature or stronger acid agitation at the bottom of
the acid, and the top part of the wafer sitting at the bottom of
the boat during sapphire etching. Second, another source of
error could be the wafer thickness variation (Figure S14),
which would eventually contribute to membrane dimension
variation. It is observed that L, tends to decrease from the
wafer edge toward the wafer center (Figure 4e). Speculating
that the wafer thickness variation could play a role (Figure
S14b,d), we designed a radially rotating and pie-shaped layout
with 13 slices on a 2 in. wafer, varying L, from 391 to 415 ym
(Figure S15a). Each slice had the same L, dimension with 16—
19 windows. The windows were located at different radii [from
d, (2.5 mm to the wafer edge) to dg (8 X 2.5 mm to the wafer
edge)]. Each L, in Figure S15a is averaged from one to three
membranes within the same slice (or L;) and at the same
radius (or d,). Clearly, the membranes formed on the wafer
center were in general smaller than those on the wafer edge
(Figures S15b, 4e—f and S14). Given a step size of 2.5 mm in
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radius (from d, to dg), the corresponding L, has a 1.0—1.8 ym
dimension reduction on average (Figure S15c). We also
noticed a much more linear dependence of these small
membrane sizes on the window sizes when the windows were
placed >S5 mm away from the edges (Figure S16). For example,
the Pearson correlation coefficient (Pearson’s r), used to
measure the linearity between two sets of data, was improved
by ~0.02 to 0.987 with i increasing from 1 to 2 but maintained
above 0.994 with i = 4 to 8. The worse linearity at the very
edge can be attributed to the wafer thickness variation, the
local difference in acid temperature and agitation, etc.

2.6. lonic Current Noise Characterization. With intact
small suspended SiO, membranes formed on the sapphire, a
layer of LPCVD SiN film was deposited onto the SiO,
membrane. The unintentionally deposited SiN deposited at
the sapphire cavity side was removed by brief RIE etching.
Then, SiO, within the cavity was removed by HF to suspend
the SiN membrane. Finally, the SiN membrane could be
thinned down to desired thickness by phosphoric acid etching
(30 nm thick in this study), and a nanopore was created via
transmission electron microscopy (TEM) drilling (Figure le—
g and Figure S17). The root-mean-square (RMS) current noise
of the sapphire chip is as low as 43 pA under 250 kHz high
bandwidth, that is, 3 times smaller than a typical 269 pF
silicon-supported (SiS) nanopore (Figure S18a). By perform-
ing the ionic current noise analysis, we observed that the SaS
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Figure S. High-speed, low-noise protein sensing by SaS nanopores under a high bandwidth. (a) Schematic showing the translocation of the MBD1
protein through a Sa$ nanopore. Membrane side length: ~40 ym. (b) Current traces of the MBD1 protein translocation events in a SaS nanopore
under 250 kHz and 150 mV (~20 nM MBD1 concentration). The proteins are positively charged, so negative potential was applied for protein
translocation and the signals are upward. (c) Histograms of AI for all four bandwidths. The 250, 100, S0, and 10 kHz bandwidths present a peak
value (modal value in the histogram) of about 0.22, 0.12, 0.10, and 0.05 nA, respectively. (d) Histograms of At for all four bandwidths. The 250,
100, 50, and 10 kHz bandwidths present a peak value (modal value in the histogram) of about 4.0, 6.4 us, 11.1 ys, and 62.1 s, respectively. (e—h)
Representative current events under the 250, 100, 50, and 10 kHz bandwidth, respectively.

nanopores demonstrated 1 order of magnitude smaller spectral
power density (PSD) than the SiS nanopore at a high
bandwidth regime (Figure S18b), suggesting dramatically
reduced capacitive noise. For SaS nanopores with parasitic
capacitance completely eliminated, further reduction in the
membrane area from 275 to 32 um’ did not present a
significant difference in chip capacitance and current noise
(Figure S18). Nevertheless, the chip capacitance of only ~1.5
pF was close to the theoretical calculation of the whole chip
(Cchip), taking into account the estimated capacitances from
both the 250 ym sapphire substrate (Cyy, 1.4 pF) and the
sapphire cavity ( Cyoper 0.2 pF).16 This also agrees with the fact
that the small membrane now contributed only minimal
capacitance (C,,). Moreover, it is also worth noting that this
measured capacitance is one of the lowest values reported so
far (e.g, 1.9—-5.8 pF9, 0.69—1.65 pF'?, 2.2 pF", 2 pF'®).

2.7. Protein Sensing. To validate the high-speed while the
low-noise performance of the SaS nanopores, we performed
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the protein nanopore sensing analysis from mid to high
bandwidth. Different from DNA chains,*® the capture rate for
the globular structure protein was experimentally discovered to
be 10°—10* lower than the Smoluchowski prediction,27
indicating a significant loss of events. One strategy is to slow
down the protein translocation, including using a salt gradient
to redistribute the electric field around the nanopore regime,”®
applying a hydrogel buffer layer at the opening of the
nanopore,”” or adding ligands to the protein®”’' and the
nanopore to increase the pore—protein interactions.”” A
straightforward alternative to circumvent the modification on
the chip or the protein is to increase the recording speed.
However, this inevitably introduces extra noise and sacrifices
the signal fidelity, especially for the conventional Si-based
nanopores with high capacitive noise. Here, we used SaS
nanopores to demonstrate the low-noise protein sensing as
high as 250 kHz bandwidth (Figure Sab). A relatively big
nanopore (13—14 nm) was used here to detect 93 kDa full-
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length Methyl-CpG-Binding Domain Protein 1 (MBDI)
protein.”” Here, ~$ times lower current noise amplitude (0.2
nA) was observed for the SaS nanopore compared to the
reported data detecting proteins under the same bandwidth
using a conventional Si chip (1 nA at 0.5 s timescale).>* In
another word, the ratio of the current noise amplitude in our
chip is only ~1.4% of the open-pore current (14 nA), whereas
it was ~50% for a Si chip (2 nA open-pore current). This high-
speed, low-noise recording serves to improve signal fidelity and
makes it easier to distinguish the short (<4 us) and shallow
events from the background noise (Figure Se).

Comparatively, recording or filtering the signals at lower
frequencies, for example, 100, 50, and 10 kHz, would have a
significantly negative impact on the event rate, blockage
current (Figure Sc), and dwell time (Figure 5d). For example,
the event rate reduced from 2.9 Hz at 250 kHz and 100 kHz to
2.6 Hz at 50 kHz and 1.3 Hz at 10 kHz, and the blockage
current (modal value) dropped significantly from 0.22 nA at
250 kHz to 0.12 nA, 0.10 nA, and 0.0S nA at 100, 50, and 10
kHz, respectively (Figure Sc). This resulted from the data loss
in the signal events at a low-recording speed. Similarly, the
dwelling time shifted quickly from ~4 ps at 250 kHz to 6.4 s,
11.1, and 62.1 ps at 100, S0, and 10 kHz, respectively (Figure
5d). We attribute it to the data loss in the baseline close to the
signal events. On the other hand, the SNR for 250 kHz (5.3) is
smaller than that of 10 kHz (6.9) and 50 kHz (6.0) but higher
than that of 100 kHz (4.9).

3. CONCLUSIONS

In conclusion, based on our previous success to create
triangular membranes on sapphire wafers using a triangular
window design, we innovated hexagonal windows to further
improve the fabrication uniformity and scale down the
membrane dimensions. We established a method to predict-
ably control the membrane side length (L,) with sub-3 ym size
reproducibility and almost 100% yield. The uniform fabrication
of small membranes (>80% are <30 um?) over a wafer scale
allowed the reproducible creation of nanopore chips with a
minimal chip capacitance (~1.5 pF). Such chips are useful to
produce S times lower RMS noise current than a typical Si
device, microsecond-scale protein detection under 250 kHz
high bandwidth, a higher event rate, >4 times higher current
blockage signals (AI modal value), and minimized signal
distortion compared to low bandwidths. We believe the event
rates and SNRs in protein sensing can be further improved by
optimizing the pore size and membrane thickness. The
proposed few-micron and even sub-micron membrane
fabrication approach also opened up opportunities for the
integration of ultra-thin membranes (e.g, 2D materials) on
sapphire for high spatial resolution and high SNR nanopore
sensing (such as protein fingerprinting’>).

4. EXPERIMENTAL SECTION

4.1. Nanopore Chip Cleaning and Wetting. The nanopore
chips drilled by a transmission electron microscope were cleaned with
hot piranha (sulfuric acid: hydrogen peroxide = 3:1) for 10—1S min
and subsequently rinsed with copious hot water. The chips were kept
wet and stored in DI (deionized) water before use. The flow cell
(Northern Nanopore Instruments Inc.) was put into a sealed vacuum
chamber together with a Petri dish containing 4—5 droplets of
trichloro(1H,1H,2H,2H-perfluorooctyl) silane (Sigma-Aldrich) over-
night to improve the hydrophobicity of the channels. While a
hydrophilic channel may cause the fluid to escape from the
hydrophobic o-ring reservoir into the channel due to positive
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capillarity,®® the hydrophobic channel could improve the retention
of the fluid in both the channel and the o-ring reservoir for nanopore
wetting. The flow cell was then rinsed with water and fully dried with
nitrogen gas. Once the chip was dried gently with nitrogen gas, it was
assembled into the flow cell with o-ring sealing and silver/silver
chloride (Ag/AgCl) electrodes. The salt solution was then injected
into the flow cell channel to check the nanopore wettability and noise
performance before injecting the biomolecule solution to collect data.
4.2. Nanopore Drilling. The nanopores were drilled by a JEOL
2010F transmission electron microscope. Maximum beam current was
used by switching to the largest condenser aperture and spot size. The
drilling was done at the largest magnification (1.5 M) for precise
nanopore size control. At 1.5 M magnification, the beam was zoomed
out and held for a few minutes. The focus was re-adjusted when the
beam drifted out of the focus. This holding and re-focus needed to be
repeated until the beam did not drift out of focus. To drill a nanopore,
the beam size was reduced to ~7 mm and rounded by tuning the
condenser astigmatism. Typically, a nanopore could be fabricated on a
30 nm thick SiN membrane via 75—90 s drilling, with 7.01 kV anode
A2 (focusing anode) and 3.22 kV anode Al (extraction anode).
4.3. Sample Preparation. The MBD1 protein was purchased
from Abcam plc. The protein is positively charged in a pH of around 8
and has a molecular weight of 93 kDa with a GST tag (26 kDa) fused
to the N-terminus (see Figure S19 for their estimated size, shape, and
net charge). For protein sensing, the 0.03 mg/mL MBD1 protein was
diluted in 1 M potassium chloride (KCl) (Sigma-Aldrich, ACS
reagent) solution with 1X TE buffer to make ~20 nm MBD1 protein.
4.4. Protein Sensing and Data Analysis. The protein solution
was injected into the cis side of the flow cell (flow cell purchased from
Northern Nanopore Instruments, Inc.) to collect the data under the
filter frequency of 250 kHz using the dpatch instrument and
SutterPatch software (Sutter Instrument) with a 1250 kHz sampling
frequency. The flow cell was closed into a customized Faraday cage on
an anti-vibration table (Nexus Breadboard, Thorlabs, Inc.) to
minimize the environment noise during measurement. All the
collected protein signals were then analyzed by the OpenNanopore
program37 to generate the dwelling time (At) and blockade current
amplitude (AI) data of each protein signal for subsequent analysis.
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