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ABSTRACT: We demonstrate DNA translocations through silicon
nitride pores formed by simple chemical etching on glass substrates
using microscopic amounts of hydrofluoric acid. DNA translocations and
transmission electron microscopy (TEM) prove the fabrication of
nanopores and allow their characterization. From ionic measurements
on 318 chips, we report the effective pore diameters ranging from zero
(pristine membranes) and sub-nm to over 100 nm, within 50 pm

diameter membranes. The combination of ionic conductance, DNA current blockades, TEM imaging, and electron energy loss
spectroscopy (EELS) provides comprehensive information about the pore area and number, from single to few pores, and pore
structure. We also show the formation of thinned membrane regions as precursors of pores. The average pore density, about 5
X 107* pores/pm?, allows pore number adjustment statistically (0, 1, or more). This simple and affordable chemical method
for making solid-state nanopores accelerates their adoption for DNA sensing and characterization applications.
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henomena in solid-state pores have been studied over

the past 20 years," particularly focused on ion transport

and interactions in pores formed in silicon nitride
(SiN,) membranes.””” SiN, membranes also facilitated many
studies because of their standard microsystems processing,
thermal stability, chemical inertness, and insulating properties.
Numerous studies included SiN, membranes as robust, high
temperature supports for transmission electron microscopy 2
(TEM) and X-ray diffraction,'” as well as porous SiN,
membranes for imaging, fluidics, and molecule detection.”"!
Formation of nanopores is typically performed using focused
ion beam (FIB),” electron-beam Iitho%raphy patterning,'”
TEM drilling,"”"* voltage application,”” and laser-assisted
membrane poration.'”'” Even when highly perforated with
densely packed holes, SiN, membranes possess mechanical
strength'® up to several bars of transmembrane pressure and
withstand high temperatures up to 900 °C."> SiN, membranes
are inert to aggressive chemicals such as hot concentrated
potassium hydroxide, piranha, and nitric acid,"? making them
attractive in high resolution microscopy,'® nanofluidics,”**'
nanophotonics,””*® microelectromechanical systems
(MEMS),*** and other fields.

Easy and simple manufacturing of small solid-state pores has
been one of the long-standing challenges in the nanopore field.
While TEM and FIB are considered expensive and difficult to
scale up, electroporation is considered a cheaper alternative
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and still in development.”® Finding easier ways of scalable and
inexpensive nanopore manufacturing is of great importance for
the acceleration and ultimate reach of this technology.

In this work, we report the discovery and characterization of
a simple chemical method for SiN, nanopore formation. This
approach is based on microscopic hydrofluoric acid (HF)
etching of the SiN, membrane using a pipette-based HF
processing method. We report the statistics on 318 chips,
including nanopore sizes, and demonstrate DNA translocations
through single nanopores made by etching. We show statistics
of effective pore diameters as derived from ionic conductance
and total porous area, from zero and sub-nm up to >100 nm.
The pores are formed in 20 and 100 nm thick, ~50 um
diameter SiN, membranes on low-noise glass chips.””~** We
analyzed 26 chips with TEM to further correlate ionic data and
TEM. We prove that pore formation is induced by SiN,
exposure to pL amounts of HF followed by water rinsing
and drying. TEM analysis provides insights on pore sizes and
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Figure 1. Schematic of SiN, membrane HF-exposure and processing, pore formation, and characterization. (Step 1) Intact membranes show
uniform surfaces and zero ionic conductance. Each chip contains one circular membrane of diameter of ~50 ym. Note the sketches are not
to scale. (Step 2) Membranes are etched in HF for a controlled time and then (step 3) rinsed in DI water. (Step 4) Membrane
characterization is performed by TEM imaging and ionic current and DNA translocation measurements. Using TEM imaging, we observed
up to about seven pores on a single membrane on glass chips. Caution: Proper safety procedures should be followed with HF. It is toxic and

colorless.

statistics, while ionic current measurements characterize the
total pore area. Given the known double-stranded DNA
(dsDNA) diameter of 2.2 nm, DNA translocation recordings at
high signal-to-noise and signal analysis confirm good quality of
single pores and their diameter from the observed open pore
currents, corroborating pore sizes measured by TEM. On a
single SiN, membrane on a glass chip, we located and imaged
up to about seven pores using TEM. The average pore density,
about 5 X 107* pores/um?, allows pore number adjustment
statistically (0, 1, or more). Electron energy loss spectroscopy
(EELS) in an aberration-corrected TEM provides two-
dimensional spatial elemental composition mappings that
reveal the chemical structure of the nanopores under these
specific experimental conditions. From EELS, we observed
both N- and Si-deficient thinned regions around the nanopore.
Thinned circular regions are interpreted as the precursors of
pores, as confirmed by both TEM and EELS. This simple and
affordable chemical method accelerates the adoption of solid-
state nanopores for DNA sensing and characterization
applications.

RESULTS AND DISCUSSION

Figure 1 shows the experimental workflow, steps 1—4, to form
the etched SiN, and characterize them via ionic measurements,
TEM imaging, and DNA translocations. Procedures to
fabricate suspended SiN, membranes have been well
documented previously,””*" including procedures to make
glass chips using patterning and chemical processing.”””*"
Uniformity of SiN, membranes is confirmed by both TEM
imaging and background ionic conductance levels that fall
within the noise of the measurement during ionic measure-
ments, illustrated in step 1 (<0.01 nS, measured by the
Nanopore Reader, Elements SRL, Figure S1 in Supporting

Information). The initial stoichiometry of these SiN,
membranes was determined using EELS,** showing a ratio of
Si/N = 1.4. In this work, however, the processing of glass chips
is modified for membrane etching using small droplet
quantities of HF acid, placed on each chip using a pipette
(step 2). This ensures local etching and good etch-time control
in chip processing. Specifically, 0.5 L of HF was administered
to individual chips in a consecutive way for 5 s and then
aspirated with a pipette (step 2). Five microliters of DI water
was used to rinse each chip, and then this was pipette-aspirated
twice as illustrated in the schematics (step 3). The chips were
then left to air-dry after aspiration of the DI water and
transported for further TEM imaging and ionic current
characterizations and translocation measurements (step 4) to
characterize pore formation and properties. In addition to glass
chips, we used the typical Si chips®® as controls to prove that
pores form exclusively due to SiN, exposure to HF. These Si
chips are excellent control samples because their process-
ir1g13’3'1’34 uses different etchants to define the SiN, membrane
(KOH for Si vs HF for SiO, chips). SiN, membranes on Si
chips are not exposed to HF during fabrication, while glass
chips require HF to etch the SiO,.””** Hydrofluoric acid is
introduced into the hemispheres in the glass chip to produce
the final membrane whose size is a function of the etch depth
and the starting thickness”””*° (Figure S6 in Supporting
Information). The etch time is finely controlled to create thin
membranes, and additional HF exposure is shown here to
produce a statistically controlled number of small pores. We
report results on chip measurements via current—voltage (I—
V) testing in 1 M KCl as well as TEM imaging. Conclusions
are drawn from testing the 318 chips. Specifically, Figure 6
summarizes the statistical findings.
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Figure 2. DNA translocations through HF-etched SiN, nanopores in 1 M KCL (a) Current vs time trace (3.6 s long) after addition of 1 kbp
dsDNA at V = 300 mV, all-points histogram, and zoom-in view on one section of the trace. The trace was recorded using a portable nanopore
reader from Elements SRL, at 20 kHz bandwidth.”****” The calculated pore diameter from the open pore current is 4.8 nm assuming a
thickness of 20 nm. Control measurements with no DNA showed no detectable translocations. (b) We detect only three types of events
shown from (i) to (iii), where DNA is unfolded, fully folded, and partially folded, respectively. The agreement between G, AG (for unfolded
DNA), and AG (for folded DNA) with the measured values provides evidence for single pore formation. (c) DNA translocations in 1 M KCl
at V = 300 mV were recorded at 200 kHz bandwidth using the portable 200 kHz nanopore reader from Elements SRL. A 20 kHz low-pass
Bessel filter is applied to distinguish event characteristics against noise. Translocation event shapes are consistent with (a) and (b) with
regard to folded and unfolded variety of events. (d) Current vs time trace (3.6 s long) of DNA translocation recorded at 10 MHz using
another 10 MHz nanopore reader from Elements SRL. Iy value is indicated. No translocation events were detected, and further
improvements of signal-to-noise are required for detection at this record high bandwidth.

Specifically, in this work we did not clean the nanopore In Figure 2a the open pore current fluctuates by about 2%
chips with hot piranha or other methods in between the HF around the mean value and can be somewhat compensated for
etching step to make the pores and their further character- in the event analysis by allowing for a changing background
ization. Piranha cleaning might slightly etch the pore and current. Low frequency noise in ionic current for SiN,
induce pore diameter expansion, which can further interfere nanopores has been empirically attributed to surface
with the interpretation of the results by adding more variables. conditions or contamination.”®?” This noise may be
For samples in Figure 3c, we see a good match between pronounced here especially since we did not use piranha or
diameters extracted from TEM and ionic measurements for other cleaning treatments prior to ionic measurements.*~** In
samples with low G (one to few small pores identified by TEM future studies, noise in these HF-etched SiN nanopores can be
imaging). Similarly, we were able to translocate DNA through extensively characterized, similar to numerous studies with
these nanopores without piranha or other treatments. TEM-drilled pores.”>™’

However, it is important to note that sample history and The degree of current blockades by the DNA is an effective
treatments can likely affect the comparison between ionic and way to calibrate the pore size, given that DNA dynamics in
TEM-extracted information, and errors introduced by specific SiN, pores is well g?derstood under these experimental
experimental procedures should be carefully considered in conditions (1 M KCI).”” Ionic conductance G through a single
practical applications. However, the match found here is quite SiN,, nanopore can be analytically estimated with good
consistent across samples, indicating that ionic and TEM accuracy " as
measurements do provide consistent data under these 1

. i . I 4t 1
experimental conditions. We also stress the possible errors G=—- = g(—z + _)
introduced by using ionic currents to estimate pore sizes which v wd d (1)

assume uniform pore thicknesses. This is a strong assumption,
but we do not have the experimental ability to measure
individual nanopore thicknesses precisely. These thicknesses
can be likely different from the surrounding membrane
thickness (see derivation of eq $).

Figure 2 shows ionic transport and DNA translocation data
collected at a range of bandwidths of 20 kHz, 200 kHz, and 10 4
MHz through a few 20 nm SiN, membranes processed as AG = Al . ( 4 + 1)
described (Figure 1). These measurements establish the 14
presence of pores. Ionic current versus voltage, and dsDNA
translocation signals were observed and characterized when -1
constant voltage was applied and DNA was added. The _ 4t + 1
fluctuating open pore current is not atypical for other SiN, a(d* — dpx ) PR
pores where one can see a somewhat rocky background.* ™’ DRA

where d is the pore diameter, t is the membrane thickness, I is
the open pore current, V is the applied voltage, and ¢ is the
ionic solution conductivity (¢ & 12 S/m for 1 M KClI at room
temperaturezg). The conductance change, AG, when the DNA
blocks the pore is

()
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Figure 3. TEM images measured conductance G in 1 M KCI and estimated effective diameters d.g gom ionic fOr six glass chips. (a, top row)
Only one pore (Nrgy = 1) was located by TEM imaging. (b, bottom row) More than one pore (images showing Nygy = 2, ~7, and 2 pores,
respectively) were located by TEM imaging. (¢) deg from tem (€9 3) versus deg gom ionic (€q 5) for the six chips shown. The individual pore
diameters (used to calculate d,g om tem in () extracted from TEM images using Image] are (a) 5.2 + 0.3 nm, 11.8 + 0.5 nm, 100.3 + 1.0
nm, from left to right, (b) 39.0 £+ 1.8 nm, 9.7 + 1.8 nm, left panel; 51.5 + 1.6 nm, 45.9 + 0.9 nm, 17.9 + 0.5 nm, and 35.2 + 0.6 nm, middle
panel (clockwise from top left); 21.2 + 0.8 nm, 17.1 + 2.3 nm, right panel.

where Al is the current blockade by the DNA. These equations
are used in the analysis below.

Figure 2a shows ionic measurements in 1 M KCI at 20 kHz
across a membrane (G = 9.3 nS), corresponding to a calculated
pore (“Pore 1”) diameter of 4.8 nm assuming a 20 nm thick
membrane (the expected thickness from SiN,, deposition). The
size of Pore 1 was ideally suited for dsDNA translocations.
Figure 2a shows current vs time after addition of 1 kbp dsDNA
at V = +300 mV. DNA was purchased from ThermoFisher
Scientific and measured at 10 nM concentration. To address if
one or more pores formed, we quantitatively analyzed the
DNA signals. The all-points histogram for the entire ionic
current versus time trace shows three peaks: the baseline peak
with a mean at 2.78 nA and standard deviation of 0.06 nA, a
second peak corresponding to unfolded DNA events at 2.38
nA and standard deviation of 0.05 nA ({AI)pna unfolded = 0-40
+ 0.08 nA), and a smaller peak at 2.0 nA and standard
deviation of 0.05 nA ({(AI)pna foldea = 0.78 + 0.08 nA)
corresponding to folded DNA signals. We detect only three
types of events (Figure 2b). From the mean current blockade
0.40 + 0.08 nA for unfolded DNA and the open pore current
2.78 + 0.06 nA, using eqs 1 and 2 we calculate the pore
diameter of 5.6 + 0.7 nm and effective thickness of 27.7 + 7.3
nm. These simple equations have been validated in numerous
experiments with TEM-drilled and electroporated SiN
pores.'”'®*? Furthermore, the calculated pore diameter and
thickness then predict the current depth from folded dsDNA
to be 1.97 + 1.46 nA. Compared to the true measured value of
2.00 + 0.0S nA, there is only 1.5% error between the means.
The self-consistent agreement between the calculated G, AG
(unfolded DNA), and AG (folded DNA) with the measured
values provides evidence of single pore behavior, since the
presence of additional pores would lead to larger mismatches
between expected mean current depths of unfolded and folded
events. Thus, if there are other pores, they contributed

negligibly.

Furthermore, we used a different nanopore chip (“Pore 2” in
Figure 2c,d) and performed additional DNA translocation
measurements at higher bandwidths up to 200 kHz with the
portable nanopore reader (Elements SRL, Italy) and addition-
ally with another amplifier setup up to 10 MHz (Elements
SRL, Italy, Figure S1 in Supporting Information). For data in
Figure 2c,d we used the same 1 kbp dsDNA and same
concentration of 10 nM. The effective diameter of Pore 2 was
estimated to be ~4.5 nm assuming a membrane thickness of 20
nm, before being used for dsDNA translocation. The traces
show visible events at 200 kHz and are further low pass filtered
to a cutoff bandwidth of 20 kHz for event analysis (Figure 2c).
Based on the open pore ionic current value, the pore expanded
to an effective diameter of ~13.1 nm during the measurement
(G = 53.3 nS). Despite the background current change, we
detected folded and unfolded dsDNA events. In the data set
with V = +300 mV, the open pore current was about 11.0 nA
and the data have been fit with a double Gaussian with the
mean peak values of 11.00 nA and 10.45 nA ({AI)pna unfolded =
0.55 nA). We also observed a small peak at approximately
10.08 nA ({(ADpna folded = 9-92 nA). These mean values
correspond to peaks in the all-point histogram of the current
data and indicate two event populations. Examples of both
populations are represented in the inset of Figure 2c by
representative events, where both folded and unfolded dsDNA
make up the two event populations. Furthermore, using eqs 1
and 2, we estimate the pore diameter to be 9.0 nm and
membrane thickness to be 13.8 nm. We further calculated the
current from folded dsDNA to be 9.89 nA. Compared to the
measured folded dsDNA peak at 10.08 nA, there is a 1.9%
between the mean values, again proving the likely presence of a
single nanopore.

We then used the same chip and dsDNA sample and
inserted the chip, after rinsing in DI water, into another setup
capable of higher bandwidth up to 10 MHz. We ramped the
voltage up to 1.6 V to increase the signal-to-noise ratio (SNR)
and measured the open pore current of ¥42 nAat 1.6 Vin 1 M
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Figure 4. TEM images and corresponding TEM intensity cross sections of wet etched pores. TEM images and raw (black) and averaged
(red) TEM intensity cross sections were taken along radial directions (green arrows) for seven pores with drpy, indicated. Distances are
measured from reference points indicated on the green arrows as “0”. The pores (central parts) are mostly surrounded by sloped or flat
(middle and bottom images) parts of the TEM intensity cross sections (dotted orange regions) corresponding to thinner membrane regions
around the pores. These regions are located in TEM images within the orange circles. While the TEM signal contrast is not linearly
proportional to thickness,*” these TEM intensity cross sections nevertheless indicate thinner membrane areas surrounding some pores. The
thinner regions are typically a few to 20 nm wide but can span up to ~300 nm (as in (g)).
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Figure 5. Example of HF-etched SiN, nanopore with structural (annual dark field, ADF) and chemical structural (electron energy loss
spectroscopy, EELS) characterization. (a) ADF images of a single nanopore. Two thinned regions around this pore were observed. (b—d) 2D
EELS spatial intensity maps of the Si L (yellow), N K (red), and O K (green) edges at 99, 402, and 532 eV, respectively. (e) Representative
EELS spectra taken across the nanopore, thinned regions, and unthinned bulk membrane region (corresponding ADF image shown as
inset). (f) The Si L-edge, N K-edge, and O K-edge EELS signals at corresponding spatial positions were normalized by the highest magnitude
in the bulk membrane. Standard error bars are from three nearby spatial positions. (g) Roughly estimated membrane thicknesses (%) across
the representative nanopore, thinned area, and surrounding membrane corresponding to the part e inset.

KCl. The calculated root-mean-square (rms) noise, Ipy from However, not all chips display a single pore behavior. Figure

this chip was 1.6 nA (Figure 2d), about 2 times smaller 3 features a subset of TEM images of pores on six glass chips
74 Despite this created by etching, as well as the conductance G for those

. . . membranes. Images were obtained after the ionic measure-
improvement, translocation events were not readily observable . . o
ments, and no cleaning processes besides rinsing in water were

compared to a previous study at 10 MHz.

due to insufficiently high SNR (Figure 2d) and require thinner used. For some chips, a second ionic measurement was
SiN, to increase SNR for successful detection.” performed after TEM imaging. We observe the following based
18652 https://doi.org/10.1021/acsnano.2c07240
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on the TEM image contrast: more than 50% of pores studied
formed within a thinned concentric region around the pore
(lighter gray), whose width typically ranged from a few nm to
about 20 nm but could span up to ~300 nm (dotted dark
orange circles, Figure 4d—g). We do not have the experimental
evidence to explain why this thin ring is more pronounced in
some pores and less in others: not observing this ring in some
pores could be partly a result from TEM imaging settings and
experimental contrast, especially if the slope of the pore walls is
not drastic and/or the membrane is thicker. For example, the
thinned region surrounding the nanopore in Figure Sa is
estimated to be as thin as ®2—3 nm and the low brightness
contrast makes it challenging to distinguish the thinned area
from the nanopore itself. Furthermore, this thinned region
provides clues as to the mechanism of nanopore formation. It
is likely that the formation of the pore is initiated in the thinner
and/or defective area and gradually spreads throughout the
whole SiN, window as the HF etching proceeds.

Figure 4 also shows TEM images and corresponding TEM
intensity cross sections taken along radial directions for several
nanopores. The thinned region is clearly visible in several
examples and represented by the sloping or flat parts of the
TEM intensity cross sections (dark orange regions, middle and
bottom rows in Figure 4). In contrast, slopes in the top row
figures (Figure 4a—c) are steeper (e.g, TEM intensity drops
off approximately S0 au within 25 nm in Figure 4c). While the
gray scale arbitrary umts are not linearly proportional to
membrane thickness,”” they nevertheless demarcate thinner
regions around some pores. We observe some pores whose
cross-sectional shapes appear as almost perfect circles. The wet
HF etching is isotropic such that the etched region expands as
a hemisphere through the membrane and the cross-section of
the pore is expected to be a circle in the plane intersecting with
the HF hemisphere droplet. The in-plane isotropic expansion
can probably be larger than the initial droplet shape.

TEM images reveal either one (top row) or more pores
(bottom row) (Figure 3). We used Image] to analyze TEM
images. In some samples we located only one pore (Figure 3a)
using TEM, and in others a few (Figure 3b), which can
manifest itself in a higher conductance and as mismatch
between the extracted parameters from eqs 1 and 2. From the
open pore current alone, one cannot distinguish between one
bigger pore or several smaller ones. TEM imaging, on the other
hand, can miss pores in a membrane, especially if they are at
low density. In contrast, it is easier to spot large pores (~100
nm) or clusters. TEM imaging may also erroneously imply that
a membrane is pristine even if there is some pore present
because it is challenging to inspect all membrane regions at
high resolution (1 million images of area 100 nm X 100 nm
would be required to image 100 X 100 pm**"). While we
attempted to locate all pores, some were likely missed, and
thus Npgy < N We define an effective pore diameter from
TEM, dog gom TEM 25 the diameter of a single pore whose area
is equal to the sum of all pore areas from all available TEM
images of that membrane:

-
4A ot TEM

d =
eff from TEM \/ T ( 3)

Error in deg gom em IS the averaged difference between the
mean diameter and the shortest and longest pore dimensions
in the TEM image extracted by Image]. Similarly, ionic
conductance G is an approximate measure of the total area

Agotionic Of all the pores. In Figure 3, G = 4 nS to 1667 nS is
calculated from the linear I-V curves in 1 M KCl for six
membranes, with corresponding pore images identified by
TEM inspection. Measurements were performed using a
portable amplifier setup at 20 kHz>® (Elements SRL, Italy).
Assuming a total of N, pores in parallel, we can estimate the
total conductance G through the membrane to be on the order

of
MO( NKOK I tO( _1
G=),G=) 1= O'Z ( : ]

i=1 =1V d; d;

N
ot A A . .
o) — = aim'mc(ti =t>d)

=t g @)

When pore thickness is significantly larger than pore diameter,
t,>> d; (which is weakly satisfied here, membranes are ~20 and
100 nm thick, and observed pore diameters are generally
smaller), we ignore the second term in the sum (1/d, access
resistance term) to simplify eq 4. G is then roughly
proportional to the total porous area Ao (assuming all
pores have the same thickness # = t). Noting these
assumptions, we quote the effective pore diameter in Figure 3

from ionic measurements, deg fom ionic:

| Aot ioni 4Gt
defffromionic = \/% = ; = 3.3 nmto 176 nm

(8)
From the measured G, we estimate the diameter d. fom ionic Of
a single pore with the same conductance and thickness equal to
the membrane thickness. This is useful to estimate the
maximum pore size up to an order of magnitude. However,
these assumptions are only approximately correct. Further-
more, for nearby pores, G is not the sum of individual
conductances.”® In contrast, complementary TEM imaging can
directly determine the pore number and diameter but requires
fast scanning of large areas which is not well established.
Figure 3¢ shows deff from TEM (from eq 3) versus deff from jonic
(from eq S) reflecting the total nanoporous areas for
membranes in Figure 3a,b. A line deggom TEM = et from ionic
corresponds to Nrgy = Ny, Most data points lie close to this
line. For the outlier sample with the highest G, N7gy < Ny
indicating that TEM missed some pores. The uncertainty in
N presents challenges as in membrane electropora-
tion.'”*”*»* The HF etching method here is an inherently
stochastic process where pores likely form in the thinnest and/
or most defective regions. For example, in Figure 3b, thinner
and brighter rims around the pore are observed (the bottom
right images). Note that if pores are thinner than the
membrane, deggom ionic from eq S will be smaller. While
electroporation is controlled by varying parameters' (time,
voltage, ion concentration, pH), here we control exposure
time, volume of HF, ambient conditions, etc. This method
could be refined by localizing etching via HF droplet
localization or membrane prepatterning to localize pores in
thinnest areas. Furthermore, we found that extensive HF
etching induced multiple uneven etching areas across the
whole SiN substrate surface (see Figure S2 in Supporting
Information). TEM imaging and DNA translocations improve
the accuracy with which the pore number and sizes are known
and could be used to establish process parameters. Adjusting
the membrane area to produce the expected pore number
between 0 and 1 provides a path toward single pore
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Figure 6. Statistics on 318 glass chips and probability estimates to find one or more pores per chip. (a) Percentage of glass chips by SiN
membrane thickness (20 nm in blue and 100 nm in red) and by deg from ionic Obtained by measuring conductance G across the SiN membranes
in 1 M KCL dg fom ionic 1S estimated from eq S as described in the main text, assuming pore thicknesses are equal to the membrane
thicknesses. Note that if pores are thinner, the estimated diameters from eq 5 in (a) would be smaller. (b) Calculated probability to find just
one pore in a membrane vs pore density per area p (um”) and membrane diameter D (um). From ionic and TEM data we estimate p = § X
10~ to 1 X 107> pores per pm’. For a fixed membrane diameter, D, the probability to find just one pore goes down with increasing D

because the probability of finding more than one pore goes up.

membranes using large-scale HF etching. Our etching
procedure produces zero, one, or a few pores (Figure 3).
One way to decrease/increase N, in a probabilistic manner
would be to decrease/increase the membrane size. Another
way would be to modify the etching parameters and
procedures, which will be explored in the future.

Beyond single pores per membrane, additional pores can
contribute to the baseline conductance, although some may
not fully wet and conduct. Assuming a known pore thickness,
its diameter can be calculated from current blockades (eq 2). If
this diameter is smaller than the diameter calculated from the
open pore current (eq 1), this hints at the possible presence of
other conducting channels. Conversely, if current blockades
are consistent with DNA translocations through a single pore
(Figure 2), this indicates with high confidence that there is
only one pore. Additional pores that may not allow DNA
translocation could increase the baseline current.”

To further address the details of nanopore shape and
composition, we used electron energy loss spectroscopy
(EELS)'®*? in the aberration-corrected TEM (JEOL NEO-
ARM S/TEM) to further examine the atomic structure and the
underlying chemistry of the HF-etched pores. Figure Sa shows
the annular dark-field (ADF) images of a representative pore
with thinned areas. Around this pore we found lighter
(thinned) membrane regions with different thicknesses around
the nanopore, indicating localized thinned areas around the
nanopore. Similar thinned areas around the nanopore were
observed for TEM-drilled nanopores,'® which was attributed to
the Gaussian-like intensity profile of the TEM beam during
TEM-based drilling. These findings indicate that regardless of
the fabrication method, pores are likely to form in the thinned
or defective regions on the membrane. We note that the
thinned regions are also apparent in the 2D EELS maps
(Figure Sb—d) as a function of their spatial positions. Both Si
(yellow) and N (red) signals are the strongest on the
unthinned bulk membrane (regions away from the pore) and
gradually decay in the thinned region until reaching little to no
signal inside the pore. This suggests that the thinned regions
are both Si- and N-deficient compared to the unthinned
membrane, with the removal of N at a greater extent.

In Figure Se, we show the representative EELS spectra taken
across the nanopore, thinned regions, and unthinned bulk

membrane. Furthermore, the Si L-edge, N K-edge, and O K-
edge EELS signals at corresponding spatial positions were
extracted and normalized by the highest magnitude in the bulk
membrane, shown in Figure 5f. The Si signature signal is the
lowest in the nanopore and slightly increased along the thinned
regions. On the contrary, both the nanopore and thinned
regions are significantly low in the N signature. Our
observation is consistent with the largely N-deficient thin
region, also previously reported for the TEM-drilled pores,'®
and may indicate that the HF etching method in this work also
results in a selectively greater removal of N from the
membrane. A widespread signal from oxygen was seen across
the nanopore and thinned area, which can be attributed to the
formation of a native silicon oxide layer."® The aforementioned
two thinned regions around the nanopore show different
degrees of thinning, one (“Thin 2” in Figure Se inset) thinner
than the other (“Thin 1”). We performed further analysis and
roughly estimated their thicknesses (f., Figure Sg) by
extrapolating the intensity plot across the pore and
membrane® (Figure S3 in Supporting Information). The
intensity plot across the nanopore shows that the membrane
thickness was only slightly higher than the nanopore area
(intensity of ~28 au and 34 au vs 14 au), which corresponds to
a membrane only ~#2—3 nm thick (Figure 5g). It is interesting
and worth noting that the fluorine (F) EELS signal was also
observed across the nanopore, thinned region, and unthinned
bulk membrane (Figure S4 in Supporting Information). This
indicates that a more intensive water rinse process than
performed in this work may be required to completely remove
residual fluorine from the HF etching process. Similarly, we
saw EELS signals from K (purple) and CI (aqua) across the
samples (Figure S4 in Supporting Information), which we
attributed to the residual KCI electrolyte after the current—
voltage (I-V) measurements used to estimate d after
nanopore formation.

While silicon nitride is considered outstanding for its
thermal and wear resistance, it is known to etch in aqueous
HFE.** Upon HF contact with SiN,, SiNH, groups are known
to react with HF to eliminate NH; and form SiF, on the
surface. In addition to membrane etching and thinning, we also
occasionally noticed the presence of white cloudy dots close to
the nanopore and thinned regions (see Figure S5 in Supporting
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Information). The slightly lower Si and N signals in these dots,
when compared with the unthinned bulk membrane away from
the nanopore (normalized EELS signal Si 0.7 vs 1 and N 0.8 vs
1, respectively, see Figure S5), indicate that they are likely to
be the precursor spots or intermediate products for any
nanopore or thinning regions to form. We note that in refs 7
and 27 etching was terminated by removal of HF solution
when it reaches the bottom of the SiN membrane and creates a
spherical window. We added a set of optical microscope
images in Figure S6 in Supporting Information to show the
SiN membrane window exposure before, during, and after HF
etching. In Figure S6D, we include a sketch and equation
illustrating the etching process and how the membrane
thickness is determined. The diameter of the etching spherical

window, L, expands as 2 X N , where R is the radius of
the bottom hemisphere and ¢ is the thickness of the glass
substrate as the etching proceeds. With a 49% HF solution
used in the work, the etching rate is about 1 gm/min.”’
Therefore, to ensure that the SiIN membranes experience
minimal HF exposure, the HF requires rapid removal.

Figure 6a shows the statistics from 318 chips by measuring
G across the membranes in 1 M KCl. From G we calculated
the diameter of an effective conductive pore, de from ionic (€9 S)-
These are upper bounds from eq S since we assume pores are
as thick as the membrane. Figure 6a distinguishes the statistics
grouped by membrane thickness (20 and 100 nm). For both
thicknesses (same areas ~2000 ym?®) we obtain membranes
with no pores and with one (or a few) pore(s) (see also Figure
3). G per unit area ranges from 0 (no pores) to 0.2 pS/um>
(N = 1) and up to 850 pS/um? (N, > 1). Additional TEM
imaging of seven control membranes on Si chips yielded pores
with diameters from 1.8 to 26 nm (average 10.6 nm).
Furthermore, in Figure 6a we see that roughly about 1/2 of all
chips had no nanopore, while 25—28% of all chips (per fixed
membrane thickness, Figure 6a) had effective pore diameters
of <10 nm, which means the membranes had only one pore
that is of that size or several much smaller pores with the same
total area. This corresponds to 80—90 chips (out of 318) likely
usable for DNA translocation measurements. In contrast, 5—
14% of all chips had effective pore diameters 50 nm or larger.

The probability of finding just one pore per membrane as a
function of pore density, p, and membrane diameter, D, is
calculated in Figure 6b. From ionic and TEM data, p = § X
107* to 1 X 107 pores/um’. Assuming this density, the
expected pore number is N = p(D/2)* (for D = 50 um and N
=1,p =5 X 107* pores/um?). For a stochastic process, the
probability Pr[k,N] of finding k pores can be calculated with
the generating function: Pr[k,N] = N*e ™ /k!, where k is the
number of pores and N is the expected value. For D = 50 ym,
the probabilities to find Ny, = 0, 1, 2, and 3 pores per
membrane are ~0.37, 0.37, 0.18, and 0.06, respectively. This is
roughly consistent with our statistical result on total pore
formation percentages (Figure 6a, 54% for 20 nm thick, and
36% for 100 nm thick SiN). One benefit of this method is that
it is inexpensive and quick: large numbers of nanopore chips
can be fabricated quickly (hundreds of chips per 4 in. wafer).
While etching is a stochastic process and nanopore control in
this work remains to be further developed, chips can be quickly
sorted out by effective conductance and estimated diameters as
shown in Figure 6a and used for different studies and
applications with some probabilistic success rate.

In the future, this method could be refined by spatially
confining etching via HF droplet localization or membrane
prepatterning to localize pores in the thinnest areas. Adjusting
the membrane area to produce the expected pore number
between 0 and 1 provides a path toward single pore
membranes using large-scale HF etching. Furthermore, one
could try to improve control over nanopore size and number
by changing the HF concentration, by intentionally including
various defect types in the membrane, by controlling
temperature, and possibly via other means.

CONCLUSIONS

We demonstrated DNA translocations through SiN, pores
made by HF etching and their initial characterization. This
microscopic etching and pore formation is a phenomenon that
occurs in a probabilistic manner. The etched pores are suitable
for ionic and translocation measurements, as confirmed by
direct TEM imaging, ionic measurements, and dsDNA
translocations. Given the simplicity of the etching process,
the results and data analysis presented are attractive for
applications of nanopores and nanoporous membranes and can
be optimized for specific requirements. This method can
produce heterogeneous nanopore size distributions, as well as
occasionally multiple pores on the same membrane, often
without sufficient control of their number. In a significant
number of cases, we see the formation of single nanopores per
membrane as shown in Figure 3, verified by combined TEM,
ionic current, and successful DNA translocations. About 25—
28% of all chips (per fixed membrane thickness, Figure 6a) had
effective pore diameters of <10 nm. Thicker membranes gave
fewer pores (36% of thicker membranes had pores vs 54% for
thinner ones). The approach of nanopore fabrication is easy
and adaptable for future single molecule sensing but requires
additional work to improve control over the size and number
of pores per membrane, as well as the yield of successful
nanopores formation. Furthermore, it is interesting to compare
the stability and lifetime of HF-etched pores compared to the
typical TEM-drilled pores. From our experimental experience
so far, we do not notice empirically any significant difference in
stability or lifetime of these HF-etched pores compared to
regular, TEM-drilled pores. We were able to get ionic
conduction and DNA translocations through these nanopores
several months after the chips were fabricated.

Nanopores are valuable in ion detection, filtration, and
molecule analysis, and ionic conductance should be con-
cordant with TEM-measured pore sizes."' Future studies of
pore formation mechanisms, pore shape, and composition
could include in situ liquid TEM* to monitor pore formation
in real time, TEM tomography’>*® to map their 3D shape.
This HF etching process is the industrial-scale process that
makes solid-state nanopores more accessible for a wide variety
of biomedical applications including DNA, protein and
biomarker sensing, water contaminant monitoring, blue energy
harvesting, and many others.

MATERIALS AND METHODS

Nanopore Fabrication. Nanopores were fabricated in 20 nm and
100 nm thick low-stress SiN, membrane suspended on 250 ym thick,
5 X 5 mm? low-noise glass chips (Goeppert LLC, PA).*****” The
pores are fabricated following the procedure illustrated in Figure 1.
Briefly, 0.5 uL of 49% HF was administered to individual chips in a
consecutive way for S s and then aspirated with a pipette. Five
microliters of DI water was used to rinse each chip three times. The
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chips were then left to air-dry after aspiration of the DI water and
transported for further TEM imaging and ionic current character-
izations and translocation measurements to characterize pore
formation and properties. All chips were characterized by ionic
measurements first, and then a fraction of them were imaged by TEM
after the ionic measurements.

TEM Imaging. Chips after HF etching were imaged with a 200
keV focused electron beam in a JEOL 2010F transmission electron
microscope (TEM). The diameters of the nanopore, dipy, were
measured by TEM imaging in vacuum. The error in diameter
measurement from these images using Image] is about 0.3 to 2.3 nm.

lonic Current and DNA Translocation Measurements. Ionic
measurements at bandwidths of 20 kHz and 200 kHz were performed
using the portable Nanopore reader 200 kHz (Elements SRL, Italy).
The measurements at a higher bandwidth of up to 10 MHz were
collected with the 10 MHz Nanopore reader (Elements SRL, Italy)
(Figure S1 in Supporting Information) and corresponding fluidic cell.
All measurements were conducted in unbuffered 1 M KCL DNA
samples were 1 kbp dsDNA purchased from ThermoFisher Scientific
(ThermoFisher Scientific, MA) and diluted to 10 nM in unbuffered 1
M KCIL Data were analyzed using custom-made programs in
MATLAB (MathWorks, MA) and OriginLab (OriginLab, MA).

Annular Dark Field (ADF) TEM Imaging and Electron
Energy Loss Spectroscopy (EELS) Measurements. Dark-field
images were collected on the JEOL NEOARM operating at 200 kV
with a high-angle annular dark filed (HAADF) detector. EELS spectra
and elemental maps were acquired using the GIF Quantum Summit
detector with an energy dispersion of 0.5 eV/channel. The EELS
maps were collected with an exposure time of 0.02 s/pixel and the
elemental quantification was done using DigitalMicrograph.
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