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ABSTRACT: The controlled dielectric breakdown emerged as a promising alternative toward accessible solid-state nanopore
fabrication. Several prior studies have shown that laser-assisted dielectric breakdown could help control the nanopore position and
reduce the possibility of forming multiple pores. Here, we developed a physical model to estimate the probability of forming a single
nanopore under different combinations of the laser power and the electric field. This model relies on the material- and experiment-
specific parameters: the Weibull statistical parameters and the laser-induced photothermal etching rate. Both the model and our
experimental data suggest that a combination of a high laser power and a low electric field is statistically favorable for forming a
single nanopore at a programmed location. While this model relies on experiment-specific parameters, we anticipate it could provide
the experimental insights for nanopore fabrication by the laser-assisted dielectric breakdown method, enabling broader access to
solid-state nanopores and their sensing applications.
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■ INTRODUCTION

Solid-state nanopores offer promising label-free detection of
single molecules such as DNAs,1−6 RNAs,7,8 proteins,9,10 and
DNA-protein complexes.11,12 Conventional solid-state nano-
pore fabrication methods involve focused electron beams13 or
ion beams14,15 for physical bombardment. However, due to
limited throughput and high complexity, nanopore-based
sensing has limited accessibility for ordinary labs. An
alternative controlled breakdown (CBD) method for nanopore
fabrication was demonstrated to tackle these challenges,16−20

relying on the electric field-induced physical breakdown of the
dielectric material. Nevertheless, the stochastic nature of the
breakdown makes it challenging to predetermine the number
and location of the nanoscale pinhole.16,21−25 A single
nanopore is desirable for most single-molecule experiments.
Besides, many nanopore-based applications such as tunneling
current sensing26,27 and plasmonic nanopores28−33 would
require the nanopore to be localized specifically around an
existing structure. So far, CBD-based nanopore localization
efforts were predominately made by focusing the electric field
through using tip-based technology,34,35 selectively thinning
the membrane,36 or fabricating pyramid structures on the

membrane.37 These methods often require additional
apparatus or lithography patterning processes, thus limiting
their flexibility and tunability.
Several recent studies have demonstrated that a focused laser

beam can be used for nanopore fabrication in SiNx
membranes. This can be simply performed in the air without
an additional electric field or in the electrolyte solutions with
an external electric field for the dielectric breakdown. For
example, Yuan et al. showed that directly drilling the SiNx
membrane in the air can fabricate sub 100 nm nanopore by
applying Watt-level nanosecond laser pulses.38 Ying et al.
demonstrated that infrared laser-assisted controlled breakdown
could significantly reduce the probability of forming multiple
nanopores.39 Gilboa et al. showed that a focused laser beam
with mW-intensity could irreversibly etch SiNx membranes in
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1 M KCl, resulting in nanopores formation. They also found
that the etching process was susceptible to the relative content
of Si over N atoms in the SiNx membrane.40 Yamazaki et al.
showed that the SiNx etching rate was influenced by the
supporting electrolyte and suggested that the photothermal
effect was responsible for the SiNx dissolution process.

41 These
prior studies, while different in their laser specifications,
electric field strength, unambiguously suggested laser-assisted
CBD could help control the nanopore position and reduce the
possibility of forming multiple pores.

In this work, we investigated the impact of the surrounding
environment, the electric field, and the laser power on the
probability of forming a single nanopore at the focused laser
spot, with the aim to optimize the laser-assisted dielectric
breakdown. We developed a physical model to project the
confidence level of creating a single nanopore at different
combinations of laser power and electric field. The model
relies on material-specific properties (Weibull statistical
parameters) and experimental-specific parameters (laser-
induced photothermal etching rate). With the guidance of
this model, we experimentally probed the nanopore number

Figure 1. Schematic drawing of the nanopore fabrication by (a) normal breakdown and (b) laser-assisted breakdown. The drawings are for
illustrative purposes and not to scale. (c) Schematic of the custom-built nanopore fabrication and characterization system. (BS: beam splitter, DM:
dichroic mirror, and ND: neutral-density filter). The focused laser spot at an arbitrary location on the membrane (inset i) and the Gaussian
intensity profile of the laser (inset ii).

Figure 2. (a) Photoluminescence (PL) probed after exposing SiNx to the laser in the air. (b) AFM characterization of the sample exposed in the air
(dash circles are the laser-exposed regions). The counted emission photons were normalized to the integration time and the incident laser power
(cpms/mW: counter per millisecond/milliwatt). No significant morphology change was observed. (c) PL probed after exposing SiNx to the laser in
2 M KCl solution. (d) AFM characterization of the sample exposed in 2 M KCl solution. The material etching was visible in the laser spots. (e)
Extracted SiNx etching rate as a function of the laser power. Note that the measured etching rate is the maximum etching rate in the membrane
thickness direction. The solid line is the Arrhenius fitting. The PL map was obtained by scanning at 1 mW laser power with 200 nm step and 2 ms
integration time.
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and location using the ionic current enhancement method.42,43

Both the model and experimental results suggested that a high
laser power and a low electric field is a favorable combination
for creating a single nanopore at the focused laser spot. Our
findings would provide insights into optimizing the laser-
assisted dielectric breakdown toward solid-state nanopore
fabrication and localization.

■ RESULTS AND DISCUSSION
Principle of Laser-Assisted Dielectric Breakdown. The

dielectric breakdown under the influence of a biasing electric
field is a well-studied phenomenon. A nanoscale pinhole could
be created in the membrane when the density of accumulated
defects reaches a critical value.16 However, defect generation is
a random process,22−24 which leads to poor control over the
location of nanopore formation (Figure 1a). Multiple pores
can be formed due to the stochastic subsequent nanopore
creation between the occurrence of the first breakdown and the
time when the applied voltage is terminated. Several works
have demonstrated the laser-assisted dielectric breakdown for
solid-state nanopore localiztion.39−41,44 The laser-localized
thinning down facilitates the electric field enhancement at
the laser spot. Since the defect generation efficiency increases
exponentially with the electric field, the laser spot would have a
much higher probability of first reaching the breakdown critical
trap density (Figure 1b).
Figure 1c shows the schematic of our custom-built nanopore

fabrication and characterization setup. A 488 nm Gaussian-
profile laser beam was focused onto the SiNx membrane
assembled in an optically accessible flow cell. A CMOS camera
was used to provide a bright-field view. A single-photon
counting module (SPCM) was used for photoluminescence
(PL) characterization of the material. A pair of Ag/AgCl
electrodes across the membrane was used to apply a voltage for
the dielectric breakdown. This setup enabled us to perform the
laser-assisted dielectric breakdown, scanning PL for material
characterization, and laser-enhanced ionic current mapping42,43

for nanopore location in a single platform (see the Methods
section for details of the setup).
Kinetics of Laser-Induced Photothermal Etching of

SiNx in Electrolyte. While the laser-induced thinning of SiNx
in the electrolyte solution was universally observed, the
underlying mechanism is controversial.40,41 To better under-
stand the thinning kinetics in our experiments, we performed
the laser radiation experiments on 30 nm thick SiNx
membranes with a focused 488 nm laser both in the air and
in the electrolyte solution.
In the air, we sequentially radiated a 5 × 4 array at five

different laser powers (4−20 mW) and varying exposure times
(10−60 min). We then characterized this sample with
scanning PL45 and atomic force microscopy (AFM). Figure
2a shows the PL result. Evident PL reductions were observable
at the laser-exposed locations. However, the AFM character-
ization (Figure 2b) showed no visible thickness change at the
laser spots. This existence of the PL change and the absence of
thickness change suggest that the focused laser with power up
to 20 mW only altered the microscopic electronic structures of
the SiNx (photochemical effect) in the air,45 rather than
physical etching.
For the solution experiment, a 5 × 4 array was exposed in 2

M KCl with 10 mM Tris and 1 mM EDTA with the same laser
dose as in the air. As shown in Figure 2c,d, both the PL
intensity and the AFM-obtained membrane thickness showed

significant reductions in the laser-exposed area. This result
suggested that the 20 mW laser not only altered the
microscopic electronic structures45 but also “etched” the
SiNx membrane in the 2 M KCl solution. To examine if the
laser “etching” of SiNx in the electrolyte stems from the
photothermal decomposition of the material, we performed a
finite-element simulation to estimate the photothermal heating
of the solution (Figure S1). We found that the temperature
(175 °C) caused by the 20 mW laser is far below the SiNx
decomposition temperature (1500 °C).41 As a result, the laser
etching of SiNx in 2 M KCl in our experiment could not be
ascribed to the photothermal decomposition of the material. In
fact, the contrast of the experiments performed in the air and
in the solution suggested that the laser−SiNx reactivity is a
convoluted photochemical and photothermal process. The
focused laser not only alters the microscopic electronic
structures of SiNx (photochemical effect) but also provides
the heat for promoting the photothermal etching. It is no
surprise that the surrounding environment would play a
significant role due to their different heat dissipation coefficient
and chemical composition.41

To establish the relationship between the laser power and
the etching rate in our experiment, we examined the AFM-
obtained etching profile (Figure S2). The etching rate, defined
by the maximal depth in the center of the etching profile, can
be well fitted with the laser power to the Arrhenius equation46

= − +k Ae E R bP T/ ( )a 0 (1)

where k is the etching rate (Å/min), A is the Arrhenius
constant for the reaction (Å/min), Ea is the activation energy
(kJ/mol), R is the gas constant, b is the photothermal
coefficient (K/mW), P is the laser power (mW), and T0 is the
room temperature. Note that bP + T0 is the laser-induced
temperature. The activation energy Ea fitted from Figure 2e
was estimated to be 13.7 kJ/mol (see Table S1 for Arrhenius
fitting parameters). Note that these parameters are SiNx
material specific and experimental setup specific and could
vary from one lab to the other.39−41 This excellent fitting to the
Arrhenius equation suggests that the laser etching of the SiNx
membrane in the solution results from the chemical reaction
between the aqueous electrolyte and SiNx membrane,
promoted by the photothermal effect.

Confidence Model of Laser-Assisted Dielectric Break-
down. When an insulating membrane is continuously
subjected to electric field stress, the number of traps in the
membrane increases with time. Once the trap density reaches a
critical value, the breakdown occurs.22,24 The time to
breakdown is a stochastic process governed by the probability
of forming a connected path across the membrane, following
the Weibull distribution22,24
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where f(t) is the breakdown probability after the electric field is
applied for a time t, β is the shape parameter that characterizes
the steepness of the breakdown transition, λ is the character-
istic lifetime at which 63% of membranes have experienced a
breakdown. Note that the average breakdown time of a
Weibull distribution can be derived from λΓ (1 + 1/β), which
corresponds within ±10% to λ for typical values of β. For
simplicity, the characteristic lifetime λ was used to describe the
average time to breakdown in the following context.
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Two competing processes coincided with the typical laser-
assisted dielectric breakdown setup. One is the normal
breakdown, and the other is the laser-assisted breakdown
(Figure 1a,b). The average time to breakdown in the areas with
no laser can be estimated as16,22,47

λ = γ−Be E
n

n (3)

in which n stands for normal, B is the integration constant (s),
γ is the field acceleration factor (nm/V), and En is the electric
field.
At the laser spot, the electric field Ela(t) will increase over

time due to the local etching of SiNx. The breakdown
efficiency (i.e., percentage of failure created by unit time) is
given by 1/Be−γEla(t). If the same trap density is required for the
breakdown to occur at the laser spot, one could estimate the
average time to breakdown at the laser spot by (Table S2)

∫ ∫=
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(4)

where la stands for laser assisted, k is the laser power-
dependent etching rate (eq 1), and d0 is the membrane
thickness.

By estimating λn and λla using eqs 3 and 4, the time to
breakdown distributions for the normal breakdown f n (t) and
for the laser-assisted breakdown f la(t) can be assessed by eq 2.
However, note that Weibull statistical parameters (β and λ)
remain unknown and could vary from lab to lab due to
material and setup differences. One has to estimate these
Weibull parameters from existing experimental data. Using our
experimentally derived parameters (Table S3), Figure 3a shows
a representative f n(t) and f la(t) profile. Figure 3b shows the
cumulative distribution function (CDF) of the time to
breakdown time. The overlapping of f n(t) and f la(t) indicates
the uncertainty of nanopore localization. The smaller the
overlap, the higher the probability of nanopore localization will
be. One can estimate the confidence for forming the nanopore
at the laser spot using

∫= −
∞

C f t f t t1 min( ( ), ( ))d
0 n la (5)

With this model, we can estimate the nanopore localization
confidence under various combinations of laser power and
electric field using our experiment-derived parameters. Figure
3c shows a representative example (parameters for this plot
were listed in Table S4). We observed several interesting

Figure 3. (a) PDF and (b) CDF of representative Weibull distribution of time to breakdown for the normal and laser-assisted breakdown.
(Parameters: normal breakdown: 0.6 V/nm; laser-assisted breakdown: 0.6 V/nm and 50 mW laser; λn = 24501s, λla = 1362s, β = 0.63). (c)
Calculated confidence map of single-nanopore localization at different laser powers and electric fields. Parameters used: integration constant B = 5
× 1015 s, field acceleration factor γ = 38 nm/V, membrane thickness d0 = 30 nm, photothermal coefficient b = 8.06 K/mW, and shape parameter β
= 0.63. (d) Laser-assisted breakdown at different electric fields (0.5−1 V/nm) and laser powers (5 and 20 mW). The top panels are microscope
images with bright spots showing the locations of the focused laser spot. The bottom panels are ionic current mapping results, performed at 4 mW
laser power and 100 mV voltage with 10 μm/s scanning speed. The PDF and CFD of all cases can be found in Figure S6.
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features. First, low laser power could not help achieve
nanopore localization due to the insignificant photothermal
etching. The breakdown behavior in this region is equivalent to
the normal CBD. Second, a high electric field always leads to
random nanopore generation (confidence ∼ 0). This is
because a high electric field can immediately break down the
material at a random location, making the contribution of the
laser-assisted etching irrelevant. Third, at a fixed low electric
field, increasing the laser power could always enhance the
confidence level. Note that the quantitative result in Figure 3c
represents a specific case in our experiment and should not be
generalized for other setups without knowing the material and
experimental-specific parameters.
Probing Specific Cases in the Confidence Model.

Based on the confidence model, we experimentally probed the
laser-assisted breakdown at different electric fields (0.5−1 V/
nm) and laser powers (Figure 3d). We used our previously
reported moving Z-score method for breakdown fabrication
(flowchart shown in Figure S3)21 and used the ionic current
mapping method for nanopore location determination.42,43

Figure 3d(i−iii) shows the results from samples under 20
mW laser at different electric fields. The top microscope
images show the laser spot location before the nanopore
fabrication. The bottom ionic current scanning images show
the nanopore location after the fabrication. At low electric field
(0.5 V/nm) and intermediate electric field (0.8 V/nm), we
observed a single ionic current enhancement in the laser spot.
While the laser beam spatial resolution is insufficient to resolve
if there are several nanopores within the laser focal spots, we
believe it is unlikely to form multiple nanopores within the 1
μm laser focal spot because the center of the etched pit has the
highest electric field and is the most likely location for the
initial breakdown (Figure S2). Therefore, the single ionic
current enhancement is a good indication of a single nanopore
at 0.5 and 0.8 V/nm. However, at a high electric field (1 V/nm,
Figure 3d(iii)), the ionic current mapping showed that formed

pores were not in the laser spot and could be random in
numbers. The resulting ionic current is also much larger (>100
nA). This uncontrolled nanopore generation at the high
electric fields is consistent with model predictions. At high
electric fields, relatively slow laser-assisted thinning can be
easily overwhelmed by the fast electrical breakdown (Figure
S4), rendering the benefits of laser irrelevant. We also tested
different electric field conditions at a low laser power (5 mW,
Figure 3d(iv−vi)). We observed the same trend that a high
electric field can negatively impact the confidence of forming a
single nanopore in the laser spot.
The behaviors of these representative cases and the normal

breakdown fabrication result (Figure S5) showed a good
agreement with the model predictions in Figure 3c. Both the
model and experiment results suggested that a combination of
high laser power and a low electric field is preferred toward
single-nanopore localization. Admittedly, a full examination of
the confidence model would require testing many more
samples by different labs to establish sufficient statistics in the
future.

Programmable Nanopore Fabrication. With the knowl-
edge of the optimized conditions for single-nanopore local-
ization, we set out to test if the laser-assisted breakdown can be
programmed to fabricate a single nanopore at an arbitrary spot.
A total of eight different samples were tested. We intentionally
focused the laser spots at different places and varied the electric
field from 0.03 to 0.4 V/nm (i.e., low electric field). The top
row of Figure 4a shows the laser spot location on the SiNx
membrane before the breakdown. The bottom row of Figure
4a shows the corresponding ionic current mapping for
determining the location and number of the formed nano-
pores. We observed a single ionic current enhancement in each
of these samples, indicating a single nanopore. The nanopore
position matched the laser spot location very well (Figure 4b).
These results suggested a low electric field at 20 mW laser in a
very robust combination for forming single nanopores at the

Figure 4. (a) Programmable laser-assisted breakdown fabrication using 20 mW laser and low electric field ranging from 0.03 to 0.4 V/nm. The
bright spots in the top microscope images show the laser location. The bottom laser-enhanced ionic current mappings show the number and
location of the fabricated nanopores. All ionic current mapping experiments were performed at 2 mW laser power and 100 mV voltage with 20 μm/
s scanning speed. (b) Overlay of the extracted laser location and the formed nanopore location. The error bar indicates the full width at half-
maximum (FWHM). (c) Nanopore fabrication time as a function of the electric field. (d) Formed nanopore diameter as a function of the electric
field. The nanopore diameter is determined by the IV measurement. The line in (d) is used to guide the eyes.
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laser spot in our setup. We also studied the impact of the
electric field on the nanopore formation time and the nanopore
size. Note that the fabrication time follows the Weibull
distribution at a specific electric field.21 It would require a
significant number of breakdown experiments to probe the
statistics at each electric field, which is tedious and costly to
perform. Instead, we performed a single sampling at each
electric field condition and examined the general trend. Figure
4c shows the relationship between the electric field and
fabrication time. In general, the fabrication time decreases with
the increasing electric field. Figure 4d shows the relationship
between the electric field and the nanopore size, which was
estimated from the ionic conductance measurement (Figure
S7). As shown in Figure 4d, the nanopore diameter tends to
decrease with reducing the electric field. This is because less
enlargement can occur after the initial breakdown event
happened at low electric field.21

DNA Translocation Experiments. To demonstrate the
sensing performance of laser-assisted breakdown nanopores.
We performed single-molecule translocation experiments using
100 pM 48.5 kbp double-stranded λ-DNA. Figure 5a shows a
representative time-trace of current using a nanopore of 10 nm
diameter (estimated by the conductance measurement). The
initially stable open pore current (15.7 nA) was interrupted by
current blockage events of 0.3−3 nA magnitude. The
magnified insets in Figure 5a show typical translocation events.
Dual current blockage levels were captured, which reflects that
λ-DNA molecules translocated with the folded structure.
Figure 5b shows a scatter plot of current blockages versus dwell
time for a total of 238 translocation events. The average dwell
time was 53 ms, and the average blockage was 0.6 nA,
comparable to previous studies.41,44

To confirm the current drop indeed stems from the single-
molecule translocation through a single nanopore and verify
the nanopore size, we examined the ratio of blocked pore
current (ib = 15.1 nA) to the open pore current (i0 = 15.7 nA)
as ib/i0 = 1 − dDNA

2 /d2, in which dDNA and d are the diameter of
DNA (2.2 nm) and the diameter of the nanopore,
respectively.48 The estimated nanopore diameter using the
above method is about 11 nm, which is in excellent agreement
with the diameter estimated by the IV measurement (10 nm).
This agreement confirmed that a single nanopore was formed
in the fabrication and the current drop indeed stems from the
single-molecule translocation. Figure 5c shows the power

spectrum density (PSD) of the ionic current. The root-mean-
square (RMS) noise at 10 kHz bandwidth was about 30 pA,
sufficiently small for distinguishing typical single-molecule
events with dip magnitude >300 pA. It is noteworthy that the
nanopores formed by the laser-assisted breakdown method
exhibited a stable baseline current and reduced noise,
comparing with nanopores fabricated by the normal break-
down (Figure S8). The exact mechanism behind the improved
noise performance using laser-assisted breakdown fabrication
warrants further exploration.

■ CONCLUSIONS
In conclusion, we studied the laser-assisted dielectric break-
down for localizing a single nanopore at a programmed
location with the aim of addressing the stochastic issue in the
normal breakdown method. A statistic model was developed to
estimate the confidence of nanopore localization at different
laser powers and electric fields. We experimentally probed
three representative regions of the confidence map, and the
results were qualitatively consistent with model predictions.
Future work will focus on gathering more experimental data to
test this model. While the utility of this model is subject to
parameter variations in membrane material properties, laser
wavelength, and electrolyte, we found that a combination of
high laser power and low electric field was generally favorable
for forming a single nanopore at the laser spot. The nanopore
fabricated by laser-assisted dielectric breakdown exhibited
excellent noise performances49 for single-molecule trans-
location experiments. We believe this study provided
significant experimental insights into optimizing the laser-
assisted dielectric breakdown and would enable broader access
to robust solid-state nanopore fabrication and sensing
applications.

■ METHODS
Materials and Chemicals. Low-stress SiNx membranes on 200

μm thick lightly doped silicon substrates were used in our experiments
(Norcada, Canada). The SiNx membranes were 15 and 30 nm in
thickness with a 50 × 50 μm2 window. Before mounting into our
custom-built PMMA-based flow cell, the SiNx membranes were
cleaned in oxygen plasma for 120 s at 50 W to facilitate the wetting of
the membrane surface. Ag/AgCl electrodes were house-made with
0.2−0.375 mm Ag wires (Warner Instruments, Hamden). λ-DNA
(48.5 kbp, 0.3 μg/μL) was purchased from ThermoFisher. PBS, KCl,
and Tris-EDTA solution (pH 8.0) were purchased from Sigma-

Figure 5. (a) Representative current time-trace for 100 pM 48.5 kbp λ-DNA molecules translocating through a 10 nm nanopore at 300 mV bias.
The magnified insets show two typical ionic current blockades during the translocation. (b) Scatter plot of the current blockades versus dwell time
for a total of 238 translocation events. (c) Power spectrum density (PSD) of the ionic current obtained at 300 mV with a low-pass filter at 10 kHz.
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Aldrich. Ecoflex-5 used as an insulating sealant of the SiNx chip was
obtained from Smooth-On, Inc. Prior to use, all solutions were filtered
with a 0.2 μm Anotop filter (Whatman plc).
Instrumentation. The SiNx membrane chip was sealed onto a

custom-built flow cell with a transparent quartz coverslip bottom,
forming the cis and trans chambers. Both sides of the chambers were
filled with KCl solution. Two Ag/AgCl electrodes were inserted into
the KCl solution and electrically connected to a source meter unit
(Keithley 2636) through a BNC cable. The chamber opposing the Si
etch pit was grounded in our work unless otherwise stated. A laser
beam of 488 nm (Coherent OBIS 488 LS) was focused onto a spatial
pinhole (1-25 + B-1 + M-0.5, National Aperture) by an objective lens
(M-5X, Newport) to reject out-of-focus light. The laser beams were
recollimated by an achromatic doublet (AC254-075-A, Thorlabs) and
focused by an objective lens (RMS40X-PF, Thorlabs). The radius of
the laser beam spot was 1 μm (FWHM, inset (ii) of Figure 1c). The
flow cell was mounted onto a three-dimensional (3D) manual
positioner above the microscope objective. The emitted light was
collected by the same objective and directed at a CMOS camera
(DCC1545M, Thorlabs) by a dichroic mirror (BB2-E02, Thorlabs).
The entire assembly was shielded inside a Faraday cage to minimize
electromagnetic interferences.
Photoluminescence Characterization. The PL characterization

was obtained by a customized LabVIEW program (National
Instruments) that controls the motion of the nanopositioner as well
as collects the photon counting signals. The typical parameters for
obtaining the scanned PL results in our experiments are 100 nm step
size, 1 mW laser power, and 2 ms integration time. The counted
emission photons were normalized to the integration time and the
incident laser power (cpms/mW: counter per ms/mW).
Atomic Force Microscopy Characterization. AFM measure-

ments were performed on a Dimension Icon (Bruker) AFM
microscope using Peak Force tapping mode. A triangular-shaped
ScanAsyst-Air tip was used in this study. During the measurement, the
peak force set point was set to 2 nN. The scan was performed at a
scan rate of 0.226 Hz and 512 lines per sample.
Nanopore Fabrication and Validation. The buffer used in the

etching rate experiment was performed in 2M KCl with 10 mM Tris
and 1 mM EDTA (pH 7.4). All of the nanopores (both with and
without laser-assisted) were fabricated by the moving Z-Score method
with 1 M KCl with 10 mM Tris and 1 mM EDTA. The flowchart of
the automated procedure for moving Z-score can be found in our
previous work.21 The feedback time of the customized LabView
program is 20 ms. The number and the location of nanopores were
validated by ionic current mapping. The typical parameters used for
ionic current mapping were 2−4 mW laser power, 100 mV voltage,
and 10−20 μm/s scanning speed.
DNA Sensing. λ-DNA was added to the cis chamber to a final

concentration of 100 pM. The Ag/AgCl electrodes were then
connected to the Axopatch 200B amplifier (Molecular Devices, CA)
with a 300 mV bias voltage. The amplified signal was filtered with a
four-pole Bessel set at 10 kHz and digitalized by a 16-bit/100 MHz
DAQ card (NI 6363, Texas Instruments). Data analysis was carried
out using customized MATLAB code to extract the duration and
depth of each current blockade events.
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