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This paper reports a controlled breakdown (CBD) method to fabricate multiple nanopores in a silicon
nitride (SiN,) membrane with control over both nanopore count and nanopore diameter. Despite
the stochastic process of the breakdown, we found that the nanopores created via CBD, tend to be
of the same diameter. We propose a membrane resistance model to explain and control the multiple
nanopores forming in the membrane. We prove that the membrane resistance can reflect the number
of nanopores in the membrane and that the diameter of the nanopores is controlled by the exposure
time and strength of the electric field. This controllable multiple nanopore formation via CBD avoids the
utilization of complicated instruments and time-intensive manufacturing. We anticipate CBD has the
potential to become a nanopore fabrication technique which, integrated into an optical setup, could be
used as a high-throughput and multichannel characterization technique.

When we apply a voltage across a nanopore in a thin insulating membrane, the ionic current through the nan-
opore relates to the characteristics of particles passing through the nanopore. This way of using the Coulter
Counter principle is nowadays widely used in resistive-pulse nanopore sensing'~!!. Both biological and solid-state
nanopores are used to perform DNA sensing*!>!3, DNA-protein interaction'*'5, and biologically relevant mol-
ecules characterization®!*°. Compared to biological nanopores, solid-state nanopores are more flexible in size
and shape, easier to integrate with on-chip techniques and have a higher operating environment stability*.
However, solid-state nanopores suffer from noise of the setup, limited throughput due to the resistive pulse detec-
tion principle and insufficient temporal resolution limited by the available amplifiers***?2. Adding optical meas-
urement potentially overcomes the main challenges, since optical detection in a resistive-pulse nanopore sensing
setup provides spectral information and spatial information, which are both independent to ionic signals with
high-throughput readout?-*’. To enable the use of optical sensing, multiple nanopores fabricated in a single
membrane via a simple and cost-effective method is of great significance.

The state of the art in nanopore fabrication is either by electron beam lithography (EBL) and etching®'~** or
by focused ion beam (FIB) drilling®*-*¢. Kwok et al. recently reported an alternative approach to the EBL and FIB
for nanopore fabrication®’-*’. By means of controlled breakdown (CBD) nanopores form in a thin membrane
by applying an external potential. These nanopores can further grow to a desired diameter by monitoring the
membrane conductance. So far, dielectric breakdown mainly creates single nanopores with a diameter of about
5nm*4-* The formation of multiple nanopores requires the combination of nano- and micro- structuring*®¥,
or microfluidic channels*, which again increases the complexity of this method.

In this work, we present a method for multiple nanopore fabrication by CBD according to a resistance model.
The nanopores formed at the same electric field strength tend to stop growing at the same diameter, based on
which, we control the number and diameter of nanopores in a SiN, membrane. By using fluorescence micros-
copy of calcium indicators, we show the potential of our multiple nanopores application in nanopore-based
optical measurements. The method presented in this work significantly reduces the complexity and cost of nan-
opore fabrication. The method also opens a new route for solid-state nanopore fabrication without any special
instrumentation.
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Figure 1. (a) The threshold of breakdown electric field for different SiN, membrane thicknesses measured by
the current-stimulus dielectric breakdown. (b) TEM image of a 20-nm SiN, membrane without any treatment.
(c) and (d), TEM images of two 20-nm SiN, membranes suggest that nanopores (represented by arrows) are
mostly located in the defect regions. (b), (c), and (d) are different membranes. Scale bar represents 100 nm.

Results and Discussion
The influence of breakdown electric field and time-to-breakdown. The breakdown process
depends on the material and the thickness of the membrane, as well as the time and the strength of the applied
electric field**-!. In this work we control the breakdown-generated nanopore by adjusting the electric field
applied across the membrane. To measure the threshold of the electric field that causes the breakdown of different
membranes, we first performed the current-stimulus dielectric breakdown, as described in our previous work*.
Figure 1(a) shows that the breakdown happened at the same range of electric field strength (0.4-0.75 V/nm) for
10nm and 20 nm thick SiN, membranes. We note that electrons (or holes) are difficult to transit through a thick
membrane. To breakdown a 50 nm SiN, membrane, the electric field strength should be larger than 0.75 V/nm.
We cannot breakdown a 100 nm SiN, membrane even when we applied an electric field of 2.0 V/nm for one hour.
Since the conductance of the membrane does not provide any information with regard to the number or to
the diameters of multiple nanopores, the electron microscopy (EM) imaging is important to gain information
about nanopore distribution and the dimensions after breakdown. While scanning electron microscopy pro-
vides the detailed surface information including the nanopore shape and curvature®?, transmission electron
microscopy (TEM) has the advantage of showing whether a nanopore is through or not. This feature is important
for resistive-pulse nanopore sensing, since this technique requires a through nanopore for analyte translocat-
ing through*!°. Figure 1(b) shows the TEM image of a 20 nm SiN, membrane without any electrolyte contact.
Figures 1 (c) and (d) show the SiN, membranes with nanopores generated by the current-stimulus dielectric
breakdown. The white spots indicate nanopores (red arrows). The dark areas are debris, which could be defects
formed during high electric field stress. Figure 1 (b)-(d) suggest that the amount of defects were increasing in the
membrane prior to breakdown. Nanopores are mostly located in the defect area depending on both the exposure
time to the electric field as well as the strength of the electric field. To avoid the electric field slowly building up
a large amount of defects in the membrane and ensure the multiple nanopore formation at the same time, we
applied a high electric field over a short time period to increase the defect density and reduce the fabrication time.
Figure 2 shows the exposure time influence on the 20-nm thick SiN, membrane. The membrane exposed to a
current-stimulus electric field for 1000 seconds shows a low contrast between nanopores and SiN, membranes in
Figure 2(a). While the nanopores in the membrane exposed to 0.75 V/nm for 100 seconds are distinct by the white
areas in Figure 2(b). Considering the control over the membrane resistance in all the work presented here, we
applied an electric field strength of 0.6 V/nm to induce a fast breakdown and decreased the electric field strength
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Figure 2. (a) TEM image of the SiN, membrane exposed to current-stimulus dielectric breakdown in

the electric field for more than 1000 seconds. (b) TEM image of the SiN, membrane with CBD nanopores
exposed in an electric field for less than 100 seconds. Scale bar represents 100 nm. (c) and (d) are the measured
membrane resistance (black dots) and the strength of the applied electric field strength (red squares) during the
breakdown process.

after breakdown for a controlled nanopore diameter growth. In order to create a symmetric nanochannel, we
applied bipolar electric field pulses according to our previous study*:. The use of bipolar electric field pulses is also
critical for some resistive-pulse nanopore sensing applications®44%,

Previous studies of dielectric breakdown show that under the constant presence of a high electric field, the
electrons flow through an insulating film when the membrane thickness is one to tens of nanometers. The elec-
tron flow causes a measurable tunneling current*"**->*, Before nanopore breakthrough, there are initial defects
in the membrane, including the intrinsic defects randomly distributed in the ceramic material. Also electro-
lyte injection can lead to defects which are generated by the electric-charge difference at the membrane sur-
faces®. These defects assist the current tunneling through the membrane and accelerate the generation of defects
nearby**™’. Some of these defects grow under the electric field stress, and eventually become nanopores when the
defect density reaches the critical value*>.

Nanopore count and nanopore diameter in different electric field strengths. Before the break-
down the initial defects are randomly distributed in the membrane and increase the defect density over time
under the electric field. After the first nanopore forms, the electric field concentrates near the breakdown path
due to the high conductivity of the connected electrolyte. Although the electric field strength decreased in other
regions of the membrane, the existing defects keep growing in number. This growth allows the multiple nanopore
formation*®*’. To control the multiple nanopore formation process by adjusting the applied electric field, we con-
sider the fabrication process a breakdown and an enlargement process. Figure 3(a) illustrates the applied electric
field across the membrane during multiple nanopore fabrication, which is the membrane thickness divided by the
applied voltage. We first applied electric field pulses of 0.6 V/nm with a duration of 0.4 seconds for each polarity
to generate nanopores. Once the resistance reached 330 M(QQ at least one nanopore is formed. We reduced the elec-
tric field strength to Ee, which is adjusted to different values, until the resistance decreased to the pre-set value of
12 MQ. Figures 3(b) and (c) show the nanopore count in membranes with different electric fields strengths as well
as the size distributions of nanopores. As expected, a higher electric field generated defects faster and produced
nanopores in the membrane in a shorter time. Meanwhile, each newly formed nanopore changes the electric field
distribution in the membrane, and reduces the electric field intensity around the initial pore. This redistribution
of electrical field slows down and finally stops the growth of the initial nanopore. The nanopore diameter distri-
bution for different electric field strengths in Figure 3(c) shows that an increase of nanopores in a membrane gives
smaller diameter nanopores.
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Figure 3. (a) Applied electric field during the multiple-nanopore fabrication. Ee represents the strength of the
applied electric field during the enlargement process. (b) The nanopore count in the membrane at different
electric fields strengths. The insets show two examples of TEM images found in two membranes enlarged at
an electric field of 0.2 V/nm (left) and of 0.4 V/nm (right). Scale bar represents 10 nm. (c) The distribution of
nanopore diameters in different membranes as a function of enlargement electric fields. (d-g) TEM images

of four nanopores, enlarged at 0.35 V/nm, are found in the membrane with comparable diameters. Scale bar
represents 10 nm.

Due to the redistribution of the electric field in the membrane, the nanopores formed in a membrane stop grow-
ing when the diameters of all the nanopores are equal. Figure 3(d-g) are TEM images of four nanopores formed at
electric field strength of 0.35 V/nm. The diameters of these nanopores are approximately 10 nm. Depending on the
electric field strength, the nanopore diameter can grow to between 10 nm and 15nm. However, when enlarged by
an electric field of 0.4 V/nm, the nanopore diameter ranges from about 5nm to about 15nm. We kept the applied
electric field below 0.4 V/nm to ensure a narrow size distribution of the nanopore diameter enlargement.

Note that we estimated the nanopore diameters by area-equivalent diameter since the cross section shape of
nanopores is not perfectly circular, for example, the left inset in Figure 3(b)*. For these non-circular nanopores,
we measure the longer diameter (major axis) a and the shorter diameter (minor axis) b to decide the effective
diameter d = -/ab. This estimation is based on that the resistive-pulse nanopore sensing corresponds to the num-
ber of ions blocked in the nanopore when an analyte passes through it. We attribute the non-circular cross-section
shape of the nanopores to material inhomogeneity. When the initial breakdown path is formed the electric field
localizes at the breakdown path and decays with cylindrical symmetry due to electron diffusion in the SiN, mate-
rial®. In case of a defect nearby the initial breakdown location, the nanopore expands to the closest defect. This
results in an non-circular nanopore shape.

Nanopore count controlled by membrane resistance. It is unlikely that multiple nanopores form at a
same time. We hypothesize that we can control the nanopore count and nanopore diameter by monitoring the mem-
brane resistance over time. Multiple nanopores in a membrane affect the resistance in parallel, so the total resistance
of membrane is,

11 1
— =+ —+ .+ —,(n>1)
R R, R, R, 1)

Here R,, is the resistance of a single nanopore. Since we applied bipolar electric field pulses during the CBD, the
diameters of the generated nanopores should mostly be symmetric**. The resistance of the nanopore is deter-
mined by using its effective diameter d,, in the conductance formula for cylindrical nanopores®®.
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Figure 4. Controlling the nanopore count in the membrane according to Equation (3).
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Here t is the membrane thickness, and o is the conductivity of the electrolyte. Assuming each nanopore has the
same effective diameter d,, which is determined by the electric field strength, as shown in Figure 3(b) and (c). The
number of nanopores N can be written as

N=—"
R, (3)

Once we are able to control the diameters of the nanopores by adjusting the electric field strength we deter-
mine the nanopore count by the total resistance R.

The results in Figure 3(c) indicate that nanopores enlarged at 0.3 V/nm and 0.35V/nm have the same final diameter
of about 10nm and nanopores enlarged at 0.2 V/nm and 0.25 V/ nm have the same final diameter of about 15nm. As
describe in Figure 3(a), we started our multiple nanopore fabrication by applying an electric field of 0.6 V/nm across
the membrane until the resistance of the membrane decreases to 330 M(), then we adjusted the electric field strength
in the enlargement process and the final membrane resistance to control the number of nanopores. For fabrication of
two nanopores, we applied an electric field of 0.2 V/nm or 0.25 V/nm to increase the nanopore diameter and stopped
the electric field when the resistance decreased to 9.4 MQ). This resistance is equal to the total resistance of two 15nm
diameter nanopores. To generate three nanopores, we applied an electric field of 0.3 V/nm or 0.35V/nm during the
enlargement process and stopped when the resistance reached 12.4 M, which is the total resistance of three 10nm
nanopores. Figure 4 shows that the generated nanopore count in the membrane matched our expectation.

DNA translocations through nanopores. To ensure through nanopores in the membrane we performed
a double-stranded DNA (dsDNA) translocation experiment. The membrane with nanopores was loaded in a
trans-cis flowcell and we added two kinds of dsSDNA molecules (100 bps and 500 bps) to the cis chamber of the
flow cell. The nanopore was fresh made with an estimated diameter of 5 nm based on the membrane resistance®.
Figure 5(a) is a 2-second current trace of DNA translocation. Since there were two types of dsDNA in the cis
chamber, this 2-second trace shows four typical events: DNA molecule translocation through nanopore in a
folded structure, shown in Figure 5(b-c), and translocation through the nanopore in a chain structure, shown
in Figure 5(d-e). Two peaks Gaussian fit of the histogram of blockade current”’, AJ, indicates these two trans-
location states as well, as given in Figure 5(f). This result demonstrated the capability of the CBD nanopores for
nanopore sensing.

Multiple nanopores combined with optical measurement. Ca?* activated dyes have recently been
used for optical detection of unlabeled DNA molecules in both biological nanopores, and solid-state nanop-
ores?»*44¢_In this work we combine our multiple nanopores with the optical detection of Ca*>" activated dyes
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Figure 5. (a) 2-second current trace of 100 bps and 500 bps dsDNA translocation experiment. (b—e) Four
typical current pulses corresponding to (b-e) in Figure 5(a). The inset illustrates different folding states of
DNA molecules translocating through a nanopore. (f) Histogram distribution of the maximum blockade
current along with two peaks Gaussian fitting. The data was collected at an applied bias of 300 mV with a signal
bandwidth of 250kHz and low-pass filter at 100 kHz.

Figure 6. Fluorescence microscopy image of a membrane with 6.5uM Fluo-8 in the cis chamber and 65 mM
CaCl, in the trans chamber at 300 mV. Two bright spots (red circles) indicate two nanopores in the membrane.
Scale bar represents 10 um.

to demonstrate the potential application of our multiple nanopore fabrication in a high-throughput measure-
ment?*?**%, We loaded the Ca*" ions and Ca*" indicator (Fluo-8) into two fluidic compartments, separated by a
SiN, membrane with two nanopores. When a potential is applied across the opposite membrane, Ca®* ions flow
through these two nanopores. These Ca?* ions activate Fluo-8 when passing into the chamber. We observed two
bright spots in Figure 6 by fluorescence microscopy. The brightness of these two fluorescence spots indicates that
the nanopores have similar diameters.

To avoid multiple nanopores forming in a small region, control over the nanopore distribution may be nec-
essary to meet the Abbe diffraction limit of the optical system. We have induced defects via TEM and further
measured the time-to-breakdown compared to an untreated sample. A faster breakdown of the TEM-treated
membrane confirmed that the nanopore can be localized in specific regions by inducing defects (Supplementary
Information, Figure S1). Moreover, Zrehen et al. and Carlsen et al. reported that the breakdown can be localized
in a selectively thinned membrane?®?. The spatial control over nanopore formation, combined with the nanopore
count and diameter control pave the way for this type of nanopore array fabrication to find applications in optical
measurement setups.

SCIENTIFICREPORTS| (2018) 8:1234 | DOI:10.1038/s41598-018-19450-7 6



www.nature.com/scientificreports/

Conclusions.  We have shown control of the nanopore count and nanopore diameter created in a SiN, mem-
brane via controlled breakdown (CBD) by adjusting the electric field strength and the total resistance. We pro-
posed a membrane resistance model in which we have successfully shown fabrication of multiple nanopores in
a membrane with determined nanopore count and nanopore diameter. Since CBD is an accessible method for
single nanopore fabrication, with precise size control, our work contributed to the CBD technology by allowing
multiple nanopore fabrication. Although nanopores form in random positions during breakdown, we showed
that TEM-induced defects could localize the nanopore in a specific region. By further combining surface pattern-
ing techniques, i.e. particle assembly or laser irradiation, CBD can be used to create nanopore arrays to meet the
high-throughput optical measurement requirement.

Materials and Methods

Materials. We purchased these SiN, chips as the TEM frame from Shanghai NTI Co., Ltd. (http://www.shnti.
com). The SiN, chips we used in this paper were 3-mm-diameter, 200-pm thick silicon frame, with 20-nm free-
standing SiN, membrane (by low-pressure chemical vapour deposition) located in the center (window size is
around 10 pm x 10 pm). The DNA molecules were purchased from Thermo Scientific.

Mulitple-nanopore fabrication procedures. Chip mounting. The electrolyte used for breakdown
included 1 M KCl and 10 mM Tris-HCI (BBI Life Sciences) dissolved in the distilled water with pH 8.07. The
conductivity of the electrolyte is 9.55 S/m. Before mounting the chips, we cleaned the chips in fresh made Piranha
solution (by mixing H,SO, with H,0, with volume ratio of 3:1) for at least 30 min. We mounted a chip in a custom
polymethyl methacrylate (PMMA) cell and sealed it with two silicon O-rings to separate two 200-pL fluidic reser-
voirs with the electrolyte solution. Two Ag/AgCl electrodes, prepared by immersion of silver wires (0.5 mm thick)
into the bleacher for at least 1 hour, were placed into both reservoirs and connected to a source meter (Keithley
2450, Keithley Instruments Inc.). All setups are located in a grounded Faraday cage to isolate any electromagnetic
noise.

Controlled breakdown. A program, written in LabVIEW (National Instruments, Austin, TX), controlled the
applied voltage pulses across the SiN, membrane. In this work, we divided the fabrication process to two parts,
namely, breakdown and nanopore enlargement. The electric field applied across the SiN, membrane is illustrated
in Figure 3(a).

1) We applied high electric field pulses of 0.6 V/nm with duration of 800 ms to create nanopores.

2) The membrane resistance was measured by Current-Voltage (IV) curve between pulses.

3) The breakdown occurred after 10-15 pulses with total breakdown time of ~250s, as indicated by a sudden
decrease of resistance.

4) Once the resistance reached to 330 M(), the electric field decreased to the & Ee (enlargement electric field),
which we adjusted according to the desired nanopore diameter.

5) As the resistance kept decreasing until reached the pre-set value, which is the R in Eq. (3), the program
stopped applying an electric field. The whole process completed. The time of enlargement varied from
different electric fields.

Determination of the breakdown voltage treshold. We performed current-stimulus dielectric breakdown as
described in our previous work*:. Bipolar current pulses were applied across the membrane, with magnitude of 2
pA and duration of 0.4 s for each polarity. The breakdown happed when a sudden decrease of the measured volt-
age was observed during the current pulses. We considered the largest voltage measured in the current-stimulus
dielectric breakdown as the threshold of the breakdown voltage.

TEM imaging. We cleaned the residual salt from the membrane by keeping the chips in distilled water for
at least 2 hours after breakdown fabrication. We measured all TEM images by Tecnai G2 F20 at an accelerating
voltage of 200 keV.

Data acquisition and analysis. The buffer for DNA sensing was 1 M KCl and 10 mM Tris-HCI (BBI Life
Sciences) with pH 8.07 and conductivity 9.55S/m. We used Ag/AgCl electrodes to record ionic currents through
a fresh breakdown nanopore with a patch-clamp amplifier (HEKA EPC 10, Elektronik, Harvard Bioscience, Inc.)
in voltage clamp mode. All the DNA translocation data were acquired at 250 kHz, low-pass filtered at 100 kHz,
and then analyzed with 15kHz Gauss filtering using the Matlab GUI - based package - Translyser (https://github.
com/voyn/transalyzer/, Calin Plesa *’). The minimum and maximum dwell times for search events are 0.03 ms
and 3 ms, respectively. We extracted the maximum blockade currents for histograms and fitted these data by two
peaks Gaussian fitting.

Ca?* - activated fluorescence microscopy. An inverted fluorescence microscope (Nikon Eclipse Ti,
Nikon, Japan) measured the fluorescence microscopy image. We used the buffer according to the work of Larkin
et al.?*. The electrolyte in the cis compartment of the fluidic cell contained 0.4 M KCl, 1 mM EDTA, 65 uM EGTA,
6.5 pM Fluo-8 (KeyGEN BioTECH, Nanjing, China) and 10 mM Tris with pH of 7.9, and the electrolyte in the
trans component contained the 0.4 M KCl, 65 mM CaCl,, 10 mM Tris with pH of 7.9. During the fluorescence
microscopy imaging, we applied 300 mV across the membrane. We excited the Ca** indicator by a mercury lamp
and measured the fluorescence intensity with an EMCCD (ANDOR iXon3, Andor Technology), with an exposure
time of 300 ms and a gain of 260.

SCIENTIFICREPORTS | (2018) 8:1234 | DOI:10.1038/s41598-018-19450-7 7


http://www.shnti.com
http://www.shnti.com
https://github.com/voyn/transalyzer/
https://github.com/voyn/transalyzer/

www.nature.com/scientificreports/

References

1.
2.
3.

11.

12.

13.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.
35.

36.

37.
38.

39.
40.
41.
42.
43.
44.
45.
46.
47.

48.

Branton, D. et al. The potential and challenges of nanopore sequencing. Nat. Biotechnol. 26, 1146-1153 (2008).

Venkatesan, B. M. & Bashir, R. Nanopore sensors for nucleic acid analysis. Nat. Nanotechnol. 6, 615-624 (2011).

Wanunu, M., Sutin, J., McNally, B., Chow, A. & Meller, A. DNA translocation governed by interactions with solid-state nanopores.
Biophysical journal 95, 4716-4725 (2008).

. Wanunu, M. Nanopores: A journey towards DNA sequencing. Physics of life reviews 9, 125-158 (2012).
. Gu, L. Q. & Shim, ]. W. Single molecule sensing by nanopores and nanopore devices. The Analyst 135, 441-451 (2010).
. Oukhaled, A., Bacri, L., Pastoriza-Gallego, M., Betton, J. M. & Pelta, J. Sensing proteins through nanopores: fundamental to

applications. ACS chemical biology 7, 1935-1949 (2012).

. Ying, Y. L,, Cao, C. & Long, Y. T. Single molecule analysis by biological nanopore sensors. The Analyst 139, 3826-3835 (2014).
. Yusko, E. C. et al. Real-time shape approximation and fingerprinting of single proteins using a nanopore. Nat. Nanotechnol. 12,

360-367 (2017).

. Dekker, C. Solid-state nanopores. Nat. Nanotechnol. 2, 209-215 (2007).
. Graham, M. D. The Coulter principle: foundation of an industry. JALA. Journal of the Association for Laboratory Automation 8,

(72-81 (2003).

Bull, B., Schneiderman, M. & Brecher, G. Platelet counts with the Coulter counter. American journal of clinical pathology 44, 678-688
(1965).

Meller, A., Nivon, L., Brandin, E., Golovchenko, J. & Branton, D. Rapid nanopore discrimination between single polynucleotide
molecules. Proceedings of the National Academy of Sciences 97, 1079-1084 (2000).

Feng, Y., Zhang, Y., Ying, C., Wang, D. & Du, C. Nanopore-based Fourth-generation DNA Sequencing Technology. Genomics,
proteomics & bioinformatics 13(1), 4-16 (2015).

. Squires, A., Atas, E. & Meller, A. Nanopore sensing of individual transcription factors bound to DNA. Sci. Rep. 5, 11643 (2015).
. Raillon, C. et al. Nanopore detection of single molecule RNAP-DNA transcription complex. Nano Lett. 12, 1157-1164 (2012).
. Talaga, D. S. & Li, J. Single-molecule protein unfolding in solid state nanopores. Journal of the American Chemical Society 131,

9287-9297 (2009).

Balme, S. et al. Influence of Adsorption on Proteins and Amyloid Detection by Silicon Nitride Nanopore. Langmuir 32, 8916-8925
(2016).

Fennouri, A. et al. Single molecule detection of glycosaminoglycan hyaluronic acid oligosaccharides and depolymerization enzyme
activity using a protein nanopore. ACS nano 6, 9672-9678 (2012).

Edmonds, C. M., Hudiono, Y. C., Ahmadi, A. G., Hesketh, P. J. & Nair, S. Polymer translocation in solid-state nanopores:
Dependence of scaling behavior on pore dimensions and applied voltage. The Journal of chemical physics 136, 02B610 (2012).
Miles, B. N. et al. Single molecule sensing with solid-state nanopores: novel materials, methods, and applications. Chemical Society
reviews 42, 15-28 (2013).

Gilboa, T. & Meller, A. Optical sensing and analyte manipulation in solid-state nanopores. Analyst 140, 4733-4747 (2015).

Shi, W,, Friedman, A. K. & Baker, L. A. Nanopore Sensing. Anal. Chem. 89, 157-188 (2017).

Huang, S., Romero-Ruiz, M., Castell, O. K., Bayley, H. & Wallace, M. I. High-throughput optical sensing of nucleic acids in a
nanopore array. Nat. nanotechnol. 10(11), 986-91 (2015).

Larkin, J., Foquet, M., Turner, S. W., Korlach, J. & Wanunu, M. Reversible positioning of single molecules inside zero-mode
waveguides. Nano Lett. 14, 6023-6029 (2014).

Assad, O. N., Di Fiori, N., Squires, A. H. & Meller, A. Two color DNA barcode detection in photoluminescence suppressed silicon
nitride nanopores. Nano Lett. 15, 745-752 (2015).

Pitchford, W. H. et al. Synchronized optical and electronic detection of biomolecules using a low noise nanopore platform. ACS nano
9,1740-1748 (2015).

Nicoli, E, Verschueren, D., Klein, M., Dekker, C. & Jonsson, M. P. DNA translocations through solid-state plasmonic nanopores.
Nano Lett. 14, 6917-6925 (2014).

Larkin, J., Henley, R. Y., Jadhav, V., Korlach, J. & Wanunu, M. Length-independent DNA packing into nanopore zero-mode
waveguides for low-input DNA sequencing. Nat. Nanotechnol. https://doi.org/10.1038/nnano.2017.176 (2017).

Gilboa, T. et al. Single-Molecule DNA Methylation Quantification Using Electro-optical Sensing in Solid-State Nanopores. ACS
Nano 10, 8861-8870 (2016).

Shi, X. et al. A Scattering Nanopore for Single Nanoentity Sensing. ACS Sensors 1, (1086-1090 (2016).

Storm, A. J., Chen, J. H,, Ling, X. S., Zandbergen, H. W. & Dekker, C. Fabrication of solid-state nanopores with single-nanometre
precision. Nat. Mater. 2, 537-540 (2003).

Kox, R., Chen, C., Maes, G., Lagae, L. & Borghs, G. Shrinking solid-state nanopores using electron-beam-induced deposition.
Nanotechnology 20, 115302 (2009).

Yemini, M., Hadad, B., Liebes, Y., Goldner, A. & Ashkenasy, N. The controlled fabrication of nanopores by focused electron-beam-
induced etching. Nanotechnology 20, 245302 (2009).

Li, J. et al. Ion-beam sculpting at nanometre length scales. Nature 412, 166-169 (2001).

Tang, Z. et al. Fabrications, Applications and Challenges of Solid-state Nanopores: A Mini Review. Nanomaterials and
Nanotechnology 6,1 (2016).

Sawafta, F, Clancy, B., Carlsen, A. T., Huber, M. & Hall, A. R. Solid-state nanopores and nanopore arrays optimized for optical
detection. Nanoscale 6, 6991-6996 (2014).

Kwok, H., Briggs, K. & Tabard-Cossa, V. Nanopore fabrication by controlled dielectric breakdown. PloS one 9, 92880 (2014).
Briggs, K., Kwok, H. & Tabard-Cossa, V. Automated fabrication of 2-nm solid-state nanopores for nucleic acid analysis. Small 10,
2077-2086 (2014).

Briggs, K. et al. Kinetics of nanopore fabrication during controlled breakdown of dielectric membranes in solution. Nanotechnology
26, 084004 (2015).

Kwok, H., Waugh, M., Bustamante, ., Briggs, K. & Tabard-Cossa, V. Long Passage Times of Short ssDNA Molecules through
Metallized Nanopores Fabricated by Controlled Breakdown. Adv Funct Mater 24, 7745-7753 (2014).

Yanagi, I., Akahori, R., Hatano, T. & Takeda, K. Fabricating nanopores with diameters of sub-1 nm to 3 nm using multilevel pulse-
voltage injection. Sci. Rep. 4, 5000 (2014).

Pud, S. et al. Self-Aligned Plasmonic Nanopores by Optically Controlled Dielectric Breakdown. Nano Lett 15,7112-7117 (2015).
Rollings, R. C., Kuan, A. T. & Golovchenko, J. A. Ion selectivity of graphene nanopores. Nature communications 7, 11408 (2016).
Ying, C. et al. 3D nanopore shape control by current-stimulus dielectric breakdown. Appl. Phys. Lett. 109, 063105 (2016).

Goto, Y., Yanagi, I., Matsui, K., Yokoi, T. & Takeda, K. Integrated solid-state nanopore platform for nanopore fabrication via
dielectric breakdown, DNA-speed deceleration and noise reduction. Sci. Rep. 6, 31324 (2016).

Zrehen, A., Gilboa, T. & Meller, A. Real-Time Visualization and Sub-Diffraction Limit Localization of Nanometer-Scale Pore
Formation by Dielectric Breakdown. Nanoscale, https://doi.org/10.1039/c7nr02629¢ (2017).

Carlsen, A. T, Briggs, K., Hall, A. R. & Tabard-Cossa, V. Solid-state nanopore localization by controlled breakdown of selectively
thinned membranes. Nanotechnology 28, 085304 (2017).

Tahvildari, R., Beamish, E., Tabard-Cossa, V. & Godin, M. Integrating nanopore sensors within microfluidic channel arrays using
controlled breakdown. Lab Chip 15, 1407-1411 (2015).

SCIENTIFICREPORTS | (2018) 8:1234 | DOI:10.1038/s41598-018-19450-7 8


http://dx.doi.org/10.1038/nnano.2017.176
http://dx.doi.org/10.1039/c7nr02629c

www.nature.com/scientificreports/

49. Lombardo, S. et al. Dielectric breakdown mechanisms in gate oxides. Journal of Applied Physics 98, 121301 (2005).

50. Chen, I. C., Holland, S. E. & Hu, C. Electrical breakdown in thin gate and tunneling oxides. IEEE Transactions on Electron Devices
32,413-422 (1985).

51. Alam, M. A., Weir, B., Bude, J., Silverman, P. & Monroe, D. In Electron Devices Meeting, 1999. IEDM'99. Technical Digest.,
International. 449-452 (1999).

52. Huang, X. & Zhao, Y.-P. Characterization of pore structure, gas adsorption, and spontaneous imbibition in shale gas reservoirs.
Journal of Petroleum Science and Engineering 159, 197-204 (2017).

53. Qiu, Y. et al. Pores with Longitudinal Irregularities Distinguish Objects by Shape. ACS nano 9, 4390-4397 (2015).

54. Matsui, K., Yanagi, I, Goto, Y. & Takeda, K. Prevention of Dielectric Breakdown of Nanopore Membranes by Charge Neutralization.
Sci. Rep. 5, 17819 (2015).

55. Yusko, E. C. et al. Controlling protein translocation through nanopores with bio-inspired fluid walls. Nat. Nanotechnol. 6, 253-260
(2011).

56. Kowalczyk, S. W., Grosberg, A. Y., Rabin, Y. & Dekker, C. Modeling the conductance and DNA blockade of solid-state nanopores.
Nanotechnology 22, 315101 (2011).

57. Plesa, C. & Dekker, C. Data analysis methods for solid-state nanopores. Nanotechnology 26, 084003 (2015).

Acknowledgements

We gratefully acknowledge Beijing institute of Nanoenergy and Nanosystems, Chinese academy of science,
especially engineer Jianqiang Fu for assistance with the serving and operation of TEM. The International
Science &Technology Cooperation Program of China (2013DFA51430), the Major Program of the National
Natural Science Foundation of China (No. 31527801), the National Key Scientific Instrument and Equipment
Development Project of China (2013YQ030595) and the National Natural Science Foundations of China (No.
61471336) provided financial support for this study.

Author Contributions

Y.W,, C.Y. and W.Z. conceived and designed the experiments. Y. W. and C.Y. performed dielectric breakdown and
analyzed the data. Y. W. performed the ionic measurements and TEM imaging. J.T., Z. L., L.V. and W.Z. provided
discussion on the physical model and the technical assistance in flowcell design and patch clamp setup. YW., C.Y,,
J.T., Z.L., L.V. and W.Z. co-wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-19450-7.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

CE ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:1234 | DOI:10.1038/s41598-018-19450-7 9


http://dx.doi.org/10.1038/s41598-018-19450-7
http://creativecommons.org/licenses/by/4.0/

	Fabrication of multiple nanopores in a SiNx membrane via controlled breakdown

	Results and Discussion

	The influence of breakdown electric field and time-to-breakdown. 
	Nanopore count and nanopore diameter in different electric field strengths. 
	Nanopore count controlled by membrane resistance. 
	DNA translocations through nanopores. 
	Multiple nanopores combined with optical measurement. 
	Conclusions. 

	Materials and Methods

	Materials. 
	Mulitple-nanopore fabrication procedures. 
	Chip mounting. 
	Controlled breakdown. 
	Determination of the breakdown voltage treshold. 

	TEM imaging. 
	Data acquisition and analysis. 
	Ca2+ - activated fluorescence microscopy. 

	Acknowledgements

	Figure 1 (a) The threshold of breakdown electric field for different SiNx membrane thicknesses measured by the current-stimulus dielectric breakdown.
	Figure 2 (a) TEM image of the SiNx membrane exposed to current-stimulus dielectric breakdown in the electric field for more than 1000 seconds.
	Figure 3 (a) Applied electric field during the multiple-nanopore fabrication.
	Figure 4 Controlling the nanopore count in the membrane according to Equation (3).
	Figure 5 (a) 2-second current trace of 100 bps and 500 bps dsDNA translocation experiment.
	Figure 6 Fluorescence microscopy image of a membrane with 6.




