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ABSTRACT

Controlled breakdown (CBD) has emerged as an effective method for fabricating solid-state
nanopores in thin suspended dielectric membranes for various biomolecular sensing applications.
On an unpatterned membrane, the site of nanopore formation by controlled breakdown is random.
Nanopore formation on a specific site on the membrane has previously been realized using local
thinning of the membrane by lithographic processes or laser-assisted photothermal etching under
immersion in an aqueous salt solution. However, these approaches require elaborate and expensive
cleanroom-based lithography processes or involve intricate procedures using custom-made
equipment. Here, we present a rapid cleanroom-free approach using single pulse femtosecond laser
exposures of 50 nm thick silicon nitride membranes in air to localize the site of nanopore formation
by subsequent controlled breakdown to an area less than 500 nm in diameter on the membrane.
The precise positioning of the nanopores on the membrane could be produced both using laser
exposure powers which caused significant thinning of the silicon nitride membrane (up to 60 % of
the original thickness locally), as well as at laser powers which caused no visible modification of
the membrane at all. We show that nanopores made using our approach can work as single-
molecule sensors by performing dsDNA translocation experiments. Due to the applicability of
femtosecond laser processing to a wide range of membrane materials, we expect our approach to
simplify the fabrication of localized nanopores by controlled breakdown in a variety of thin film

material stacks, thereby enabling more sophisticated nanopore sensors.

KEYWORDS: Solid state nanopore, femtosecond-laser irradiation, laser processing, controlled

breakdown, dielectric breakdown, DNA translocation, nanopore
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Introduction.

Solid-state nanopores have gained traction as a versatile research tool for bioanalysis at single
molecule resolution'. Significant applications of solid-state nanopores include the detection of
nucleic acids (DNA, RNA)?, proteins® 4, and DNA-protein complexes™ ¢, the characterization of
DNA nanostructures’” ¥, and the assembly of more complex sensors such as single protein traps’.
Solid-state nanopores can also be integrated with other metallic or dielectric nanostructures, which

11,12 or photonic elements'?

can act as additional electronic sensing channels!’, plasmonic antennas
to create more sophisticated sensors. Sub-100 nm diameter solid-state nanopores in suspended
microfabricated membranes, most commonly made of silicon nitride, are typically fabricated using
two types of pore formation techniques: (1) physical or chemical etching processes— such as

drilling holes using energetic electron or ion beams in vacuum!4-16

, electron beam lithography in
combination with reactive ion etching!’, or laser-assisted photothermal etching of silicon nitride
in aqueous KCl solution!® 1; (2) controlled breakdown (CBD) of a membrane in an aqueous salt
solution?®. During the CBD process, an electric field comparable to the dielectric strength of the
membrane material is applied across the membrane. This drives a tunneling current across the
initially insulating membrane, which seeds structural defects that accumulate over time. Some of
these defects across the membrane thickness eventually merge to form a continuous conduction
path through the membrane, creating an ionic conduction channel — the nanopore?® 2!, TEM
drilling, laser etching, and CBD have been used to fabricate extremely small nanopores (sub-5
nm), which have been used to demonstrate various novel single biomolecule sensing applications!®
19.21-23 "The location of nanopore formation on a membrane when using the physical and chemical

etching processes such as TEM and laser drilling can be specified, whereas, using CBD, the

nanopore forms at a random location on an unpatterned membrane®*. For certain applications such
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26. 27" which require more

as plasmonic nanopores® or electrode-integrated nanopore devices
precise pore positioning on a membrane, local thinning of a membrane using cleanroom-based
microfabrication processes or ion-milling has been used to define the site of the nanopore
formation by CBD?33%, Applying a continuous focused laser spot on a membrane during the CBD
process itself, requiring CBD to be carried out with the membrane mounted in an optical
microscope with a laser source, has also been used to localize the site of nanopore formation!!- 3!,
Of all the nanopore fabrication techniques, CBD requires the simplest setup and can be
implemented using a standard DC voltage source and ammeter 2! 32, Furthermore, laser-assisted
photothermal etching and CBD are carried out in aqueous salt solutions and thereby produce

18, 23,33

readily wet nanopores , and nanopore fabrication using both techniques has been automated

using custom-made experimental setups!®- 2134,

In recent years, pulsed-laser micromachining processes have emerged as capable nanostructuring
tools for biomedical, microelectronics, and photonics applications*-¥7. Direct lithography-free
machining of lines and holes down to ~50 nm critical dimensions in supported thin films and 2D
materials have been realized*®*. More recently, attention has turned to studying the machining
capabilities of picosecond and femtosecond pulsed lasers on suspended sub-100 nm thick films**
47, The main focus of these studies on suspended films has been to determine optimal conditions
to achieve complete material removal in a part or the whole of the laser-exposed area and to create
novel patterned and suspended nanostructures** 447, Although the possibility of locally thinning
a suspended membrane using femtosecond laser processing has emerged from these studies*” 48,
systematic investigations of the achievable level of controlled material removal along the z-axis in

nanometric suspended membranes are lacking. It is unclear whether pulsed laser micromachining

can be used for controlled localized thinning in the nanometer scale and whether internal structural
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defects can be seeded in a material even below the ablation threshold. Such information would be
critical to further developing pulsed laser micromachining capabilities, which can substitute for

cleanroom-based processing or focused ion-beam milling of nanostructures.

Here, we report an approach using localized single-pulse femtosecond laser exposure of a thin
silicon nitride membrane to define the spatial position of the nanopore formation by the controlled
breakdown. In our two-step process, laser exposure of the membrane is first performed in air,
following which nanopores are fabricated by CBD in salt solutions (Fig. 1a). Using a combination
of TEM analysis, fluorescent microscopy, and the CBD process itself, we identify two broad
regimes of damage caused to the membrane by a single laser pulse depending on the nominal
power of laser exposure: one regime above the ablation threshold which causes localized thinning,
and another below the ablation threshold (Fig. 1b, c) which causes internal material damage but
no visible change to the membrane. From our investigation, CBD emerges as a sensitive indirect
technique to probe defect generation in thin suspended films. We show that nanopores of diameter
down to ~ 5 nm localized to an area less than 500 nm in diameter can be made using our two-step
approach, i.e., single pulse laser exposure in the air followed by CBD in liquid (Fig. 1a, d, ). We
demonstrate the validity of this approach to creating nanopore sensors by performing double-

stranded DNA translocations using fabricated nanopores.
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Figure 1. Schematic of our femtosecond laser enabled approach for localized nanopore formation
by controlled breakdown (CBD) (a) Single pulse femtosecond (fs) laser exposure (2= 520 nm) of
50 nm intact silicon nitride membrane created an initial local modification of the freestanding
film. The process was performed in air. When visible modification of the membrane was observed,
the modified area is 150—-500 nm in diameter. We observed two regimes of damage: (b) silicon
nitride thinning at high powers and c) no visible thinning at low powers. Bright-field TEM imaging
helps establish these regimes. The scale bar is 200nm. d) CBD of the laser-exposed membranes in
a IM KCI solution was used to perform nanopore fabrication. Membranes from both regimes
(thinned and not thinned) were investigated. e) Nanopore formation by CBD was confirmed by
electrical characterization afterwards. Note that the diameter of the nanopore fabricated using
our two-step process formed (5—30 nm) is typically 10-50 times smaller than the laser-modified
area.

Results and Discussion.

To investigate localized laser-induced damage of a suspended membrane and to demonstrate its
utility in defining the location of nanopore formation by CBD, we used 50 nm thick silicon-rich
silicon nitride membranes fabricated using standard microfabrication processes as the test
substrate. We first exposed several silicon nitride membranes to single femtosecond laser pulses
at different laser powers in air. Then, we performed the CBD process in 1M KCIl to determine the
dependence of the pore formation processes on the laser power. The power of the laser exposure
is the average power measured after the objective. The conversion from the power values to the
laser pulse energy values is described in the Methods section. The diameter of the focused laser

spot was ~1 um in all the experiments. In the CBD process, a voltage bias large enough to cause
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gradual dielectric breakdown of the membrane material is applied across the membrane (30 V in
our case). The time it takes to form a nanopore, measured as the duration from the instant the
voltage bias is applied until nanopore formation is detected as an abrupt increase in current, called
time-to-breakdown (Tgp), is a characteristic of the CBD process. If all conditions are identical,
Tsp typically follows a certain Weibull distribution since dielectric breakdown is a stochastic
process*. Any significant prior physical damage to the membrane (e.g., by laser exposure) would
be expected to have a measurable statistical impact on Tgp. Therefore, we used Tgp as the first
metric to track whether laser exposure at a certain power had a measurable impact on the nanopore

fabrication process.

To perform nanopore fabrication by CBD after single pulse femtosecond laser exposure, each
membrane chip was mounted in a flow cell to create separate fluidic reservoirs for the two sides
of the membrane following well-known procedures (see Methods). After wetting both sides of the
membrane in 1 M KCI, we performed current-voltage (I-V) sweeps to verify that only a leakage
current was measured, and that the membrane did not already have a through-hole at this stage.
After nanopore fabrication using the CBD process, an [-V sweep showed an ohmic response,

indicating the successful formation of a nanopore (Fig. 2a).

We performed CBD on 25 membranes exposed at various laser powers ranging from 2.2-3.5 mW
and eight pristine membranes that were not exposed to the laser before the CBD process as controls
(Fig. 2b). Overall, we observed that the time-to-breakdown decreased as the laser power increased,
which indicates that in the selected range of laser powers, there is an increasing degree of laser-
induced damage to the membranes. Note that in Figure 2b, we only include those pristine
membranes in which nanopore formation occurred within 1000 s, while four more pristine

membranes were evaluated in which no nanopore formation was observed while applying the bias
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voltage for 1000 s. In our experiments, we found that the lowest laser power that resulted in a
measurable decrease in the breakdown time of the CBD process was 2.2 mW (Fig.2b). We see that
the upper limit of the breakdown times for the samples that were exposed to the 2.2 mW laser
pulse overlaps with the lower limit of the breakdown times of the pristine membranes which

yielded nanopores in the CBD process.

R
\
v

(@) j ' ' ) o] () ' No Thinning"  Thinning

07 250 t
15 } s 0 Pristine
10k @ 200F © Exposed, imaged (S)
z = Exposed, not imaged
£ 5 % 150 F 8 mExposed, imaged (F)
-— e
§ O e0ee0000ne000®00®0®O © o
S \ % 100
O 5} ~
Intact membrane = |
10 } g 50 o
= ( v
151 ] 0L , . .
200 -100 0 100 200 00 22 26 30 34
Voltage (mV) Laser power (mW)
(€ _eome (d)
h CaCl/KCl  Fluo-4/KCl Negative bias low Positive bias high
= = Ca?+ is not driven Ca2+ is driven through the pore
Flow cell 4 through the pore and binds to the Fluo-4
(e) ‘ 40um
€
3 ®
1
One spot at 3.4 mwW 3.2mW 2.9 mW 2.6 mW 2.5 mW 2.2 mW
the centre
) - 40Um— @) —40um— Membrane 1 Membrane 2
o —
o Lisssl
20um__“t-..
Off centre 3x3 Array 2.7 mW 3.1 mW
spots

Figure 2. Electrical characterization and fluorescent optical visualization of localized nanopore
formation by CBD after laser exposure. (a) I-V characteristics of a typical laser-exposed
membrane before and after the nanopore formation by CBD. (b) Comparison of Time-to-
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breakdown (Tsp) for 25 laser-exposed and 4 unexposed membranes. Nanopores that formed at the
desired location on a membrane are marked with an "S" and those which did not with an "F".
Overall Tpp decreased as the laser power increased. The two regimes of damage to the membrane
as a function of laser power ("no thinning" and "thinning") are also indicated. (c) Schematic of
fluorescent optical visualization of nanopores in a confocal microscope. A calcium ion (Ca’”)
sensitive dye (Fluo-4) was used to locate the position of a nanopore on a membrane by driving
Ca’* electrically through the nanopore, (d) To produce a circular fluorescent spot whose area
increases with increasing voltage bias of positive polarity (2-4 V). At negative bias (-500 mV),
Ca’* is not driven through the nanopore, so no signal is observed. The nanopore is located at the
center of the observed fluorescent spot. The purple dashed line represents the edge of the
suspended membrane. (e) Image series showing the successful localization of nanopore formation
to the site where laser exposure was performed (center of the square membrane in each case) for
a range of nominal laser powers from 3.4 to 2.2 mW. The purple box represents the membrane's
edges. (f) In two instances (C1, C2), laser exposure was deliberately performed off-center, which
still produced nanopores at the desired locations. (g) Fluorescent images show the formation of
multiple nanopores after CBD on two membranes laser-exposed in a 3x3 array pattern instead of
a single site at the center. CBD was stopped soon after the first pore formation was detected, but
multiple nanopores were still produced. Laser exposure sites from the three columns are
represented by three different colors: orange(left), green(middle) and blue(right). The scale bar
is 10 um for all panels in (d)—(g).

To confirm that the nanopores indeed form at the location determined by the laser exposure on our
membranes, we used an optical visualization technique previously used to locate the site of
nanopore formation?®. In this technique, a fluorescent dye (Fluo-4) whose fluorescence intensity
increases by several orders of magnitude when it binds with calcium ions (Ca*") is used to locate
the position of a nanopore. By filling the fluid chambers on either side of a membrane containing
a nanopore with a buffer containing Fluo-4 on one side and calcium ions on the other side, a
circular area of fluorescent emission centered around a nanopore can be observed when an applied
voltage bias drives calcium ions through the nanopore (Fig. 2¢). A hallmark of this technique is
that the size of the circular area increases with increasing voltage bias of the correct polarity
(positive in our case), as this drives an increasing amount of calcium ions through the nanopore to
the other side. A dark background with no emission above the background level is produced when

a voltage bias of the opposite polarity is applied (Fig. 2d). Using this approach, we imaged a total
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of 20 membranes with nanopores formed by CBD that were previously exposed to a single laser
pulse at various laser powers spanning the range of 2.2-3.5 mW. We found that in 17 instances,
the nanopore was located at the location of laser exposure (Fig. 2b). In the three other instances,
the nanopore was formed elsewhere on the membrane. It is worth noting that the breakdown times
for these three cases were among the lowest that we observed, indicating that pre-existing defects
at other locations on the membrane might have rendered whatever damage was caused by laser
exposure inconsequential in these cases (2 of 3 nanopores formed at the edge of the membrane;
SI-Fig. S1). Figure 2e shows a series of samples exposed to a single laser pulse of different powers
at the center of the membrane. We achieved successful nanopore localization down to a laser power

of 2.2 mW.

To evaluate the capabilities of the technique to localize the nanopore at different locations of the
membrane, we changed the position of laser exposure and successfully fabricated nanopores at
off-center locations of the membrane. Two such examples are shown in Fig. 2f using laser powers
of 2.2 and 2.9 mW, respectively. By laser exposing a 3x3 array of spots at a 5 um pitch using
identical laser conditions (2.7 mW at membrane 1 and 3.1 mW at membrane 2), we fabricated
multiple nanopores simultaneously on a single membrane using CBD. Two instances are shown
in Fig. 2g, where two and four nanopores were formed on a single membrane, respectively.
Multiple nanopores forming simultaneously at similar breakdown times at well-separated locations
on the same membrane indicates the similarity of the damage sites created using nominally
identical laser exposure conditions. On the other hand, the fact that not all nine laser-exposed spots
of the array produce a nanopore also shows the variability of the generated damage and illustrates

the stochastic nature of nanopore formation by the CBD process. It is likely that more pores would

10
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have formed at the other laser-exposed spots of the arrays had we allowed the CBD process to

continue even longer, however, in this study, we did not investigate this aspect.

To elucidate what kind of damage occurs to the suspended silicon nitride membranes during
exposure to a laser pulse at various powers, we used BF-TEM (Bright-Field Transmission Electron
Microscopy) and EFTEM (Energy-Filtered Transmission Electron Microscopy) to study the
morphology of the damaged area of the silicon nitride membranes. The BF-TEM images (Fig. 3a,
b) showed that the visible ablation threshold occurs at a laser power of around 2.7-2.8 mW: below
this threshold, we observed no visible change to the silicon nitride membranes; above this
threshold, there was a visible change to the membrane at the location of laser exposure (Fig. 3a).
The area of visible modification increased with increasing laser power until a nanopore was
directly drilled at the center of the modified area, which occurred at a laser power of 3.9 mW,
resulting in a hole with an equivalent circular diameter of approximately 90 nm (Fig. 3b). Using
EFTEM imaging we investigated the topography of the laser ablated region of the silicon nitride
membranes for laser powers between 3—-3.8 mW. The lowest power at which one contiguous laser-
modified area was observed is 3 mW, while at 2.8 mW, a disconnected cluster of nanoscopic laser-
modified areas was observed (Fig. 3a; SI-Fig. S2). The typical topography of a laser-damaged area
for powers greater than 3 mW was a thinned central region enclosed by a narrow raised rim
surrounded by the unthinned membrane area (Fig. 3¢). From the EFTEM images we computed the
average and the minimum thickness of the central thinned area (i.e. the area inside the rim; Fig.
3c). The average thickness is an overall measure of material removal in the thinned area and is
relevant to understand the efficacy of localized thinning using a single laser pulse at a specific
power. The minimum thickness, on the other hand, is a single pixel measurement within the overall

thinned area and is important for the CBD process, as it is probable that nanopores have the highest

11
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likelihood of forming first at the thinnest part of the membrane since this is where the electric field
would be the highest. In the following, we discuss the average and minimum thickness in terms of
percentage values, where 100 % is the pristine membrane thickness (~50 nm in our case). We
observed significant thinning only from a laser power of 3.2 mW. The average thickness decreases
almost imperceptibly from ~76 % at 3.2 mW to 70-74 % at 3.8 mW (Fig. 3d). The minimum
thickness, on the other hand, shows a strong dependence on the laser power. It is already
significantly different from the pristine thickness at 3 mW. The minimum thickness decreases from
~80-82 % at 3 mW to 39-55% at 3.8 mW (Fig. 3d). Note that the ranges indicate measurements
from two independent areas on the same membrane separated by several micrometers and exposed
at the same laser power. From the average thickness measurements, we infer that material removal
along the z-axis is not a gradually increasing function of the laser power. Instead, it increased in a
~20 % step between 3.1- 3.2 mW (where significant thinning was first observed) and a ~70 % step
between 3.8-3.9 mW (where the laser drilled a through hole). Therefore, finer control of power
around these two laser power thresholds might be required to achieve greater control over
thickness reduction using a single femtosecond laser pulse over the complete range of membrane
thickness from 0—100 %. EFTEM maps for all investigated laser powers is presented in SI (Fig.

33).
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Figure 3. TEM analysis of the morphology and topography of laser-exposed silicon nitride
membranes. (a) Bright-field TEM (BF-TEM) images of membranes exposed with a single
femtosecond pulse at different laser powers in the range 2.7-3.8 mW. At 2.7 mW, there was no
visible change to the membrane. From 2.8 mW onwards the diameter of the laser-modified area
increases with increasing power. Insets at 2.7 and 2.8 mW show magnified views of the central
area. (b) At higher laser exposure power than 3.8 mW, BF-TEM images show laser-drilled holes.
The equivalent circular diameter of three such holes drilled at laser powers 3.9 mW, 4 mW, and
4.2 mW are also shown. (c) A normalized thickness map and line profile of a sample exposed at
3.8 mW were obtained using EFTEM imaging. From the thickness map, we observe that the laser-
modified area consists of a central thinned region (blue) enclosed by a thick rim (yellow). The
unthinned area of the membrane surrounding the laser-modified area is also shown (green). The
line profile is extracted along a central horizontal line (700 nm) running across the entire width
of the map. The line profile was created by averaging 10 pixels along the vertical axis. The color
bar represents the normalized thickness scale. (d) Diameter of the laser-modified area and the
normalized thickness of the thinned region of membranes (inside the red rim in part d) after laser
exposure at various powers obtained from EFTEM analysis. The markers (D,L[)) indicate the
average thickness; the minimum thickness is shown as the negative error bar, and the uncertainty
in thickness estimation as the positive error bar. The measurements shown here originate from
different well-separated (> 5 um; diffraction-limited laser spot size was < 1um) locations on the
same membrane where a series of laser exposures at different powers were carried out to perform
this analysis. The scale bar for parts a, b is 200 nm.

From the TEM analysis, we identified the lowest laser power at which any visible modification of

the membrane occurred to be ~2.8 mW. However, using fluorescent optical visualization, we found
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that 6 (out of 7) samples exposed at laser powers between 2.2-2.6 mW produced nanopores by
CBD at the site of laser exposure (Fig. 2b, ¢). This indicates that despite the absence of visible
laser ablation, structural defects were seeded in the laser-exposed area of the silicon nitride
membranes and that these defects were significant enough to localize nanopore formation by CBD.
From these results, we also discovered that the CBD process is a sensitive indicator of the fact that
a certain nanometric volume has been modified by laser exposure— something that was not possible

to do using BF-TEM or EFTEM imaging.

Furthermore, we used EELS (Electron Energy Loss Spectroscopy) to determine whether any
significant change in chemical composition had occurred in the thinned membrane areas due to
laser exposure, particularly to the nitrogen and oxygen content of the silicon nitride membrane. To
do this, we acquired EELS point spectra using a membrane exposed at a laser power of 3.9 mW,
which had a laser-drilled nanopore at the center, a thinned region around the nanopore, surrounded
by a thicker rim, and an unthinned membrane area all around that (Fig. 4a). The point spectra
including the N K edge (~ 402 eV) and O K edge (~532 eV) of the thinned and unthinned regions
showed that both regions contain a small amount of oxygen, likely originating from surface
oxidation (Fig. 4b). Both regions also showed significant nitrogen peaks, as expected from a silicon
nitride membrane. The thinned area showed lower overall signal intensity compared to the
unthinned area, which can be explained by the overall sample volume being smaller here.
Furthermore, the Si K edge (~ 1839 eV) is prominent in the point spectra from both thinned and
unthinned regions, indicating significant Si content in these volumes (Fig. 4c). Overall, the EELS
analysis indicated that the laser exposure did not significantly alter the chemical composition of

the thinned membrane area.
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Figure 4. The chemical composition (Si, N, and O) of laser-thinned and unthinned areas were
compared using electron energy loss spectroscopy (EELS) (a) BF-TEM image indicating the 300
nm diameter circular area from which the EELS spectra representing a laser-thinned region were
collected. The EELS spectra for an unthinned region were collected from an adjacent membrane
area outside the dark rim. (b) The NK, O K, and (c) Si K edges are all observed in both the thinned
and the unthinned regions. The absolute counts are lower in the thinned region than in the
unthinned region, and this can be attributed to the smaller sample volume in the thinned region.
Scale bar for part a is 200 nm.

So far, we have shown how using CBD has made it possible to fabricate nanopores at the location
of laser exposure. The diameter of the resulting nanopores was in the range of ~ 10-30 nm (Fig.
5a) and producing nanopores with smaller diameters was mainly limited by the high voltage bias
(30 V) and the slow feedback loop used to turn off the voltage bias as soon as nanopore formation
was detected. Nanopore diameters in this discussion refer to the values computed using the
standard ionic conductance model for a cylindrical nanopore®®, which relates the measured

nanopore conductance (G) to the solution conductivity (s), nanopore diameter (d) and nanopore

-1
length (L) as, G = s (% + %) . Here the nanopore length is assumed to be identical to the

nominal thickness (50 £+ 5 nm) of the pristine silicon nitride membrane used in all our experiments.
The typical uncertainty in nanopore diameter estimated in this way is ~+1 nm. To find out whether

we could form localized sub-10 nm diameter nanopores using our laser-exposed samples, we used
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a pulsed CBD technique. Pulsed CBD processes, using an alternating series of high and low
voltage pulses rather than a continuous application of high voltage, have previously been reported
as a way to fabricate nanopores with smaller diameters®!. We performed pulsed CBD on ten
samples, each exposed at a single spot with various laser powers in the range from 2.2 to 3.6 mW.
We found that, indeed, we were able to fabricate sub-10 nm diameter nanopores in six out of ten
instances (4.6 to 9.0 nm diameter). Eight of these nanopores show little or no asymmetry in the I-
V characteristics after pulsed CBD, while two show significant asymmetry (SI-Fig. S4). In these
two cases we used the higher of the two conductances for nanopore diameter calculation to not
underestimate the nanopore diameter. The largest nanopores were produced at the low end of laser
power, where no visible damage to the membrane was seen in the TEM analysis of similar samples.
The smaller nanopores were all produced at laser powers, which produced visible membrane
damage and significant local membrane thinning. Note that in these experiments, we started by
applying 1000 pulses at 20 V, and if nanopore formation did not occur in that time, we increased
the bias by 2.5 V and applied 1000 more pulses, and so on, until nanopore formation was observed
(see Methods for details of our implementation of pulsed CBD). The total breakdown time and
voltage at which breakdown occurred also provided an indirect measure of the magnitude and
variability of the damage produced by the laser exposure (Fig. 5b). For laser powers between 2.7—
3.6 mW, we observed the shortest breakdown times and successful nanopore formation at the
lowest voltage tested (20 V). Four of these samples were exposed to different laser powers (2.6—
3.4 mW) and resulted in pore formation at 20 V, even showing a correlation between laser power
and breakdown time. At a laser power of 2.7 mW, all three evaluated samples required three
different voltage levels to breakdown, showing that in this transition zone between visible ablation

and no ablation, there is greater variability in the magnitude of laser-induced damage compared to
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when higher laser powers were used. Overall, we found that sub-10 nm nanopores can be
fabricated using pulsed-CBD at high yield (5 out of 6) when membranes are exposed to laser
powers which produces visible damage to the membranes. This is consistent with the expectation
that smaller nanopores are easier to form on thinner membranes or on membranes where the
breakdown occurs at a lower voltage so that nanopore expansion after formation and before the

voltage bias is turned off is not as pronounced?® >!.

a) b) Pulsed CBD
as | .D T T T T T T ™
40 CBD 600 | ®
L os .
o Pulsed CBD n jh Breakdown Voltage (V) pA
2357 8] 275 7
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Figure 5. Diameter and time to breakdown of nanopores fabricated by pulsed CBD after laser
exposure at various powers. a) The diameter of nanopores fabricated by CBD (N=20) and Pulsed
CBD (N=10) after laser exposures at various powers are shown. All diameters are estimated from
conductance measurements assuming an effective pore thickness of 50 nm— the thickness of the
unthinned silicon nitride membrane. Sub-10 nm diameter nanopores were readily fabricated using
pulsed CBD in membranes exposed at higher powers, where laser exposure produced significant
membrane thinning. (b) Time to breakdown of the pulsed CBD process versus the laser power that
was used to expose the membranes prior to the pulsed CBD process. The different markers
represent the voltage at which the nanopore formation occurred. Membranes exposed at low laser
powers when no significant membrane thinning occurs (< 3 mW), required higher voltages to
break down compared to membranes exposed to higher laser powers associated with significant
thinning of the membrane. The time to breakdown decreases with increasing laser power for four
samples (connected by a solid line as a guide to the eye), where nanopore formation by pulsed
CBD occurred at the lowest tested voltage bias of 20 V.

To show that the nanopores made using our process can function as single-molecule sensors, we

performed ionic current sensing of ds-DNA (double-stranded DNA) using 2 kb Calf Thymus DNA
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(ctDNA) translocating through our pores. The current trace and concatenated events of 20 nM Calf
Thymus DNA translocating through a nanopore fabricated by CBD after laser exposure at 3.5 mW
with an open pore conductance of ~ 105 nS in 1M KCI are shown in Fig. 6a and b, respectively.
The current blockade amplitude (Al) and dwell time of translocation events at two different bias
voltage levels (V}i4s; 500 and 700 mV) are shown in Fig. 6¢. The blockade conductance (AG =
Al /Vy;qs) for ds-DNA translocation and the solution conductivity (s) can be used to estimate the

effective length of the nanopore (L) using the well-known conductance blockade model for a

2
cylindrical pore as®: L = %. Here dpp 4 is the diameter of double-stranded DNA and is taken

to be 2.2 nm*® %, Using the measured average blockade conductance of 118 and 748 events
respectively, at bias voltages of 500 and 700 mV, we calculated the effective pore length to be
11.3 £ 1.8 nm and 10.5 + 1.5 nm, respectively. The mean effective pore length of 10.9 + 1.2 nm
(average of the L values for the two bias voltages) is significantly less than the 50 nm pristine
membrane thickness, as well as the ~25-30 nm thickness minimum expected for the laser thinned
area of the membrane (at 3.5 mW laser exposure power; Fig. 3¢) where the nanopore was most
likely fabricated. Based on past reports, the relationship between the nanopore length (L) and
membrane thickness (t) is unclear when CBD is used as the fabrication method. When t < 10 nm,
the reported values range from L ~ t/3to L ~ t?%3% 5! For a thicker membrane (t~ 20 nm),

L ~ t/3 has been reported?®, which is comparable to our finding of L~t/(2.5 + 0.2).
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Figure 6. DNA translocation experiments. (a) Current trace for 20nM 2kbp Calf Thymus dsDNA
molecules translocating through a ~17 nm diameter localized nanopore at a bias voltage of 700
mV (200 kHz sampling rate, low pass filtered to 20 kHz). (b) Current blockade trace of selected
concatenated DNA translocation events was recorded at 500 mV after event detection. (c) Scatter
plot of the current blockade amplitude (A1) versus dwell time (At) for 748 events at 700 mV and
118 events at 500 mV. (d) Single translocation events at 500 mV and 700 mV.

Conclusion.

Using single pulse femtosecond laser exposure of ~50 nm thick unpatterned silicon nitride
membranes, we showed that nanopore fabrication by CBD can be localized to the site of laser
exposure. Such localized nanopore formation was possible both above and below the laser power
which caused visible ablation of material by laser exposure. Above the ablation threshold, local
thinning of the membrane by up to ~60 % of the original thickness over an approximately circular

area of ~150-500 nm diameter, depending on the laser exposure power, was observed. This local
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thinning was the reason dielectric breakdown occurred preferentially at the site of laser exposure
in those samples. Below the ablation threshold, no visible change to the membrane was observable
in TEM imaging. Nevertheless, nanopores still formed at the location of laser exposure at these
low powers, and we suggest that this was due to internal structural defects (e.g., broken bonds)
introduced over a sub-100 nm area of the membrane at the center of the laser beam path. At the
lowest evaluated laser power in this study (2.2 mW), which was well below the ablation threshold
(~2.7-2.8 mW), the time for nanopore formation by CBD was still significantly lower than the
typical pristine silicon nitride membrane in our study. Therefore, nanopore formation by controlled
dielectric breakdown emerges as a capable indirect tool to sensitively probe modification of thin
dielectric materials by femtosecond laser exposure, which are challenging to detect even using
TEM analysis. Unsurprisingly, at much higher laser powers than the ablation threshold, a single
laser pulse punches through the membrane and drills a nanopore, the smallest of which we
fabricated had an approximate circular diameter of 90 nm. Regarding membrane thinning above
the ablation threshold using single laser pulses, we observed two discontinuous increases in the
average thickness of material removed with increasing laser power— first a jump from ~5 % to
~25 % (at 3.1-3.2 mW) of the pristine membrane thickness, and then from ~30 % to ~100% (3.8—
3.9 mW; direct nanopore drilling at the center of the thinned area). Future studies with finer control
of laser power at these threshold power values might help determine whether better resolution of
material removal along the z-axis can be achieved. We also demonstrated ds-DNA translocations
using nanopores made using our two-step approach: laser exposure in air followed by nanopore
fabrication by CBD. Our two-step technique combines the strengths of direct drilling approaches,
where the site of nanopore formation can be precisely determined, and the simplicity of CBD,

where nanopores can be formed directly in liquid and whose sizes can be well controlled. We
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expect our findings to be valuable to further developing our evolving understanding of the
nanomachining capabilities of femtosecond pulsed lasers on suspended films, as well as to simplify
the manufacturing of more sophisticated solid-state nanopore sensors by enabling localized CBD

using a cleanroom-free process carried out in ambient conditions.

Methods.

Fabrication of Silicon Nitride Membranes. A 100 mm diameter, 380+15 um thick double-side
polished single-crystalline silicon wafer (100) with boron doping and a resistivity of 1-10 Q-cm,
with 5045 nm of low-pressure chemical vapor deposition (LPCVD) Si-rich silicon nitride (SiNy)
was used as a starting substrate for microfabrication. Using photolithography, silicon nitride
etching by reactive ion etching (RIE), and wet etching through the Si wafer by 30 % potassium
hydroxide (KOH) at 80 °C with the silicon nitride as a hard mask, suspended square-shaped silicon
nitride (SiNx) membranes with dimensions 40 pum x 40 um were fabricated. As a last step, the
membranes were cleaned with a 3 HoSO4: 1 H2O; piranha solution for 10 minutes to remove

organic residues.

Femtosecond Laser Exposures. Single pulse laser exposure of silicon nitride membranes was
carried out with a sub-picosecond diode-pumped solid-state laser with a fundamental wavelength
of 1040 nm and second harmonic wavelength of 520 nm (Spirit 1040-4-SHG, Spectra-Physics of
Newport Corporation). The laser exposures were performed using a wavelength of 520 nm, pulse
duration of 293 fs, and repetition rate of 1| MHz. A mechanical shutter with millisecond accuracy
and a pulse-picker divider controlled the number of pulses that irradiated the membrane— which
was one pulse for all samples in this study. An absorptive neutral density (ND) filter with an optical

density (OD) of 1.0 was used to reduce the optical power of the incident laser beam. The objective
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(Olympus Plan Achromat RMS 40X) with a numerical aperture of 0.65 was used to focus the beam
on the membrane. We investigated a range of laser powers between 2 and 4 mW. To convert the
laser power values to the laser pulse energy values, we can divide each power value by the
repetition rate we used for the experiments. Hence, the corresponding laser pulse energy values
are 2 to 4 nJ. The chip was placed on a 3-axis linear motorized stage (XMS100, Newport), and the
beam was focused on the substrate. The average power was measured after the objective with a

silicon optical power detector (918D-SL-OD3R, Newport).

Nanopore fabrication by Controlled Breakdown. All samples consisted of chips that were ~ 5
x 5 mm? in size, with a single suspended membrane (40 um x 40 um square) at the center. Chips
were cleaned in a UVO cleaner (Jelight Model 30) for 5 minutes to increase hydrophilicity just
before nanopore fabrication. The chip was first sealed between two PDMS adaptors, and this
sandwich was placed inside a custom-designed two-part 3D-printed flow cell printed using a Form
3+ printer (Formlabs, USA; Clear Resin v4). The entire assembly was held together using metal
screws?!. CBD was performed in a buffered solution of 1 M KCI and 10 mM HEPES at pH 8.0
and ionic conductivity of 11.0 S/m by filling reservoirs on both sides of the flow cell with the
buffer. Ag/AgCl electrodes were used to make terminal electrical contacts to the chip inside a

Faraday cage.

Nanopore fabrication was performed using two different setups to implement the two kinds of
dielectric breakdown processes, (1) controlled breakdown (CBD) and (2) pulsed CBD, used in this
study. These setups follow standard procedures reported by various groups previously?® 2128, 51,
and details of our implementation are described in brief here. During (1) CBD, a fixed voltage bias

is applied across a membrane until an abrupt current increase is observed, indicating the formation

of a nanopore. At this point, the bias is immediately switched off. During (2) pulsed CBD, two
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pulsed voltage levels are used— a high voltage (Vui) for breakdown and a low voltage (Vio) to

sense— and was developed as a refinement of the CBD process to fabricate sub-10 nm nanopores.

We performed (1) CBD using a DC Voltage Source (Keithley 2220-30-1) to apply the voltage bias
(up to 30 V) and measured current using a trans-impedance amplifier (DLPCA 200; Femto GmbH)
connected to a DC SMU (Ossila X200). All instruments were controlled using custom LabView

scripts.

We performed (2) pulsed CBD using a DC SMU (Keithley 2450), which was used to both apply
the pulsed voltage bias and measure current. The nanopore fabrication process was controlled
using a combination of scripts running on the onboard logic processor of the DC SMU and those
running on Matlab to collect and process the acquired data. The parameters we used in the pulsed
CBD process were Vui = 20-27.5 V, Tui = 300 ms, Vi, = 300 mV, and T, = 3 s. Here, Tni and

Tio are the time durations for the high- and low-voltage pulses, respectively.

Optical visualization of nanopores. The location of nanopore formation on a membrane was
visualized using fluorescent microscopy performed using a confocal inverted microscope (Zeiss
LSM900 with airy2 detector) and a 40x water immersion objective lens (Zeiss C-Apochromat
40x/1.2W). The nanopore chip was glued (Loctite 420) to a custom-designed 3D-printed flow cell
(Form 3+; Clear Resin v4), and the assembly was sealed with a cover glass (24 mm x 50 mm, #0)
for imaging (Fig. 2¢), with the membrane side of the chip (the other side being the backside of the
chip with the Si cavity) facing the objective. For the nanopore visualization experiments, the
chamber on the membrane side was filled with 100 mM CaCl,, 1 M KCI, 40 mM Tris-HCI, 1 mM
EDTA solution, and the chamber on the backside with 500 nM Fluo-4 (F14200, ThermoFisher;

Pentapotassium salt, cell impermeant) in 1 M KCl, 40 mM Tris-HCI, 1 mM EDTA buffer. These
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are the same buffers used for a similar application by Zrehen et al.?® Ag/AgCl wire electrodes were
used to make electrical connections to the two chambers, and a DC SMU (Ossila X200) was used
to apply the voltage bias during imaging. The electrode on the backside chamber was biased, and
the membrane side was held at the ground in all the visualization experiments. Image processing

and analysis of the visualization experiments were performed using FIJI.

TEM Imaging. TEM investigations were performed in a Zeiss LIBRA 200 FEG operated at 200
kV. Bright Field TEM images were recorded at various magnifications on a GATAN slow scan
CCD camera. The Zeiss LIBRA is equipped with a corrected in-column Omega filter, which was
employed to acquire energy-filtered TEM (EFTEM) images and electron energy loss spectra
(EELS). Thickness maps were acquired using the t/A technique, which allows the generation of a
map of the relative thickness (t) normalized by the mean free path for inelastic scattering (A).
EELS spectra were recorded by projecting the energy dispersive plane of the Omega filter on the

CCD camera at suitable post-magnification.

Translocation of dsDNA. Double-stranded DNA (UltraPure™ Calf Thymus DNA Solution,
ThermoFisher) with a final concentration of 20 nM in a buffered solution of 1 M KCI and 10 mM
HEPES at pH 8.0 and ionic conductivity of 11.3 S/m was added to the cis chamber (membrane
side of the chip). The trans chamber of the flow cell was positively biased, driving the DNA
through the nanopore from cis to trans. The translocation data was recorded at an applied bias of
500 mV and 700 mV at a sampling rate of 200 kHz using eNPR (Nanopore Reader, Elements SRL,
Italy). The data was filtered at 20 kHz and analyzed using EventPro 3.0 to determine the

conductance blockade amplitudes and dwell times for the translocation events. >
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Supplementary Information contains: Fluorescent optical visualization of the three nanopores that
failed to be localized, BF-TEM images of the membranes around the ablation threshold- 2.7 and
2.8 mW, EFTEM maps at various laser powers, I-V sweeps of nanopores fabricated by Pulsed

CBD.
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