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Abstract

We present a novel cost-efficient method for the fabrication of high-quality self-aligned plasmonic
nanopores by means of optically controlled dielectric breakdown. Excitation of a plasmonic
bowtie nanoantenna on a dielectric membrane localizes the high-voltage-driven breakdown of the
membrane to the hotspot of the enhanced optical field, creating a nanopore that is automatically
self-aligned to the plasmonic hotspot of the bowtie. We show that the approach provides precise
control over the nanopore size and that these plasmonic nanopores can be used as single molecule
DNA sensors with a performance matching that of TEM-drilled nanopores. The principle of
optically controlled breakdown can also be used to fabricate non-plasmonic nanopores at a
controlled position. Our novel fabrication process guarantees alignment of the nanopore with the
optical hotspot of the nanoantenna, thus ensuring that pore-translocating biomolecules interact
with the concentrated optical field that can be used for detection and manipulation of analytes.
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Solid-state nanopores!—3 are biologically inspired sensors for label-free detection of single-
biomolecules that show great promise for a large variety of applications, such as the
investigation of proteins*®, DNA-protein interactions®-8, protein-receptor binding®?, and
DNA sequencing.1911 The elegance of nanopore biosensing relies in its robustness,
versatility and simple working principle: the passage of biomolecules through a nanopore
sensor modulates the nanopore ionic conductance, which serves as a means for detection and
investigation of the target analyte.12:13 Yet, solid-state nanopores face challenges. For
example, control over the translocation speed of the biomolecule!4-17 is crucial for base-pair
recognition on a DNA polymer, as already demonstrated using biological nanopores.18:19
Furthermore, it would be advantageous to expand the nanopore approach with new
measuring modalities (e.g. optical detection) beyond mere electrical probing.

Recently, plasmonic solid-state nanopores were introduced,20-24 which present new
opportunities for biomolecular sensing. Here, a plasmonic nanoantenna enhances and
focuses electromagnetic radiation to a nanoscale volume (hotspot) right at the nanopore
through which biomolecules can be translocated. Reports on plasmonic nanopores have so
far mostly focused on nanoplasmonic heating.2>-2” However, great promise lies in also
exploiting the capabilities of these plasmonic nanostructures for extreme light-concentration
to local nm-sized hotspots. Indeed, first examples of plasmon-enhanced optical detection of
translocating analytes are already at hand.22:24 For these applications it is of paramount
importance that the nanopore is precisely aligned with the optical hotspot to ensure that
biomolecules pass the region of highest field localization.

Fabrication of plasmonic nanopores thus requires accurate positioning of the nanopore with
respect to the plasmonic hotspot. Currently this is achieved by means of transmission
electron microscopy (TEM) drilling or ion milling, where a beam of highly energetic
charged particles locally ablates the membrane material to form a nanosized aperture.28-31
While providing nanometer-precise control of the nanopore size and shape,?? these drilling
techniques have significant drawbacks: they are labor-intensive and not scalable, as
fabrication is sequential and the constant presence of a machine operator is required. These
issues make milling approaches for nanopore fabrication expensive and low-throughput.
Recently however, an alternative method of /n situnanopore fabrication was introduced,
based on the effect of dielectric breakdown.32:33 In this technique, a nanopore is rapidly
formed upon local failure in the dielectric membrane, induced by applying a high
transmembrane voltage that creates a large electric field (on the order of MV/cm) in the
membrane.3# The size of the nanopore can be determined by monitoring the ionic
transmembrane current that flows through the newly formed pore. Once the nanopore has
reached a certain size, a lowering of the applied voltage can stop the breakdown process.
Subsequently, the nanopore can be enlarged to any desired diameter by applying short
voltage pulses,3® While the simple and inexpensive method of dielectric breakdown can
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provide high-quality nanopores,32:33 its use has so far been limited to applications that do
not require control of the nanopore position.

Here, we demonstrate a method for self-aligned fabrication of plasmonic nanopores based
on the promotion and localization of the dielectric breakdown by plasmonic excitation. By
simultaneously electrically biasing the freestanding silicon-nitride membrane close to its
critical field and applying laser excitation of a gold bowtie plasmonic nanostructure, we are
able to induce the formation of a hanopore in the optical field hotspot of the bowtie
nanoantenna. These fabricated plasmonic nanopores show a performance that is competitive
with TEM-fabricated plasmonic nanopores,20-27 as demonstrated by optical beam profiling
and detection of DNA translocations through the pores. The approach is cost-efficient, high-
throughput and ensures that the nanopore is formed right in the gap of the bowtie antenna,
which is essential for future applications of plasmonic nanopores for label-free biomolecule
manipulation.

Figure 1A shows the concept of the plasmonic nanopore formation process, where a gold
plasmonic bowtie antenna on a 20 nm thick low-stress silicon nitride-membrane is
illuminated with a focused laser beam while a large transmembrane bias is applied. The gold
bowtie nanoantenna (Figure 1B) consists of two 30 nm thick gold equilateral triangles of 90
nm size (tip-to-base) that face each other tip-to-tip with a 10 nm separation gap, fabricated
using lift-off (see Methods for fabrication details). Figure 1C shows the results of a finite-
difference time domain (FDTD) simulation for the optical field distribution around the
bowtie at 785 nm incident wavelength. The structures can be illuminated at different
polarizations of the laser beam, as indicated on Figure 1C: one along the main axis of the
structures, termed the longitudinal mode of excitation, and one perpendicular to this axis,
termed the transverse mode. For a longitudinal polarization of the incident light (Figure 1C),
the optical field is clearly localized to the center of the bowtie structure (see Sl for details).
The hotspot of the evanescent field between the gold structures produces field enhancements
up to 40 times compared to the incident field strength at the illumination wavelength. We
used large metal markers to align the plasmonic nanostructure with our focused 785 nm
wavelength laser. Figure 2A shows a scanning electron microscopy (SEM) image of a
freestanding silicon nitride membrane with these metal markers. The separation between the
metal markers and the plasmonic bowtie antenna is more than 500 nm (see Figure 2B), to
prevent optical coupling of the nanoantenna to the metal markers. Figure 2C shows a
transmission electron microscopy (TEM) image of the nanostructure. The triangles have
slightly rounded tips resulting from the fabrication process, which was accounted for in the
optical field simulations (Figure 1C).

Fabrication of a nanopore using plasmonic dielectric breakdown starts with assembling the
sample in an optically accessible flow cell as described in Ref. 36 and flushing in 1 M KCI
or 2 M LiCl electrolyte solution. The electrolyte solution was buffered to pH 8 with 10 mM
Tris-Cl and 1 mM EDTA to provide better control over the breakdown process.33 After
aligning the diffraction-limited laser spot (~0.5 um in size) with the plasmonic
nanostructure, the membrane bias voltage is applied using Ag/AgCl electrodes (see Methods
for experimental details). Figure 3 shows an example time-trace of the current through the
membrane during a breakdown experiment. First, applying a transmembrane voltage of V/;
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=6V results in a leakage current due to trap-assisted tunneling.3” No pore formation occurs
with these settings, even after long times, as discussed in more detail below. Next, we keep
the applied voltage and add illumination of the selected plasmonic bowtie structure with 5
mW laser power in longitudinal mode. This often increases the leakage current (see Figure
3), although quantitatively this varies from sample to sample. Then, within the next 30 s to
300 s, we suddenly discern a very rapid increase of the current across the membrane. This
signifies the plasmonic dielectric breakdown event, which is associated with the formation
of a nanopore (Figure 3). After reaching a certain preset threshold (130 nA in this case),
both the bias voltage and the laser illumination are switched off to allow further control over
the size of the nanopore. The resulting nanopores have a 70 to 130 M2 resistance,
corresponding to a nanopore diameter smaller than 4.5 nm using the model of Kowalczyk et
al. for the nanopore conduction with the effective pore length taken as 8.6 nm.38 Such a
small pore can be further enlarged to any desired diameter by subsequent applying moderate
voltage pulses.35 After sizing the breakdown pore to the desired diameter, it is left overnight
in 4M LiCl solution to equilibrate as in Ref. 32 before DNA translocation experiment.
Equilibration is thought to occur as the nanopore surface slowly rearranges over time into a
energetically more favorable shape.28

We are able to locate the nanopore in the plasmonic nanopore setup directly after its
formation and enlargement. Figure 4A shows the freestanding silicon nitride membrane
where the white cross indicates the point where we intended to create a plasmonic nanopore
by illuminating a bowtie that was located at that position. After the breakdown, the pore
location was determined by scanning the membrane with a low-power (0.5 mW) laser beam
and simultaneous monitoring of the nanopore current at 100 mV transmembrane voltage
(Figure 4B). When the laser focus illuminates the plasmonic nanostructure in the vicinity of
the fabricated nanopore, localized heating of the plasmonic structure causes a local increase
of the electrolyte conductivity?, and hence an increase in the ionic current through the pore,
which results in an absolute maximum on the current map. The location of the maximum in
Figure 4B confirms that the nanopore was indeed successfully formed at the position of the
plasmonic bowtie that was illuminated with the laser during pore formation (Figure 4A). The
inset of Figure 4B shows a higher-resolution membrane scan of the area in the vicinity of the
nanopore. To characterize the located nanopore we measure the 1-V curves of the formed
pore under transverse and longitudinal laser polarizations, as shown in Figure 4C. Linear I-V
curves are observed. The creation of the pore drastically changed the resistance from >1GQ)
before breakdown to a value of 26.6 M<2. Upon laser illumination, the pore resistance
changes to 24.3 M2 and 18.1 M2 for transverse and longitudinal excitation respectively,
which indicates that the fabricated pore is in close proximity to a plasmonic nanostructure
and that the absorption cross-section of the bowtie nanoantenna in longitudinal mode is
higher than in transverse mode.

TEM microscopy allowed for a careful visualization of the nanopore. Figure 4D shows a
typical TEM image of a plasmonic nanopore that was fabricated by means of plasmonic
dielectric breakdown in longitudinal mode. In agreement with our hypothesis, the nanopore
has formed right in the gap of the bowtie structure, where the hotspots of the optical field are
located (clear from the false-colored inset in Figure 4D). Whereas a temperature elevation is
known to promote dielectric breakdown,3? this would cause the pore to form anywhere
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around the nanostructure, as the temperature profile over the ~100nm nanostructure is nearly
uniform.40 Instead, we observe that pores form consistently at the center of the bowtie (see
additional examples in Sl), confirming that the plasmonic optical field enhancement plays an
essential role in the localization of the breakdown effect.

In order to set proper conditions for plasmonic dielectric breakdown we selected an applied
voltage of V), =6 V. This was the highest attainable voltage that was insufficient to generate
a dielectric breakdown in absence of plasmonic excitation, within at least 30 min of
observation. Such a V/};, creates an electric field strength of 3 MV/cm in the 20 nm thick
dielectric membrane, which is at least 3 times lower than the breakdown field of low-stress
silicon-nitride films as reported in the literature.4142 Staying below the breakdown field
safeguards us against the occurrence of a regular breakdown event,33 which would result in
the formation of a nanopore in a random location on the membrane. Notably, the optical
field in the hotspot of the bowtie antenna at 5 mW of laser power is estimated to produce an
optical field of 1.5 MV/cm in the plasmonic hotspot (See Sl for details) that is spatially
localized to a small volume of a few nanometers. While providing an additional
electromagnetic field at the position for pore formation, this highly nonuniform optical field
has a different nature than the applied DC electric field.

A number of control experiments confirm that the plasmonic dielectric breakdown is the
result of synergetic influence of the DC electric field and the plasmonic optical field on the
membrane. First, we verified that the pores made by regular dielectric breakdown, without
laser illumination, at V/},; higher than 7 V did indeed form in a random location on the
freestanding membrane, unaffected by the presence of the plasmonic nanostructures. Using
higher laser powers, the pore can be located by scanning the membrane as described above
(See S/for the details). Second, we demonstrate that, interesting in itself, the optical field of
the laser is capable of localizing the breakdown event also without plasmonic structures,
provided that a much higher laser power (45 mW) is used (See Sl). This confirms that it is
the optical nature of the excitation that promotes the dielectric breakdown rather than mere
temperature elevation. In passing, we note that this also provides a novel means to control
the position of nonplasmonic nanopores using dielectric breakdown.

To demonstrate that plasmonic nanopores drilled by controlled dielectric breakdown can be
used as high-quality single molecule biosensors, we performed DNA translocation
experiments on such nanopores with and without laser excitation of the plasmonic
nanostructures. Under application of a bias voltage across the membrane, DNA molecules
are electrophoretically attracted to the nanopore and then driven through it, thus leading to a
transient reduction of the ionic current, as the passing molecule obstructs part of the ion flow
through the nanopore.

Figure 5A shows 3 typical time traces of the current at 100 mV during a DNA translocation
experiment through a 11.0 M2 nanopore, equivalent to an effective diameter of 10.6 nm in 2
M LiCl at 0 mW, 0.5 mW, and 1 mW of excitation power in longitudinal mode (see Sl for
details). After the addition of 5 ng/uL A-DNA (48.5 kbp), transient current blockades can
clearly be observed for all 3 illumination conditions. Figure 5B shows zooms of 6 DNA
translocation events in a linear (left) and folded fashion (right). The clear distinct
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conductance levels reflect that the fabricated plasmonic nanopore exhibits excellent signal-
to-noise characteristics, at least on-par with nanopores drilled using TEM (see SI).2043
Figure 5C displays the conductance blockade levels AG change with laser power in
longitudinal and transverse excitation. The blockade levels rise linearly with increasing laser
power, in quantitative agreement with data for the TEM-drilled plasmonic nanoporesZ°,
which can be explained by plasmonic heating. Figure 5D shows the translocation times of
the DNA molecules. While, based on a locally heated nanopore, no significant dependence
on the laser power is expected,20 the translocation times decrease slightly with laser power
for longitudinal polarization, but not for transverse polarization. Finally, Figure 5E shows a
strong enhancement of the rate at which the DNA molecules are captured into the nanopore
with increasing of the laser power, where the longitudinal mode shows a stronger
enhancement than the transverse mode of excitation. This rate enhancement in LiCl is in
good agreement with the results obtained in TEM drilled plasmonic nanopores and can be
explained by plasmon-induced thermophoretic capture of DNA.20

In summary, we have developed a novel method for self-aligned formation of nanopores in
plasmonic hotspots by means of controlled dielectric breakdown. The breakdown event is
initiated at the optical field hotspot of the plasmonic nanostructure by applying a large DC
electric field applied across a thin membrane while simultaneous optically illuminating the
plasmonic nanostructure on the membrane. This ensures that the nanopore is automatically
positioned at the location of highest field intensity. Interestingly, this makes the method
particularly suitable also for plasmonic systems where the position of the most intense hot
spot is not previously known or difficult to predict.*4 We have demonstrated DNA
translocations through these nanopores and have shown that they perform on-par with TEM-
drilled plasmonic nanopores in both their noise and DNA-translocation characteristics. The
method presented is cost-efficient and high-throughput. Since the approach results in a
nanopore that is automatically aligned with the optical hotspot of the plasmonic
nanostructure, the method is perfectly suited for high-yield fabrication of plasmonic
nanopores, promising for applications such as fluorescence detection, Raman
characterization, DNA sequencing, and trapping of single biomolecules.

Sample Fabrication

Chips with 30x30 um 20 nm thick free-standing silicon-nitride membranes were fabricated
as described in Ref. 45, where transmembrane patterning was omitted to expose the full
silicon-nitride surface. Plasmonic nanostructures and alignment marker structures were
fabricated on top of the free-standing membranes using e-beam lithography patterning of a
single-layer PMMA 950K resist. After development, an adhesion layer of 1 nm Ti was
evaporated on the sample followed by evaporation of 30 nm of gold. Then the PMMA layer
was subsequently removed using lift-off.

Alignment of laser focus with plasmonic structure before breakdown

The position of the laser focus was aligned to the plasmonic nanostructure using the large
metal markers and a piezoelectric positioning stage (Pl GmbH), while being imaged using a
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60x 1.2 NA water-immersion objective (Olympus). The same objective was used to focus the
785 nm wavelength laser to a diffraction-limited laser spot size of about 0.5 pm, which was
enough for sufficiently accurate alignment of the laser focus and the plasmonic
nanostructure using the markers. The plasmonic nanostructures were not exposed to laser
illumination during the alignment procedure.

Electronic Instrumentation

For plasmonic dielectric breakdown, we used a custom-build current amplifier, capable of
applying £20 V and recording sub-nA currents, as described in more detail in Ref. 33. |-V
and ionic current measurements during nanopore localization and DNA translocations are
recorded using a commercial amplifier, Axopatch 200B (Molecular Devices, LLC) with a
four-pole Bessel filter set at 100 kHz.

FDTD Simulations

We used FDTD Solutions (Lumerical Solutions, Inc., Canada) to model the optical
properties of the plasmonic bowtie nanoantenna. The bowtie antenna was modeled as two 30
nm thick gold equilateral triangles of 90 nm in size (tip-to-base) that face each other tip-to-
tip with a 10 nm separation. The corners of the triangles were rounded (15 nm-in-radius
rounding) to better resemble the fabricated structures. The antenna was positioned on a 20
nm thin silicon-nitride membrane with a refractive index (RI) of 2 and 1 nm native oxide
layer of RI = 1.4. The surrounding medium was modeled as water with a Rl of 1.33.
Symmetry was used to reduce the computational time. The plasmonic antenna was excited
by a pulse from a total-field scattered-field source incident normal to the membrane, and
with the polarization in either the longitudinal or the transverse mode. The optical
absorption cross section was calculated by the net power flux through a box surrounding the
antenna.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Side-view sketch of the experimental layout. The membrane is exposed to a DC electric

field and to the optical field that is locally enhanced by the plasmonic antenna. (B) Sketch of
the plasmonic bowtie antenna on top of the freestanding silicon-nitride membrane. Typical
sizes are indicated. (C) Result of a simulation of the electric field distribution (£) compared
to the incident electric field amplitude (£y) at longitudinal excitation at a wavelength of 785
nm. Orange frames outline the position of the plasmonic structures in the model. The
different polarization directions (longitudinal and transverse) of the excitation light is
indicated with an arrow.
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Figure 2.
(A) SEM image of a freestanding silicon-nitride membrane and gold marker structures. (B)

SEM image of the gold plasmonic nanostructure (in the center) and two gold markers used
to optically align the laser focus with the nanostructures. (C) Close-up TEM image of a
plasmonic bowtie antenna on the membrane (without a pore yet).
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Figure 3.
Time trace of the transmembrane current during the formation of a plasmonic solid-state

nanopore by dielectric breakdown.
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Figure 4.
(A) Optical image of the freestanding silicon-nitride membrane with gold markers indicating

the positions of the plasmonic nanostructures. The position of the laser spot that is used to
induce the formation of the nanopore, and hence the desired nanopore location, are indicated
by a white cross. (B) lonic current map of the membrane at 100 mV bias at low (0.5 mW)
laser power after pore formation. The inset is a higher resolution scan of the area near the
nanopore. (C) Current-voltage characteristics of the fabricated pore acquired with and
without laser excitation of the plasmonic bowtie antenna. Green line corresponds to the
current-voltage characteristic of the freestanding membrane before breakdown event. (D)
Typical TEM image of a nanopore fabricated using plasmonic dielectric breakdown. The
zoom in the inset shows a false-colored image of the gap of the gold bowtie structure that
more clearly visualizes the nanopore.
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Figure5.

(A) Time trace of the ionic current through a dielectric-breakdown-fabricated plasmonic
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nanopore, during DNA translocations under 100 mV bias voltage at 0 mW (blue), 0.5 mW
(green) and 1 mW (red) plasmonic excitation in longitudinal polarization. (B) Sample events
for a linear translocation and a folded translocation at 0 mw (blue), 0.5 mW (green) and 1
mW (red) low-pass filtered at 10 kHz. (C) Conductance blockade levels AG, for the single

blockade-level (squares, one double strand of DNA inside the nanopore) and the double
blockade level (circles, two double strands of DNA inside the nanopore) as a function of

illumination power for longitudinal (magenta) and transverse (black) polarization. The full
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lines are linear fits. (D) DNA translocation times zas a function of illumination power for
longitudinal (magenta) and transverse (black) polarization. Lines are linear fits. (E) Event
rate enhancement versus laser power for both longitudinal (magenta) and transverse
excitation (black). Lines are linear fits. Standard errors of the mean were in all cases smaller
than the marker symbols and hence error bars are omitted in the plots.
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