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Plasmonic Photochemistry as a Tool to Prepare Metallic
Nanopores with Controlled Diameter for Optimized

Detection of Single Entities

German Lanzavecchia, Joel Kuttruff, Andrea Doricchi, Ali Douaki,
Krishnadas Kumaranchira Ramankutty, Isabel Garcia, Lyuye Lin, Alba Viejo Rodriguez,
Thomas Wagberg, Roman Krahne, Nicold Maccaferri,* and Denis Garoli*

Plasmonic solid-state nanopores with tunable hole diameters can be prepared
via a photocatalytic effect resulting from the enhanced electromagnetic (EM)
field inside a metallic ring on top of a dielectric nanotube. Under white light
illumination, the plasmon-enhanced EM-field induces a site-selective metal
nucleation and growth within the ring. This approach is used to prepare Au
and bimetallic Au—Ag nano-rings and demonstrate the reduction of the initial
inner diameter of the nanopore down to 4 nm. The tunability of the nanopore
diameter can be used to enable optimized detection of single entities with
different sizes. As a proof-of-concept, single object detection of double
stranded DNA (dsDNA) and Au nanoparticles (AuNPs) with a diameter down
to 15 nm is performed. Numerical simulations provide insights into the
EM-field distribution and confinement, showing that a field intensity
enhancement of up to 10* can be achieved inside the nanopores. This
localized EM-field can be used to perform enhanced optical measurements
and generate local heating, thereby modifying the properties of the nanopore.
Such a flexible approach also represents a valuable tool to investigate
plasmon-driven photochemical reactions, and it can represent an important

step toward the realization of new plasmonic devices.

1. Introduction

Nanopore technology is the core of third-
generation sequencing, and solid-state
nanopores are now one of the main topics
in single-molecule sensing. In order to
make solid-state nanopores a valid alterna-
tive to the more commonly used biological
nanopores, different nanofabrication meth-
ods and materials have been developed
so far!1%1 Electrical measurements are
the main approach for single-molecule
detection and sequencing by means of
nanopores. Unfortunately, electrical read-
out is complex to be applied to parallel
detection from multiple nanopores, while
readout schemes that rely on optical spec-
troscopy can make it possible with high
efficiency.”!!! In this context, plasmonic
nanopores represent a unique tool to re-
duce the shot noise from the optical signal
of small objects and molecules via the local
enhancement of the electromagnetic (EM)
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field of the incident light used to detect the signal of these small
entities, such as DNA and even single proteins. The EM-field en-
hancement can be confined inside the diameter of the nanopore,
down to the nm? volume, and engineered by leveraging on the
size, shape and material composition of the nanostructure.!®!
In the past 10 years, we have witnessed a growing interest in
developing different types of plasmonic nanopores for single
nanoparticle or molecule detection and sequencing, and more
recently to achieve single protein resolution.'?8] In most cases,
the fabrication of sub-10 nm pores requires complex multi-step
processes, including Transmission Electron Microscopy (TEM)-
assisted sculpturing of the membrane where the plasmonic
nanostructures are prepared by using other techniques, such
as focus-ion-beam or electron-beam lithography (FIB or EBL,
respectively).[°] Intriguing alternative strategies for plasmonic
nanopore fabrication have been reported: for instance, optical
control of the dielectric breakdown of the membrane has been
demonstrated by several groups,!'®3%32] and more recently the
use of laser-driven fabrication of nanometric pores received sig-
nificant interest within the community.3>-*) Nowadays, these ap-
proaches enable to prepare solid-state nanopores on dielectric
or semiconductor membranes with good reproducibility, how-
ever, mainly on the single nanopore level. Therefore, the prepa-
ration of nanopore arrays for parallel single molecule detection
with controlled diameter, or the fabrication of nanopores in plas-
monic materials, such as noble metals, is still challenging.[33¢:37]
Methods for metallic nanopore fabrication can be achieved by
pore shrinking by means of metal growth or evaporation.’ Al-
though this procedure is scalable to a large number of pores, it
suffers from two major drawbacks: i) it increases the thickness
of the pore significantly, thus reducing the spatial confinement
of the EM-field; ii) it is applied to the whole substrate. There-
fore, metal deposition processes that can be spatially controlled
on the nanoscale (without the use of lithographic processes) are
highly desirable and represent a key advancement for plasmonic
nanopore technology. A possible way to achieve this is by plas-
monic photochemistry,***! which refers to a synergistic com-
bination of plasmonics and chemistry on the nanoscale to con-
trol metal nucleation and growth.[**41-46 Here, we demonstrate
a scheme to prepare single (3D) plasmonic nanopores, as well as
nanopores array with arbitrary configurations. Our design com-
prises a metallic ring on top of a dielectric tube as illustrated in
Figure 1. The EM-field enhancement inside the ring is used to
trigger localized metal nucleation and growth, thus reducing the
diameter of the hole. We demonstrate that the process can be ap-
plied to different metals (for instance Au and Ag), albeit with dif-
ferent efficiencies. In particular, for Ag growth, the photocatalytic
metal deposition tends to be slow (in the order of 1 nm min™?),
enabling a controlled reduction of the nanopore hole diameter
down to 4 nm. Fine control of the size of the prepared nanopores
is particularly important if the same platform concept is applied
for the detection of different single entities. As a proof of concept,
we demonstrate that the nanopores fabricated with this photo-
catalytic approach can be used to detect, via electrical measure-
ments, both large objects, such as nanoparticles with sizes of a
few tens of nanometres, and small molecules such as double-
stranded DNA (with diameter in the order of 1 nm). Finally, the
EM-field enhancement enables biomolecule detection by Surface
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Figure 1. lllustration of the fabrication procedures. a—c) A gold ring is
prepared on top of a dielectric nanotube in order to produce a confined
and enhanced EM-field.[*’] d) This structure is used in combination with
photochemistry for sub-5 nm nanopore fabrication. The structure, which
consists of a hollow dielectric 3D nanotube with a 30 nm thick gold ring
covering its top surface (see Experimental Section for more details), is illu-
minated with white light and immersed in a metallic salt solution. The EM-
field is mainly confined in the inner part of the ring, with a maximum field
intensity of up to 10%.1471 A small EM-field enhancement is also present at
the outer part of the Au ring with a maximum intensity of up to 102. Consid-
ering plasmon-driven metallic nucleation,!**4?] it is reasonable to expect
that such field confinement and enhancement can drive the local nucle-
ation of metallic nanoparticles during a photochemical reaction. Hence,
under illumination (d) a significantly increased growth rate of metals can
be expected due to the field enhancement, mostly in the inner part of the
gold ring, and to a smaller extent on the external edges. e) By increasing
the photochemical reaction time it is possible to obtain pores with a di-
ameter down to 4 nm.

Enhanced Raman Scattering (SERS), thus enabling also parallel
optical read-out.

2. Results and Discussion

Figure 1 illustrates the steps of fabrication of metallic nanopores
with nm-precision in an ordered array or in arbitrary arrange-
ment, by exploiting plasmonic photochemistry together with the
ability of a metallic ring to confine and enhance the EM-field in
its inner part to enable nucleation and growth of an additional
metal layer.

In order to excite the EM-field and to enable the photochemi-
cal reaction, the samples are illuminated with white light using
an optical microscope, similar to the experiment reported by Ai
et al.l* who applied the plasmonic photochemical growth to pla-
nar nanoholes on a glass substrate, so decorating the hole with Ag
NPs, reaching minimal aperture diameters of 30 nm. Here, we
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use a hollow nanopore configuration with a 3D geometry reach-
ing an aperture diameter of a few nm. In order to perform a direct
comparison between the 3D design and the planar configuration
where the pores are prepared on a thin membrane, both designs
will be discussed.

2.1. Nanopore Fabrication

First, we verified the photochemical reaction in a planar config-
uration considering arrays of gold nanopores (with inner diam-
eters of 70 nm) with a different pitch between 400 and 850 nm.
In this case, the EM-field in the inner part of the pores mainly
depends on the pitch (periodicity) of the array as verified by finite
element method (FEM) simulations (see Experimental Section).
We tested the planar configuration using monochromatic light
excitation (638 nm) for arrays with varying periodicity. The most
effective pitch for EM-field confinement in the pore (see Note S1,
Figure S1, Supporting Information) is close to 600 nm. Arrays of
nanopores with a pitch varying between 400 and 800 nm were
fabricated (see Experimental Section) and used as a platform to
grow Ag via the photochemical reaction. As can be observed in
Figure S2 and Note S2 (Supporting Information), and in agree-
ment with the FEM simulations, the most efficient plasmonic-
driven Ag growth is obtained for a pitch of 600 nm. However, the
approach using this configuration did not result in reproducible
Ag rings and did not provide the required control in size and
uniformity over the array. This is partially in disagreement with
the results obtained in ref. [40], and is likely attributed to sub-
strate effects, since in our case the Ag growth was performed on
nanoholes in a thin membrane. The absence of a substrate prob-
ably limits the efficiency of nucleation because of a smaller EM-
field confinement and a different interaction between the metal
salts and the substrate. However, the fabrication results obtained
for the planar configuration are instructive and informative to-
ward the design and expectations regarding the 3D nanotube-Au-
ring geometry.

Then, we experimentally explored the fabrication of the
proposed plasmonic nanopores on 3D nanostructures prepared
on Si;N, membranes. We first fabricated the metallic rings on
top of dielectric tubes (Figure la—c). This fabrication relies on
a well-established method first reported by De Angelis et al.[*®]
that was further developed during the last decade.*’#9°% The
principle relies on the FIB-generated secondary-electron lithog-
raphy in optical resist and allows the preparation of high aspect
ratio structures with any 3D profile. The nanotube is prepared
on a transparent substrate (100 nm thick Si;N, membrane) with
a skeleton made of S1813 optical resist exposed with a secondary
electron during its milling to create the desired shape. The
versatility of the process allows to prepare 3D structures with
high reproducibility, since the size (inner and outer diameters)
depends only on the current used during the FIB milling (see
Experimental Section). Figure 2a,d reports examples of gold
rings prepared on top of dielectric tubes with different initial
sizes (additional examples of array fabrication can be observed in
Note S3, Supporting Information). The ionic current used for the
FIB fabrication ranges from 24 to 230 pA, and the obtained rings
have external diameters between 200 and 550 nm, resulting in
different resonant configurations for the confined field in the in-
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ner part of the rings.[*’1 It is expected that the efficiency in metal
ion nucleation during the plasmonic photochemical process
depends on the dimension of the gold ring, since the process
is related to the EM-field intensity distribution. We compared
the process using Au salts (AuBr,; and HAuCl,) and Ag salts
(AgNO,). In both cases, the structures have been illuminated
with white light (Xe lamp, 50 W, focusing the light on the sample
by means of a 20x (0.95 NA) objective). During the exposure, the
sample was immersed in the solutions for variable intervals of
time between 10 and 50 min, in order to investigate the growth
rate. The growth reaction was then stopped by transferring the
sample into isopropyl alcohol and finally drying under N, flow.

Both Au and Ag nucleation and growth lead to hole shrink-
ing. Scanning electron microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS) have been performed to investigate the local
deposition morphology and composition (Figure 2). EDS analysis
confirmed that the Ag growth is localized on the pillar, with only
negligible deposition on the metallic substrate (see Note S4, Sup-
porting Information). No data is reported for Au growth because
it was not possible to observe any differences in the EDS maps.
Even though the photochemical reaction takes place mainly in-
side the nanorings, the whole substrate is also coated with Au by
the initial deposition. Figure 2i—k reports also an example of the
photochemical Ag growth over an array of Au nanorings (see also
Note S3, Supporting Information).

We estimated the growth rate by measuring the internal pore
diameter with SEM and averaged the measurements over an ar-
ray of 50 pores. Pore sizes were measured every 10 minutes of
reaction under light exposure. The hole shrinking rate observed
for silver growth, using 5 mm AgNO; and Sodium Citrate as a
reducing agent,!*’! was ~#1 nm min~! as shown in Figure S7 and
Note S1 (Supporting Information). It is worth noticing that the
field confinement that drives the plasmon-induced metal growth
should increase in the inner surface of the nanopore when the
pore diameter approaches tiny sizes, thus increasing the growth
rate.

We first tested gold deposition via self-reduction of gold from
HAuCl,, which led to a slow but rather inhomogeneous process
resulting in a poor control of hole shrinking (Note S6, Support-
ing Information). When replacing the HAuCl, with AuBr; salt
and Sodium Citrate as a reducing agent, the reaction resulted to
be fast with a full blocking of the pores after 15 min reaction time
and with significant growth also on the substrate. Similar experi-
ments were conducted with lower concentrations of Au (10% and
1% of the original concentration) resulting in a slower growth
rate, but still significant metal deposition on the substrate was
observed. At 0.5 mM Au precursor concentration, the pore shrink-
ing rate (measured as described above) was ~3 nm min~! (Note
S7, Supporting Information).

The choice of metallic nanoring on top of a dielectric pillar
has an important impact on the spatial distribution of the metal
growth. In principle, one could also use a fully Au-covered 3D
pillar for the growth, but then the EM-field confinement is ex-
tended along the full length of the hollow pillar (at resonance),
and not limited to the top part of the pillar as for the metal-
lic nanoring.*7-% As expected, the seeding (due to plasmon-
enhanced photochemical reactions) for fully Au-covered pillars
produced metal deposition all over the structure (see Note S8,
Supporting Information).

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. a—f) SEM micrographs of nanopores prepared via plasmonic photochemistry; a,d) examples of an Au ring on top of dielectric pillars prepared
at FIB currents of 40 and 80 pA, respectively; b) morphology of the ring after 40 min of photochemical Ag reaction; c—f) examples of the corresponding
Ag nanopore morphology (a—d) after thermal annealing (inset c: cross section of the nanopore); g,h) EDS maps of the ring for Au (g) and Ag (h) — the
maps are referred to the sample illustrated in panels (e,f); i,j) example of array prepared with a current of 24 pA; k) example of array of nanopores after

Ag photochemical growth (after 40 min under light exposure).

The structures obtained and illustrated in Figure 2 and Note
S3 (Supporting Information) demonstrate the localized growth
of metal obtained with optical excitation. The morphology ap-
pears very rough, and therefore with a reduced control on the
final shape and thickness of the grown layer. However, the ob-
tained low growth rate enables a fine control on the pore size
that is better compared to previously reported metal growth in
nanopores, for example, performed via electroless electrochemi-
cal depositions.51->3!

In order to obtain a smooth metallic structure, the sam-
ples have been annealed at 200 °C for 10 min under N, flux
(Figure 2c,e.f; Figure S12, Note S9, Supporting Information). The
annealing step is particularly effective in the case of Ag growth,
where the large grains obtained after the photochemical reac-
tion are almost completely converted into a smooth metal film
after thermal annealing. The most important effect of thermal
annealing is that it enabled to obtain inner nanopore diameters
smaller than 10 nm in a controlled way. The thermal annealing

Adv. Optical Mater. 2023, 2300786 2300786 (4 of 10)

also modified the shape of the metal ring producing a curvature
in the inner part with a final bowl-like shape. To verify that the
metal deposition is indeed occurring by a photochemical process,
we performed the reaction also without illumination. As illus-
trated in Figure S13 (Supporting Information), after 30 minutes
of reaction in the dark with AgNO;, no Ag deposition was ob-
served inside the Au rings (Note S10, Supporting Information),
hence demonstrating the key role of the plasmonic field confine-
ment and enhancement. Finally, as reported in the Experimental
Section, the fabrication of the nanopores included a last step of
atomic layer deposition of Al,O; (~1 nm). This is used to passi-
vate the metal layer and avoid potential charge effects.

2.2. Numerical Simulations

We performed FEM simulations to obtain an estimation of the
performance of our structures in terms of EM-field confinement

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. a) Electric field intensity enhancement I/l with logarithmic color scale for the gold ring structure (outer diameter d; = 210 nm and inner
diameter d, = 140 nm) at resonance condition (4 = 665 nm). Incident k-vector and polarization are indicated by magenta and red arrows, respectively;
b) the bimetallic Ag—Au ring with a pore diameter of 10 nm at resonance (4 = 410 nm), the left panel shows the planar configuration, right panel the
bowl-like structure; c) EM-field intensity enhancement I/, as a function of the wavelength for the planar Au/Ag geometry using different sizes d,/d,
as indicated in the inset. The enhancement factor is evaluated as average on the top surface of the nanopore; d) same as in (c) for the bowl-shaped

geometry.

and enhancement. In more detail, we used the RF Module in
Comsol Multiphysics, taking the geometry of the hollow pillars
coated with metal rings into account (Figure 3). The top view
in Figure 3a shows that the EM-field is mainly confined in the
inner part of the ring, with a maximum field intensity of up to
10%. A small enhancement is also present at the outer part of
the ring, where the maximum intensity reaches 102. Figure 3b—
d illustrates the behaviour of the structure after the inner di-
ameter of the pore was reduced by the Ag deposition (simula-
tions for Au deposition are reported in Note S11, Supporting
Information). Figure 3 shows that the reduction of the pore di-
ameter leads to a stronger EM-field enhancement up to a maxi-
mum of 10* at resonance (410 nm wavelength). Figure 3c shows
the calculated intensity enhancement I/I; in the nanopores
with an ideal geometry, and of the bowl-shaped metal rings
(Figure 3d) that are obtained in our fabrication (see Figure 2c,e.f).
The bowl-shaped structure obtained with the annealing dis-
plays a stronger EM-field enhancement (approximately twice
that of the planar structure illustrated). Bowl-shaped nanopores
have been recently reported using more complex fabrication
procedures, but still demonstrating improved performance in
single-molecule translocation and detection.> Similar simula-
tions for nanopores with additional Au deposition are reported
in Figures S14, S15 and Note S11 (Supporting Information),
which reveal a maximum intensity enhancement I/I; up to 150
at 610 nm excitation wavelength. The broad response of the Au
nanopore in the visible spectral range suggests its potential use
in enhanced spectroscopies. This holds also for the Ag-reduced
nanopores, although their functionality is optimized at shorter
wavelengths.

Adv. Optical Mater. 2023, 2300786 2300786 (5 of 10)

2.3. Single Entity Detection and Electro-Optical Characterization

To test the performance of our structures in different applica-
tions, in particular in single molecule detection, we investigated
the nanopores with respect to the following aspects: i) the effect
of illumination on the nanopore conductance; ii) the capability of
the nanopore, prepared with different pore diameters, to detect
single nanoparticles and biomolecules; iii) potential enhanced
spectroscopy capabilities for parallel optical readout.

In order to characterize the electrical conductance of the
nanopores, we fabricated a single pore on the Si;N, membrane,
applying the photochemical reaction with Ag to reduce the hole
of the nanopore to a diameter below 10 nm. The conductance was
measured by current—voltage (I-V) sweeping and used to evalu-
ate the hole diameter of the pore (Figure 4a; Note S12, Support-
ing Information for details). The samples were placed in a mi-
crofluidic chip and immersed in TE buffer (10 mwm Tris-HCl con-
taining 1 mm EDTAeNa,, pH 8). Two AgCl electrodes have been
used in combination with a nanopore reader!>! (see Experimen-
tal Section for more details). In all cases, the conductance of the
nanopore has been measured before and after the photocatalytic
metal deposition. We repeated these measurements on different
samples and observed that a nanopore with a starting diameter of
60 nm resulted in a reduction by one order of magnitude, down
to 4 nm. In the calculation of the pore diameter, it is important
to consider the uncertainty in the final pore’s thickness due to
the fabrication procedure. We evaluated the nanopore thickness
by inspection of a cross section of the nanopore obtained by FIB
milling (see Figure 2c, inset). Although the method is partially
destructive, it enables to estimate a thickness of ~30 nm after the

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. a) |-V curves obtained from a single nanopore with an Au ring, and the same nanopore after Ag deposition (after 40 min under white light
illumination); b) I-V curves of a single Ag—Au nanopore illuminated with different light sources; c¢) dsDNA translocations in 1 M KCl at V = 300 mV. A
20 kHz low-pass Bessel filter is applied to distinguish event characteristics against noise. Translocation event shapes are consistent with single DNA
translocation, although no clear discrimination between folded and unfolded states can be observed; d) AuNP (15 and 30 nm) translocations in 1 m KCl
at V =500 mV were recorded at 20 kHz bandwidth using the portable nanopore reader from Elements SRL. Few translocation events can be detected
per second, where two distinct levels can be associated with 15 and 30-nm particles.

annealing step. This pore thickness correlates to a minimum di-
ameter of 4 nm considering the measured conductance of 4.2 nS
(Figure 4a). Worth noticing, the same conductance considering a
pore thickness of 150 nm gives a pore diameter of 8.9 nm.

It is important to stress that, although the preparation of a
single nanopore with a diameter of a few nm has already been
reported in the literature,[>>*%] the controllable preparation of
a metallic (plasmonic) nanopore array with a diameter between
tens of nm down to 5 nm is still very challenging.!%!] The method
proposed here enables a controlled diameter reduction of the
nanopore (1 nm min~! with Ag growth) both in single pore con-
figuration and in arrays with arbitrary pores shapes and arrange-
ments. The EM field distribution in a solid-state nanopore has
a fundamental role in the translocation process, and controlling
the translocation process can enable significant improvements
in molecule capturing, spectroscopic investigation,®¥’] and tem-
poral resolution. Obtaining metallic nanopores with plasmonic
properties that enable EM field engineering has also the advan-
tage that thermal effects can be explored. To investigate the ther-
mal effects, a simple strategy could be to monitor the nanopore
conductance with and without external light stimuli.['”¢263] Thus,
we measured the I-V response of the single plasmonic nanopore
illuminated with light-emitting diodes (LEDs) at different wave-
lengths (460 nm (blue) and 650 nm (red), ~ 2 mW power), re-
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spectively. In the Ag-reduced nanopore, we expect to observe a
more pronounced plasmonic effect with the blue LED. Our mea-
surements, reported in Figure 4b, demonstrate an increased pore
conductance for illumination with blue light (on-resonance) to
G = 10.9 nS. This is probably due to the EM-field enhancement
produced by the Ag ring, which results in local plasmonic heating
of the pore. Measurements off-resonance and without illumina-
tion lead to lower conductivity, G = 6 nS and 4.2 nS, respectively.

The fabrication of nanopores with controlled diameters is also
interesting in the optimized detection of the translocation events
of single objects. In fact, the dynamic range of a nanopore mea-
sures the detectable size range of analytes. Since the sensitivity is
closely related to the relative size of the analyte and the nanopore,
the limited dynamic range of a single nanopore has remained an
issue, which means it is difficult to resolve two molecules that dif-
fer by a few nanometers in size. Moreover, while biomolecules
such as DNA or proteins require nanopores with a diameter of
a few nm, the detection of large NPs can be done only with
larger nanopores. Here, we explored the electrical detection of
dsDNA, and of AuNPs with sizes of 15 and 30 nm. This choice is
aimed at the optimization of a platform that can be used in DNA
nanostructures (comprising both DNA and nanomaterials) de-
tection as in the case of DNA data storage, as illustrated in our re-
cent review and in refs.[64—67]. The nanopore diameters used in

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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two sets of measurements were evaluated by their conductance,
yielding ~ 50 nm and 10 nm, used respectively for AuNPs and
DNA detection. The results of these experiments are illustrated in
Figure 4c,d. The DNA translocation data were first collected with
a bandwidth of 200 kHz applying a constant voltage of 300 mV
(see Figure S16, Note S13, Supporting Information). Following
the approach recently reported by Xia et al.l%! we used a Bessel
filter (low pass) to a cutoff of 20 kHz for event analysis (Figure 4c).
The signal collected at 200 kHz showed rather high noise (~ 1 nA
peak to peak) and event detection was less noisy after filtering.
This high and low-frequency noise level is comparable with sim-
ilar results recently reported using the same electrical nanopore
reader!®®l and can be due to several parameters, such as surface
conditions or contamination!®®’%! and the nanotube geometry. Af-
ter signal filtering, it was possible to clearly distinguish the events
of translocation and to calculate the histogram for the entire ionic
current versus time trace (Figure 4c). Here we can clearly dis-
tinguish two peaks: the baseline peak and a second peak corre-
sponding to DNA events with a (AI)DNA = 0.378 = 0.018 nA.
This single peak related to translocation events suggests that our
system was not able to detect folded and unfolded DNA configu-
rations. This could be due to the large pore diameter used in the
experiment (~10 nm), but also to the signal-to-noise ratio in our
experiments.

In a second set of experiments, we used a nanopore prepared
with a final diameter of ~ 50 nm to detect events of transloca-
tion of mixed AuNPs (with diameters of 15 and 30 nm). The
NPs were prepared according to the protocol reported in the
Experimental Section and resulted as monodispersed NPs (see
Note S14, Supporting Information). They were first character-
ized in terms of ¢-potential and resulted to be slightly negatively
charged (= —25 mV). The translocation experiments were per-
formed, with a bandwidth of 20 kHz, at different applied volt-
ages observing zero or very few events of translocation for bias
voltages below 500 mV. Translocation events, at a rate close to
10 events sec™!, were detected with an applied voltage of 500 mV
(Figure 4d). In this case, despite the low event rate, it was possi-
ble to observe two current levels ((AI)AuNP,s = 0.22 + 0.03 nA
and (AI)AuNP,, = 0.34 + 0.04 nA) that can be associated to the
two different NP sizes in the solution. The low event rate and the
high voltage required to observe the translocation events can be
ascribed to the low charge of the NPs and probably to the surface
charges configuration in the nanotube/nanopore. As described
in the Experimental Section, in order to avoid unpredictable sur-
face charge configurations, the inner and outer parts of the nan-
otube/nanopore are coated with a 1 nm thick Al,O, layer (with
atomic layer deposition). This probably enabled to limit non-
uniform charge distributions between the metal layer and the
dielectric substrate/nanotube, but geometrical aspects (due for
example to the high aspect ratio of the tube) can also play a role.
For this reason, alternative geometries should be considered: for
example, a conical shape for which it is reasonable to expect that
the metallic nanopore can be prepared with the photocatalytic
process with the same efficiency reported in this work.

To evaluate our nanopore platform for field-enhanced spec-
troscopies, as a final proof-of-concept experiment, we applied
the nanopore arrays for SERS by recording the signal of ds-
DNA (7 nM concentration) during the translocation through the
pores. We used a setup similar to that reported in ref. [71], with
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laser excitation at 633 nm wavelength. For a direct comparison
of the impact of the nanopore reduction, we compare the spec-
tra obtained from nanopore arrays before and after the photo-
catalytic Au growth. We used Au deposition to be in resonance
with the laser sources available in our Raman setup, since Au
nanopores present a broad EM-field enhancement between 550
and 750 nm (see Figure S14, Note S11, Supporting Information).
Au-Ag nanopores are more efficient in the spectral range between
350 and 450 nm as shown in Figure 4. Representative Raman
spectra are reported in Figure 5, showing the two best signals
obtained for the photochemically reduced pores and for the bare
Au ring, respectively (details on the observed peaks are reported
in Note S15, Supporting Information).’?! With the photochem-
ical growth Au nanopore (black curve Figure 5a) it was possible
to observe all the major peaks that can be associated to the ds-
DNA vibration, with higher efficiency with respect to the bare
Au ring (red curve). The time map reported in Figure 5a (right
panel) shows the low event rate for this experiment. In fact, over
500 s of data collection, that is, 5000 spectra recorded (with an
integration time of 100 msec), only a few tens of spectra show-
ing translocation events were observed. This suggests a small
dwell time as also observed in electrical recording. In any case,
the ability of the plasmonic platform to enhance the detection of
biomolecule translocation was confirmed. Finally, to corroborate
the local field enhancement effect, we recorded spatial maps of
the SERS intensity of an Au nanopore array covered with R6G as
the target analyte, which are reported in Figure 5. Raman spectra
of R6G molecules (concentration 0.1 mm) acquired from the ar-
ray of 3D nanopores substrate exhibit all the major lines at 611,
773, 1127, 1183, 1310, 1360, 1507, 1573, and 1648 cm™!. Each of
the Raman spectra was corrected by subtracting the fluorescence
background and the clear difference between spectra acquired
from the nanopore area and the substrate demonstrates the en-
hancement due to the plasmonic field enhancement within the
structure.”3]

3. Conclusion

In summary, we demonstrated that plasmonic photochemistry
can be used to reduce the diameter of plasmonic nanopores
down to 4 nm. With respect to previously reported plasmonic
nanostructures, our approach ensures a controlled tuning of the
nanopore diameter with nm-resolution. Another strength of our
approach is that it can be applied to single nanopores, arrays of
nanopores, or even arbitrary nanopore arrangements. The excel-
lent control in nanopore size reduction over time (1 nm min~!
with Ag) enables the fabrication of single or multiple nanopores
with controlled diameters that can be optimized for the detec-
tion of objects with different sizes. The fabrication of an array
of nanopores with a wide range of sizes in a single platform
could also be possible considering the slow rate of metal growth
and the possibility to fabricate the initial metallic rings with dif-
ferent diameters playing with the FIB fabrication parameters,
in particular the ion current. It would be not difficult to pre-
pare initial rings with different sizes (as discussed above ini-
tial diameters between 50 and 1000 nm are possible to fabri-
cate) and then shrink them down to different pore diameters
in a single chip. Nanopores with sub-10 nm apertures lead to
very strong EM field enhancement, which makes this platform

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. a) SERS spectra of dsDNA translocating through an Au ring on top of the pillar (black curve) and an Au nanopore (red curve) and time trace
over 500 s, integration time 0.1 sec; b) map of the Raman spectra obtained from 3D nanopores array with R6G as analyte. The bright spots represent the
nanopore, where the intensity of the acquired spectra was significantly higher with respect to the substrate. The map is obtained by integrating the signal
at 1360 cm™'; this peak is selected because it resulted to be the most frequently detected in the whole dataset. A detail on the full spectrum obtained

from a single nanopore is also reported.

appealing for field-enhanced spectroscopies such as fluores-
cence, FRET and SERS.!8! As a proof-of-concept, we demonstrate
that our nanopores can detect very small objects such as dsDNA
and also larger objects as metallic nanoparticles with a diame-
ter of a few tens of nm. Furthermore, we think that the plas-
monic photochemistry approach that we presented is not lim-
ited to the metallic ring geometry or even nanopores, but it can
be applied in general to any kind of plasmonic structures with
a well-defined spatial EM-field enhancement. Also, we believe
that such a flexible approach represents a valuable tool to inves-
tigate plasmon-driven photochemical reactions, charge transfer
and other intriguing nanoscale chemical phenomena, even at ul-
trafast timescales. Finally, this method might be an important
step toward the realization of new plasmonic devices for several
applications, from nanopore-based single-molecule detection®!
and DNA or protein sequencing to ion selectivityl’* and light-
based multiplexing information processing.[®+7>]

4. Experimental Section

Fabrication Procedures: ~ Freestanding Si;N, membrane chips were pre-
pared following a standard membrane fabrication procedure. In particular,
an array of square membranes was prepared on a commercial double-
sided 100 nm LPCVD Si; N4 coated 500 um Si wafer via UV photolithogra-
phy, following reactive ion etching and subsequent KOH wet etching.
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Hollow nanopillars were fabricated by using a reported procedure.[*’]
In brief, properly diluted S1813 MICROPOSIT photoresist was spin-coated
onto the SizN, chips. Then a thin layer (80 nm) of Au was deposited via
sputtering. FIB patterning was used to expose the resist in arbitrary ar-
rays by using different ion currents (24, 40, 80 and 230 pA, respectively).
The choice of different ion currents allowed for the preparation of differ-
ent diameters in the final pillar/Au ring. After the exposure, the Au top
layer was removed with a gold etchant (K| solution), followed by oxy-
gen plasma treatment (100 W 180 s) to clean the upper part of the re-
sist layer. A development in acetone with a further oxygen plasma (100 W
150 s) produced the final hollow dielectric structure. A thin layer of Ti//Au
(2//30 nm) was then deposited on top of nanopillars via electron beam
evaporation. The photochemical reaction was obtained by immersing the
substrate in a silver nitrate solution that was prepared with 30 mL 10 mm
AgNO;/ 1.8 mL and 6 mm Sodium citrate and then illuminated with white
light (Xe lamp 50 W / 20 x 0.95 NA objective) using an optical micro-
scope equipped with a 20x objective. For gold deposition, 5.0, 0.5 and
0.05 mm AuBr3, and 10 mm HAuCl, solutions were used. After the expo-
sures, the samples were rinsed in isopropyl alcohol and dried under N,
flow.

To note, similar fabrication procedures could be applied replacing the
30 nm thick Au rings with similar rings prepared with an Ag coating ob-
taining comparable enhancement in the visible range (see Note S16, Sup-
porting Information).

Planar pores were fabricated with FIB on SizN, membranes previously
coated with a thin layer of Ti/ /Au (2//50 nm). The substrate was immersed
in a Silver nitrate solution that was prepared with 30 mL 10 mm AgNO;/
1.8 mL 6 mm Sodium citrate and then illuminated with 638 nm laser light
for different durations.[*0] After the exposures, the samples were rinsed in
isopropyl alcohol and dried under N2 flow.

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Electrical Characterization: Electrical measurements were conducted
in 10 mm Tris-HCl/ 1 mm EDTA buffer solution, in the dark or under il-
lumination with a LED at 650 nm, and 460 nm (power 2 mW) inside a
nanopore reader using Ag/AgCl electrodes.[*°]

Electrical readout of DNA and NPs translocations were conducted in
1 M KCl by using the same instrument/reader from Elements srl.[%]

Raman Spectroscopy: Raman spectroscopy measurements were per-
formed using a Renishaw InVia Raman system with a 100 x 0.95 NA water
immersion objective. The signal from a dsDNA was collected for 500 s
through the pore with an integration time of 0.1 s. In this case, an excita-
tion wavelength of 632.8 nm was used for the experiment performed with
an Au ring and Au-reduced nanopores. The dsDNA was 7 nm A-DNA dis-
persed in T m KCI. In order to enable the translocation, the solution was
dropped in the bottom side of the membrane, while the upper side was
filled with the buffer alone and moved close to the microscope objective
used to excite the sample and collect the spectrum, a voltage of 100 mV
was applied. A second experiment was performed by using R6G (0.1 mm)
dispersed in H,O without externally applied voltage. The use of a resonant
Raman molecule, excited at 632 nm, was chosen in order to rapidly test
the in-array spectroscopy.

Dynamic Light Scattering: Dynamic light scattering experiments were
performed by using a Malvern Zetasizer, and the measurements were an-
alyzed with Zetasizer software. Data were reported as the average of three
measurements. The procedure used for these measurements followed the
protocol reported in ref. [76].

Numerical Simulations: Numerical simulations were carried out us-
ing the finite element method implemented in the RF solver of the com-
mercial COMSOL Multiphysics software. The geometry was set up in 3D,
and perfectly matched layers were introduced to suppress back reflections
from domain walls. Linearly polarized light (plane wave) at different wave-
lengths was injected at the top of the simulation geometry under normal
incidence to the structures. Interpolated data from Raki¢ et al.l’”] was used
to describe the linear optical properties of silver and gold. The refractive
index of the dielectric pillars and the environment were set to 1.45 and
1.33, respectively.

Synthesis of 15 and 30 nm PEGylated Au NPs:  Chemicals: Sodium boro-
hydride (ReagentPlus, >99%, NaBH4), poly(ethylene glycol) methyl ether
thiol average Mn 2000 and 6000, L-ascorbic acid (ACS reagents, >99%,
AA), hypochlorite (6-14% active chlorine), and cetyltrimethylammonium
chloride (>98%, CTAC) were purchased from Sigma Aldrich. HAuCl4-3
H20 (>99.9%, trace metal basis) was purchased from Alfa Aesar. All so-
lutions, except HAuCl4 and CTAB, were prepared immediately before use.
Purified Milli-Q water was used in all experiments (Millipore, 18.2 MQ cm).
Glassware was cleaned with aqua regia and rinsed extensively with Milli-Q
water before use.

Synthesis and Functionalization of Au NPs: Gold nanospheres, Au15
and Au30, were synthesized according to the Turkevichl’8] and seeded!”?!
methods, respectively. For ligand exchange, the particles were mixed with
thiolated PEG ligands in water (PEG2K for the case of Au15 and PEG6k for
Au30 NPs), to obtain a final AuO concentration of 1 mm (according to the
absorbance at 400 nm) and a PEG-SH content of 1 mg mL~". After stirring
overnight at room temperature, the excess of PEG-SH was removed by
centrifugation at 12 000 rpm (Au15) or 4800 rpm (Au30) and the pellets
were redispersed in water.

Electron Microscopy Characterization: AuNPs were characterized by
means of TEM. TEM images were obtained using a JEOL microscope at
an acceleration voltage of 200 kV. Approximately 3 pL of the sample was
dropped on a lacey carbon-coated grid and left to dry. The size distribution
of the nanoparticles obtained was analyzed using Image] software. The
nanopores were characterized by using an SEM FEI Nova 600i equipped
with EDS.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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