Physics of the Solid State, 2023, Vol. 65, No. 12

Study of photoinduced processes in single solid-state nanopores with

integrated plasmonic structures
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The transport properties of solid-state nanopores with integrated plasmonic bow-tie antennas are studied.
Plasmonic antennas were formed on ,freely suspended“SiN membranes 20 nm thick. Nanopores with a diameter
of ~ 5nm were formed in the regions between the arms of the plasmonic bow-tie antennas. Irradiation of the
nanopore region with a laser with a wavelength of 632 nm leads to an increase in the level of ion current and an
increase in the conductivity of the pore by 10%. Irradiation of a membrane of similar thickness without a nanopore
does not lead to a sustained increase in the current level. The increase in nanopore conductivity may be associated
with a change in the configuration of double electrical layers on the pore walls, as well as with local heating of the

pore region caused by the presence of plasmonic structures.
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1. Introduction

Membranes with integrated nanoscale pores are the
basis of promising methods for detecting [1], analyzing [2]
and manipulating [3] small concentrations of substances.
Nanopore technologies have become widespread in devices
aimed at analyzing biological compounds and DNA se-
quencing [4]. The operating principle of nanopore devices
is the transport of molecules of the substance under study
through the internal volume of the pore. At the same time,
the ionic current flowing through the pore is measured.
During the passage process (translocation), molecules of
substance partially close the internal volume of the pore.
This leads to a change in the configuration of double
electrical layers (DEL) on the pore walls and prevents the
flow of ions through the structure. Thus, the translocation
process causes abrupt change in the level of the ion current
(blockade current). The magnitude of the current change
depends on the ratio of the sizes of the molecule under
study and the pore, as well as on the electrochemical
properties of their surfaces.

Today, two types of nanopores are most common: bio-
logical pores, which are membranes with integrated trans-
membrane proteins; solid-state pores formed by lithography
in thin semiconductor or dielectric membranes. Factors
limiting the efficiency of solid-state nanopores are the low
signal-to-noise ratio of the measured current, as well as
the high velocity of molecule translocation. One of the
ways to solve these problems is the formation of plasmonic

structures (antennas) in the nanopore region [5,6]. When
plasmonic antennas are irradiated with monochromatic
light at a resonant frequency, the electromagnetic field
is localized in the antennas region due to its the near-
field component [7]. Due to radiation-excited plasmon
resonance, antennas can be used for effective local heating
of the surrounding space (solution), increasing the solution
conductivity and increasing the detection accuracy [8].

The goal of this paper was to study the effect of optical
radiation on ion transport in solid-state nanopore with
integrated Au plasmonic antennas.
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Figure 1. TEM image of plasmonic butterfly antenna, between
the halves of which a single nanopore (bright spot) with a diameter
of ~ 5nm is formed.
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2. Materials and methods

The paper examines samples consisting of 20nm thick
SiN membrane with a plasmonic Au ,butterfly antenna,
between the halves of which a single nanopore with
diameter of ~ 5nm is formed. The first stage of membrane
creation is the formation of SiO, layer 100 nm thick on Si
substrate by thermal oxidation. Next, on the surface SiO;
a SiN layer is grown by method of low-pressure chemical
vapour deposition (LPCVD). After this, the Si and SiO,
layers are removed using selective chemical and plasma-
chemical etching methods, leaving a ,freely suspended®
SiN membrane. A plasmonic Au butterfly-antenna is
formed on the membrane using electron-beam lithography,
which is 2 equilateral triangles (side ~ 200 nm), with their
vertices directed towards each other. Figure 1 shows an
image of plasmonic antenna obtained using transmission
electron microscope (TEM). The selected dimensions of
the antennas ensure the excitation of plasmon resonance
by laser radiation with a wavelength 1 = 632nm. The next
step is to create a single nanopore with diameter of ~ 5nm
in the area between the antenna vertices (see Figure 1).
Nanopores are formed by etching with a focused electron
beam using TEM: an electron beam (200kV) is focused
into spot of size 2—3 nm on the membrane, and then held
for 20 s until pore appears. This method makes it possible
to achieve reproducible formation of nanopores. The
dark spots near the plasmonic antennas are gold particles
remaining on the membrane surface after the antennas were
formed. We believe that, due to their small sizes, these
particles do not have a significant effect on the interaction
of radiation with plasmonic antennas. We do not exclude the
presence of small pores (much smaller than the size of the
pores formed in the region of plasmonic antennas) in the
continuous membranes used. The equipment used makes
it possible to record currents from pores with a diameter
of 0.5nm. However, the electrical resistance of such small
pores is so large that the leakage currents through them
will be less than the leakage currents through the silicon
wafer. Besides, studies of the membrane surface using
transmission and scanning electron microscopes did not
reveal the presence of such pores. Therefore, we consider
the presence of small pores in membranes to be unlikely,
and their possible influence on electrical measurements
is insignificant. Figure 2 shows the dark-field scattering
spectra of the resulting plasmonic butterfly-antennas in the
presence and absence of the pore. The spectra show a wide
resonance band in the visible part of the optical radiation,
which is typical for gold structures of this size. According
to the spectra, the presence of nanopore has little effect on
the dark-field scattering spectrum of the plasmonic antenna.
Therefore, a laser with 4 = 632nm is suitable for exciting
plasmon resonance in antenna with integrated nanopore.

To study the effect of radiation on the characteristics of
the studing structures we create a experimental flow cell
with an optical window using 3D printing methods. The
measuring cell consists of photopolymer cis- and trans-
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Figure 2. Scattering spectra of Au plasmonic butterfly-antennas.
Blue and green curves — spectrum of antennas without nanopores,
red curve — spectrum of the antenna with integrated nanopore.

volumes separated from each other by the sample under
study. The cell also contains connectors for installation
the measuring Ag/AgCl electrodes (according to a two-
electrode scheme) and capillaries for injection and discharge
of the electrolyte solution. During the experiment, the cell
is filled with electrolyte of a given concentration. The
experimental setup scheme is described in detail in the
papers [6,9].

3. Experiment

Experimental studies of photoinduced processes in
nanopores involve measuring the current flowing through
a sample in a measuring cell filled with 1M KCl+ IPA
(1:1) solution at given potential difference (potentiostatic
mode). During current measurements the samples were
irradiated with laser radiation (1 = 632nm) with power
of 10mW. To determine the effect of radiation on the
SiN membrane and nanopore separately, both membranes
with integrated nanopores and membranes without pores
were studied. When nanopore samples are irradiated with
laser radiation, their conductivity increases by 10% (see
Figure 3,a). We consider the conductivity of the pore as
the conductivity of the electrolyte solution inside nanopore
internal volume. At the same time, membranes without
nanopores do not demonstrate changes in the steady-state
current level (leakage current through the membrane) upon
irradiation (see Figure 3, b).

According to the results obtained, it can be assumed that
there are several effects that occur when the samples under
study are irradiated with light. Firstly, this is local heating
of the solution in the nanopore region. Local heating can
occur due to the excitation of plasmon resonance in the
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Figure 3. a) Conductivity of 20nm thick SIN membrane with plasmonic butterfly-antenna and nanopore with diameter of 5nm vs.
irradiation with laser power of 10mW (1 = 632nm); b) leakage current of SiN membrane 20 nm thick, without nanopore vs. irradiation.

butterfly-antenna, which increases the solution conductivity
in the region around the antenna and nanopore by reducing
the viscosity of the electrolyte solution. We believe that
the interaction of radiation with the solution is negligible
and cannot lead to uniform heating of the entire volume
of the electrolyte. Also, the increase in conductivity may
be associated with the generation of photoelectrons on the
walls of the nanopore, which leads to change in the DEL
configuration.

4. Conclusion

The effect of radiation on the transport characteristics
of SiN membranes with integrated plasmonic Au butterfly-
antennas and nanopores was studied. According to the
results obtained, irradiation with laser radiation leads to
a steady increase in the current and conductivity of the
nanopore sample by 10%. A stable change in current level
is not observed on membranes without nanopores. The
effect of pore conductivity increasing upon irradiation may
be associated with change in the DEL configuration on the
pore surface, as well as with local heating caused by the
presence of plasmonic structures.
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