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Abstract

Plasmonic nanoapertures have found exciting applications in optical sensing, spectroscopy,
imaging, and nanomanipulation. The subdiffraction optical field localization, reduced detection
volume (~attoliters), and background-free operation make them particularly attractive for single-
particle and single-molecule studies. However, in contrast to the high field enhancements by
traditional “nanoantenna”-based structures, small field enhancement in conventional nanoapertures
results in weak light-matter interactions and thus small enhancement of spectroscopic signals
(such as fluorescence and Raman signals) of the analytes interacting with the nanoapertures.

In this work, we propose a hybrid nanoaperture design termed “gold-nanoislands-embedded
nanoaperture” (AuNIs-e-NA), which provides multiple electromagnetic “hotspots” within the
nanoaperture to achieve field enhancements of up to 4000. The AuNIs-e-NA was able to improve
the fluorescence signals by more than 2 orders of magnitude with respect to a conventional
nanoaperture. With simple design and easy fabrication, along with strong signal enhancements
and operability over variable light wavelengths and polarizations, the AuNIs-e-NA will serve as a
robust platform for surface-enhanced optical sensing, imaging, and spectroscopy.
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Plasmonic nanoapertures have shown great potential in optical sensing,1~ spectroscopy,®—?
imaging,10-11 nano-fabrication,12-13 trapping,14-16 and nonlinear photonics.1” With their
capacities of localizing electromagnetic field to subdiffraction regions, reducing detection
volume to attoliters, and enabling background-free optical detection, nanoapertures are
particularly attractive for scientific studies at the single-molecule level.18-20 For example,
their use in performing fluorescence correlation spectroscopy has enabled single-analyte
characterization at high micromolar concentrations.?1:22 As optical nanotweezing elements,
the nano-apertures have been used for sensing or analyzing various nanoparticles such

as quantum dots, 2324 proteins,2>-26 and DNAZ27:28 with single-molecule resolution. The
nanoapertures have even found uses in commercial applications such as gene sequencing??
and near-field scanning optical microscopy.39

Still, the use of nanoapertures remains limited because of their small field enhancement.
For example, a metal nanosphere when excited at surface plasmon resonance provides a
strong near-field enhancement, which is more than five times larger than that provided by
its “equivalent”, i.e., a circular nanoaperture in a metal film.31-33 It should be noted that we
do not classify nanoapertures as “nanoantennas”, which refer to conventional “nanoantenna”
structures (e.g., plasmonic nano-pillars and nanoparticle dimers),3#3% simply because of
their poor antenna characteristics of coupling far-field light into localized regions or vice
versa. The small field enhancement leads to weak light-matter interactions within the nano-
aperture, limiting the enhancement of spectroscopic signals (e.g., fluorescence and Raman)
from molecules interacting with the nanoaperture.821:36-43 |n comparison, conventional
“nanoantenna” structures have shown stronger enhancement in the spectroscopic signals
from the nearby molecules.#4-48 Such “nanoantenna” structures range from a single
nanosphere31:49-51 or nanorod®2:23 to the more complex engineered nanostructures such

as dimers,49:54-56 howtie,57:58 and Yagi-Uda.>® However, for many of the “nanoantenna”
structures, the strong field enhancements rely on small nanogaps with dimensions of <10 nm
in the structures, which often require expensive and low-throughput nanofabrication tools
such as electron-beam lithography. In addition, the “nanoantenna” structures for enhanced
molecular spectroscopy are prone to background signal from molecules diffusing within
the diffraction-limited excitation source and their uses for the single-molecule studies often
require molecular concentrations lower than picomolar. Nanoapertures provide a promising
alternative for enhanced molecular spectroscopy due to their low detection volumes and
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background-free operation. To further enhance the optical signals from molecules at the
nanoapertures, several techniques have been proposed to increase the local-field intensity
at the nanoapertures by incorporating additional light management structures such as
corrugations,9 photonics crystals,61 and “antenna-in-box”.62 However, these additional
structures involve strict design principles, specific nanoaperture geometries, and complex
fabrication.

In this work, we propose a simple hybrid nanoaperture design termed “gold-nanoislands-
embedded nanoaperture” (AuNIs-e-NA), which creates multiple electromagnetic “hotspots”
to strongly enhance the local-field intensities within the nanoaperture and to boost the
performance of the nano-aperture-enhanced fluorescence spectroscopy (Figure 1a). The
strong field enhancement arises from the gap plasmon resonances excited at the networks
of randomly distributed gold nanoparticles constituting the AuNIs within the nano-aperture
(Figure 1b).63.64 We show that the presence of multiple high-intensity “hotspots” within
the nanoaperture can significantly enhance fluorescence signals from single molecules
interacting with the nanoaperture. In addition, the scattering from the AuNIs also enhances
the light coupling out from the nanoaperture, serving as a nanoantenna. In addition to

the strong field enhancement and enhanced light coupling, the AuNIs-e-NA provides
several more benefits to enhancing fluorescence spectroscopy. For example, in the AuNIs-
e-NA, multiple small nanogaps that sustain the “hotspots” are created in a much simpler
way as compared to the initial demonstrations of the “antenna-in-box” designs, which
required focused-ion beam (FIB) or electron beam lithography (EBL) to achieve the
nanogaps.52 Recently, designer nanoantennas fabricated by simpler and highly scalable
methods with superior control of nanogaps similar to that illustrated in our work have

also been reported.85-58 |t should be noted that we use the term “nanogaps” to define the
smallest interparticle distances between any two adjacent Au nanoparticles constituting

the AuNIs (see Supporting Information, Figure S1). The term “nanogap” is generally
attributed to the spacing between the two elements of a dimer nanoantenna. It might not be
appropriate in a stricter sense when used for AuNIs that consist of closely packed multiple
nanoparticles. However, one can interpret the AuNIs as a network of randomly arranged
dimer nanoantennas coupled to each other, and therefore we define the smallest distances
between any two adjacent nanoparticles (i.e., interparticle distances) as “nanogaps” in

this work. The multiple “hotspots” instead of a single one can provide better signal
enhancements, particularly when dealing with analytes larger than the nanogap sizes, due to
the larger overlap of the analytes with the high-intensity electromagnetic regions.

Furthermore, due to the different sizes, shapes, gap dimensions, and orientations of the
gold nanoparticles in a AuNIs-e-NA, it is responsive to and thus allows the spectroscopic
operation over a wide range of wavelengths and polarizations of working light, which
contrasts with “antenna-in-box” geometry, which requires a specific wavelength and
polarization. Finally, the AuNIs-e-NA can be implemented with nanoapertures of arbitrary
shapes and sizes, as the nanoapertures do not strongly influence the overall characteristics
of the nanoislands and their “hotspots™. In contrast, for other hybrid structures where
nanoapertures can significantly influence nanoantenna properties or vice versa, one must
rationally design the nanoapertures and the nanoantennas and sometimes make a trade-off
between these two subunits, limiting their optimum performance. With its simple design,
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easy fabrication, and applicability to various working light ranges, in combination with the
strong field enhancements comparable to “nanoantenna”-based structures, AuNIs-e-NAs
present an advancement over conventional nanoapertures for enhanced applications in
optical spectroscopy, sensing, imaging, and trapping of single nanoparticles and molecules.

As shown in Figure 1a, the AuNIs-e-NA combines the advantages of both the
“nanoaperture” and “nanoantenna” geometries in a single structure for enhanced
fluorescence spectroscopy of single-molecular analytes. The nanoaperture in a silver (Ag)
thin film can confine light below the diffraction-limited confocal volume and hence provide
detection volume as low as zeptoliters. At the same time, it becomes feasible to reduce or
completely block the background signal by avoiding the excitation of molecules outside the
nanoaperture volume, enabling single-molecule measurement with high signal-to-noise ratio
(SNR). Furthermore, the AuNIs within the nanoaperture, which consist of closely packed
gold nanoparticles with sub-40 nm gaps, serve as “nanoantenna” structures and feature
multiple “hotspots” with strong local-field intensities. The AuNIs can further reduce the
background signal and improve the SNR by confining excitation light to the bottom surface
(i.e., AuNIs at the Ag—glass interface in Figure 1a) of the nanoaperture and preventing the
direct excitation of molecules diffusing within the nanoaperture volume (see Supporting
Information, Figure S2).

We fabricated the AuNIs-e-NAs using colloidal lithography89-71 (see Methods section:
Sample Fabrication). Briefly, AuNIs were first fabricated on a glass coverslip, followed

by the formation of nanoapertures on the AuNIs substrate using polystyrene particles as
masks. In Figure 1a, the AuNIs-e-NA was circular with a diameter of 200 nm and made

in a Ag film with a thickness of 100 nm. The AuNIs within the nanoaperture consist of
high-density randomly distributed Au nanoparticles with sizes of 20-60 nm and interparticle
distances of 10-40 nm (see Supplementary Note 1). Figure 1b shows the scanning electron
microscope (SEM) image of a representative AuNIs-e-NA. Thousands of AuNIs-e-NAs

can be fabricated on a single coverslip using colloidal lithography, making the fabrication
process simple, scalable, and cost-effective. For comparisons, a section of the coverslip

was masked during the AuNI fabrication, which resulted in the formation of conventional
nanoapertures in the metal film as shown in Figure 1c. The fabrication of both the
AuNIs-e-NA and conventional nanoaperture on the same substrate minimized the structural
variations between the two kinds of nanoapertures and enabled optical measurements

under identical experimental conditions for accurate performance comparisons. From the
optical transmission spectra, we can see that a strong absorption in the 500-700 nm range
occurred for the AuNIs-e-NA (Figure 1d), which indicated the presence of AuNIs within the
nanoaperture.’ The simulated far-field transmission spectrum of the AuNIs-e-NA showed a
similar optical absorption behavior (see Supporting Information, Figure S3).

To quantify the field enhancement provided by the AuNIs-e-NA in comparison to a
conventional nanoaperture, we calculated the normalized electric-field intensities within
these two nanoapertures. Figure 2a shows the variations in the total electric-field
intensities simulated for a AuNIs-e-NA and a conventional nanoaperture as a function of
excitation light wavelength. The AuNIs-e-NA exhibits an increased field intensity within
the nanoaperture for the entire visible and near-infrared regime of the spectrum with a
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maximum at ~900 nm. Figure 2b and ¢ show the distributions of the normalized electric-
field intensity within the AuNIs-e-NA and conventional nanoaperture, respectively, when
excited by a circularly polarized light with a wavelength of 785 nm (see Methods section:
Numerical Simulations). The AuNIs-e-NA features many high-intensity regions within the
nanoaperture with a maximum field enhancement of >1000 (Figure 2d). This is in direct
contrast to the almost uniform field enhancement of ~8 at the conventional nanoaperture
(Figure 2b and d). The field enhancement of the AuNIs-e-NA arises from the excitation of
gap plasmon resonances at the AuNIs. By tuning the size, shape, spatial distribution, and
material composition of the nanoislands within the nanoaperture, we can easily tune the
magnitude of the field enhancement, the number of “hotspots”, and the working wavelength
of the AuNIs-e-NA for targeted applications. This can be achieved by controlling the Au
layer thickness and the annealing process (i.e., annealing temperature and time) during

the AuNI fabrication process.” For example, by increasing the Au layer thickness (set

to ~4.5 nm in our case), one can increase the nanoantenna sizes and shift the plasmon
resonance peak to longer wavelengths. Similarly, by increasing the annealing temperatures
and time, one can increase the gap sizes with the morphology of the nanoparticles becoming
more spherical.”* Repeated dewetting of thin gold films has also been used to control

the nanoparticle gaps to very small sizes.63 Therefore, with proper control of the AuNIs’
fabrication parameters, one can moderately tune the size, shape, and gap of the nanoantennas
in the AuNIs-e-NA. Still, our fabrication method lacks the precision provided by advanced
nanofabrication methods such as EBL and FIB.

It should be noted that we have used Ag films to fabricate our AuNIs-e-NA primarily due to
the availability and cost-effectiveness of Ag to produce thick metal films (~100 nm) that can
eliminate the background signal by blocking the residual laser beam. We have shown that

a 100 nm Ag film minimizes the background signal and maximizes the local-field intensity
within the AuNIs-e-NA (see Supplementary Note 2). Alternative metals such as gold and
aluminum can also be used to fabricate the AuNIs-e-NA, as they also show strong local-field
enhancement and low background signal needed for enhanced single-molecule fluorescence
spectroscopy at the visible and near-infrared (NIR) wavelengths (see Supplementary Note
3). A AuNIs-e-NA made in Au films would be more appropriate for biological analytes due
to the better stability and biocompatibility of Au compared to Ag, which can be toxic and
degrade over time.

Due to the random distribution and orientation of the nanoparticles within the AuNIs-e-
NA, and the dependence of gap plasmon modes on the polarization of excitation light,
different nanogap regions in the network of nanoparticles within the AuNIs-e-NA are
excited at different light polarizations to enable the equivalent local-field enhancements
(see Supporting Information, Figure S9a and b). This polarization “independence” allows
operation of a AuNIs-e-NA with an arbitrary polarized or even unpolarized excitation
light. A further study reveals that a circularly polarized laser beam excites the maximum
number of gap regions and thus “hotspots” at the AuNIs within the nanoapertures (see
Supporting Information, Figure S9c). The excitation of the greater number of “hotspots”
within a AuNIs-e-NA with a circularly polarized light is also evident from the enhanced
Raman spectroscopy of analyte molecules, where the stronger Raman signals were obtained
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from the AuNIs-e-NA when excited using circularly polarized light compared to linearly
polarized light (see Supporting Information, Figure S10).

Due to the variable nanoparticle sizes, shapes, orientation, and gaps in the AuNIs, the
AuNIs-e-NA can exhibit strong field enhancements over a wide range of excitation light
wavelengths as shown in Figure 2a. We further investigated the local-field intensities of the
AuNIs-e-NA upon excitation by laser beams at two different wavelengths (i.e., 532 and 660
nm) in the visible light regime, which are most commonly used in performing fluorescence
spectroscopy (see Supporting Information, Figures S11 and S12). The AuNIs-e-NA exhibits
higher local-field intensities than the conventional nano-aperture for both excitation laser
beams. The 785 nm laser beam (Figure 2c and d) leads to a larger magnitude of local-field
enhancement and number of “hotspots” in the AuNIs-e-NA than the 532 nm (Figure S11b
and c¢) and 660 nm (Figure S12b and c) laser beams due to the gap plasmon resonance
peaks occurring in the NIR regime (Figure 2a). In comparison to many previous approaches
proposed for improving the field enhancement in nanoapertures,®0.62.75 the AuNIs-e-NA
has multiple advantages, including easy and scalable fabrication with colloidal lithography
and applicability to a wide range of working laser beams of variable wavelengths and
polarizations. With its strong field enhancement, the AuNIs-e-NA is expected to boost the
performances of various surface-enhanced optical spectroscopies.

Herein, we chose single-molecule fluorescence spectroscopy to demonstrate the enhanced
spectroscopic performance of the AuNIs-e-NAs over conventional nanoapertures.
Fluorophores with intrinsically low quantum yield were chosen for measuring the
maximum fluorescence signal improvement by AuNIs-e-NAs with reference to conventional
nanoapertures. Such fluorophores would provide larger fluorescence enhancement factors
due to the relatively larger contribution of the field enhancement to the overall fluorescence
signal. We chose a near-infrared dye, indocyanine green (ICG) (excitation/emission
wavelengths: 789/817 nm; quantum yield: 5%),76.77 as the analyte due to the overlap of

its absorption and emission spectra with the wavelengths corresponding to the strong field
enhancements in the AuNIs-e-NA as shown in Figure 2a. ICG molecules were excited
using a 785 nm laser beam. To measure the fluorescence signal from a single fluorophore
molecule, the nanoapertures were covered by a solution containing the fluorescent dye

with a concentration of 100 nM. At this concentration, there is ~0.1 fluorophore molecule
within the nanoaperture volume (3 attoliters), enabling single-molecule measurements. The
fluorophore solution was prepared in 1:1 water—glycerol solvent to reduce the diffusion
time of the fluorophores so that the fluorescence signal could be directly used to measure
the intensity bursts arising from individual fluorophore molecules (see Methods section:
Chemicals for Fluorescence and Raman Spectroscopies). The fluorescence signal from
individual molecules was measured as the fluorophores constantly diffused in and out of the
nano-aperture due to the Brownian motion. The fluorescence signal from the nanoapertures
was collected in the back-reflection mode (see Methods section: Experimental Setup for
Optical Measurements). The time traces of the fluorescence signal were recorded from both
the AuNIs-e-NA and a conventional nanoaperture.

Figure 3a and b show the time traces of fluorescence from the ICG solutions obtained with a
conventional nanoaperture and the AuNIs-e-NA, respectively. Stronger intensity bursts were
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observed in the fluorescence time trace obtained with the AuNIs-e-NA, where each burst
corresponds to a single ICG fluorophore diffusing into the AuNIs-e-NA and interacting with
the “hotspots” in the AuNIs. A wide range of magnitudes of the intensity bursts with a
maximum of ~1500 counts/ms occur in the fluorescence signal measured using the AuNIs-
e-NA, as shown in Figure 3c. The large variation in the magnitude of the intensity bursts
arises from variations in the magnitude of the local-field intensities of multiple “hotspots”
within the nanoaperture, the alignment of the fluorophore and the localized field, and the
position of the fluorophore relative to the “hotspots”. A fluorophore that diffuses close to the
vicinity of the highest-intensity “hotspot” with its dipole moment aligned with the localized
electric field at the “hotspot” is expected to provide the maximum fluorescence intensity
burst. In contrast to the strong intensity bursts consistently observed with the different
AuNIs-e-NAs, the weak fluorescence bursts that were almost buried in the background
signal were observed for single ICG molecules diffusing into a conventional nanoaperture
(Figure 3a). The strong fluorescence intensity bursts for the AuNIs-e-NA prove the presence
of multiple strong electromagnetic “hotspots” within the AuNIs-e-NA, in contrast to the
weak and uniform field in the conventional nanoaperture.

To confirm that the fluorescence bursts were only from the ICG molecules instead of other
entities in the solution, we performed control experiments in the absence of fluorophores,
which showed no fluorescence intensity bursts. The magnitude of the intensity bursts was
extracted from the time traces of the fluorescence signal and plotted as histograms (Figure
3c). We can see that the AuNIs-e-NA features a significant population of intensity bursts
with the magnitude much larger than that obtained from the conventional nanoaperture. To
further measure the fluorescence improvement by the AuNIs-e-NA over a conventional
nanoaperture in the visible light regime, we performed similar experiments using two
other fluorophores: crystal violet (CV) (excitation/emission wavelengths: 590/638 nm) and
methylene blue (MB) (excitation/emission wavelengths: 656/677 nm) with quantum yields
of 2% and 5%, respectively.”877 In our experiments, we used 532 and 660 nm laser beams
to excite the CV and MB fluorophores, respectively. Similarly, we observed much stronger
intensity bursts in the fluorescence signals collected from both fluorophores with the AuNIs-
e-NA than those with the conventional nanoaperture (see Supporting Information, Figures
S13 and S14).

Two major processes contributed to the fluorescence enhancement provided by the AuNIs-
e-NA. One is that the AuNIs acted as nanoantennas that concentrated light to nanoscale
volumes near their surfaces. The strong light concentration led to high absorption of light
by the fluorophore molecules diffusing in the vicinity of the AuNIs, which is known as
excitation enhancement (Egxc). The other is that the AuNI nanoantennas modified the
radiative and nonradiative decay rates and thus the emission of the nearby fluorophore,
which is termed emission enhancement (Egns). Thus, the overall fluorescence enhancement
is the product of excitation enhancement and emission enhancement (£ = Egxc X Eems)-

It should be noted that the fluorescence can also be quenched when the fluorophore
molecule comes too close to metal nanostructures.’® The quenching can be associated
with the coupling of fluorophore emission to the higher-order dark modes of the metal
nanostructures. Figure 4 shows the fluorescence enhancement factors provided by the
AuNIs-e-NA with reference to those provided by the conventional nanoaperture for CV,
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MB, and ICG fluorophores excited with laser wavelengths of 532, 660, and 785 nm,
respectively. It should be emphasized that the enhancement factors in Figure 4 account

for the extra boost of the fluorescence signals that benefits from the introduction of

AuNIs into the conventional nanoaperture and is beyond the signal enhancement by the
conventional nanoaperture. A maximum fluorescence enhancement factor of greater than
100 was obtained for MB molecules, as shown in Figure 4b. The enhancement factors were
smaller for CV molecules excited by a 532 nm laser beam, which were consistent with the
smaller field enhancement provided by the AuNIs-e-NA at this wavelength (see Supporting
Information, Figure S11). We believe that a better match of the excitation laser wavelengths
with the gap plasmon resonance wavelengths by optimizing the compositions, shapes, and
sizes of the nanoislands within the nanoaperture can further improve the fluorescence
enhancement factors in single-molecule fluorescence spectroscopy for a wide range of
molecular analytes.

We also calculated the individual fluorescence enhancements provided by a AuNIs-e-NA
and a conventional nanoaperture through finite-difference time-domain (FDTD) simulations.
The fluorescence enhancement factor of the AuNIs-e-NA with reference to the conventional
nanoaperture is given by’®

E S-e-
Enhancement factor = —auNs-¢NA. )
Enxa
where
ENA, AuNIs-e-NA = Eexe X Eems @
2
_ B
exc — 2 (3)
| Eol
_ I'raq 1
EeInS - FO T d Fl (4)
ra 0SS
radl_(p0+(po 5 +0_
rad I rad

where Eagnis-e-Na and Ena are the overall fluorescence enhancement factors from AuNlIs-e-
NA and a conventional nanoaperture, respectively. | A2 and | £y|? are the magnitudes of the

electric-field intensity with and without the nanoaperture. T';,q4 and F{)ad are the radiative
decay rates in the system with and without the nanoaperture. I'jgs is the nonradiative decay

rate transitions in the emitter with the nanoaperture, and ¢, is the intrinsic quantum yield
of the fluorescent dye. The excitation enhancement values (like those in Figure 2d), along

. . . N N
with the simulated normalized radiative Or—ad and nonradiative % decay rates, were
I rad I rad

used to calculate the overall fluorescence enhancement factor for the AuNIs-e-NA and the
conventional nanoaperture and the enhancement factor (see Supplementary Note 4).
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The enhancement factors obtained experimentally (Figure 4) were found to be within an
order of magnitude of those estimated through simulations (see Supporting Information,
Figure S15). The small deviation of the simulated values from the experimental ones

arises due to the averaging of the normalized radiative and nonradiative decay rates in

the simulations, which otherwise showed a 30-50% variation in the magnitudes depending
on the position of the dipole emitter within the AuNIs-e-NA. Also, the variation in the
AuNIs distribution and the approximate modeling of the nanoislands as nanocylinders
impacted the simulated field and excitation enhancement values. More specifically, the
experimentally measured fluorescence enhancement factors for AuNIs-e-NA excited by
different wavelengths showed a wide range of values, which is consistent with the presence
of multiple high-intensity regions of different magnitudes resulting in the large variance in
the excitation enhancement seen by the fluorophores. AuNIs-e-NA excited by 660 and 785
nm wavelength lasers showed fluorescence burst events with the higher enhancement factors
compared to those excited by a 532 nm laser beam. This is due to the large difference
between the magnitude of the field enhancements provided by AuNIs-e-NA, when excited
by 532 nm compared to 660 and 785 nm laser beams. On the basis of our theoretically
estimated enhancement factors (electric field enhancement + emission enhancement) for
660 and 785 nm laser excitation (see Supporting Information, Figure S15), we expect to
observe events with the higher fluorescence enhancement factors when the AuNIs-e-NA is
excited by a 785 nm laser beam compared to 660 nm. However, these highest-enhancement
events can only occur when the fluorophore molecule accesses the high field intensity
regions excited by the 785 nm laser beam. Since there exist only a few pixels (<7, pixel
size: 9 nm?2) with the highest field intensities within the AuNIs-e-NA, the events with high
fluorescence enhancement factors are rare, making it difficult to observe such events within
our experimental time (i.e., 10 s). In addition, the difference in the quantum yield of the
MB and ICG fluorophores can also influence the fluorescence enhancement factors, where
the higher quantum-yield fluorophores showed a smaller fluorescence enhancement factor
as reported earlier.80 By collecting the fluorescence data over a longer period of time for
the different AuNIs-e-NAs, one could capture the rare events with the high fluorescence
enhancement when excited by a laser beam with a wavelength of 785 nm.

In summary, the AuNIs-e-NA combines the advantages of both “nanoantenna” and
“nanoaperture” in a simple and robust hybrid structure. With its small detection volume
and background-free operation, in combination with multiple “hotspots” with strong

field intensities, the AuNIs-e-NA significantly enhances the fluorescence signal of single
molecules. The simple design, easy fabrication, and ability to operate over a wide range of
laser wavelengths and arbitrary laser polarizations make the AuNIs-e-NA a more attractive
choice over other modified-nanoaperture designs.59-62 However, the fabrication process
lacks precise control of the morphology, size, and gap of the nanoantennas in the AuNIs-
e-NA, which can cause variation in the optical response of the substrates and thus the
fluorescence signals, limiting their uses in highly precise measurements. The concept of
nanoislands in a nanoaperture is applicable to various nanoapertures with arbitrary shapes,
sizes, and materials, where the properties of both nanoapertures and nanoislands can be
optimized to achieve the best spectroscopic performance at any desired wavelength. We
envision that, due to its simplicity and robustness, such a hybrid nanoaperture design
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can be readily applied to improve performances of various optical spectroscopies and
devices where conventional nanoapertures have traditionally been used such as optical
sensing, optical trapping, Raman spectroscopy, and fluorescence correlation spectroscopy.8!
In addition, we foresee that the AuNIs-e-NA will become a promising platform that
effectively harnesses optothermal effects for applications in optothermal nanoreactors8? and
optothermal tweezers.83.84

Sample Fabrication.

Colloidal lithography was used to fabricate the AuNIs-e-NAs. First, thin Au films with

a thickness of 4.5 nm were deposited (Denton thermal evaporator, base pressure: 9 x

1076 Torr, deposition rate: 0.1 A/s) on glass coverslips (Thermofischer Scientific, No. 1)
followed by thermal annealing using a box furnace (Thermo Scientific Lindberg/Blue M box
furnace) at 550 °C in air for 2 h to form AuNIs. Subsequently, monodisperse polystyrene
spheres with a diameter of 200 nm were spin-coated on the AuNIs to form randomly
distributed arrays, which served as masks to form the nanoapertures through sequential
thermal deposition of 10 nm chromium and 100 nm Au or Ag films (Denton thermal
evaporator, base pressure: 9 x 1076 Torr, deposition rate: 0.5 A/s). Polystyrene spheres
were then removed using Scotch tape, which resulted in the formation of a large number

of AuNIs-e-NAs on the glass coverslips. The substrates were later soaked in toluene for
2-3 h to remove the residual polystyrene and finally rinsed with acetone, isopropyl alcohol,
and deionized water before use. The size and shape of the AuNIs-e-NAs can be controlled
by using specific colloidal particles as masks. For example, AuNIs-e-NAs of some basic
geometries such as rectangular, triangular, or double-nanohole can be fabricated by using
nanorods, nanoprisms, or dimers as masks in the fabrication process.

Chemicals for Fluorescence and Raman Spectroscopies.

We performed the fluorescence measurements with crystal violet (Thermo Fisher Scientific),
methylene blue, and indocyanine green (VWR International) dispersed in 1:1 water—glycerol
solvent at a concentration of 100 nM, respectively. A 50% glycerol solution was prepared by
diluting the as-purchased glycerol (Fisher Scientific) with deionized water.

Experimental Setup for Optical Measurements.

The optical measurements were performed using an inverted microscope (Nikon Eclipse Ti-
E). For the fluorescence signal measurement, a circularly polarized laser beam was focused
using a 100x oil immersion objective lens (Nikon, NA = 1.25) on a single nanoaperture
using a three-axis stage. Three different laser beams with wavelengths of 532 (Coherent,
Genesis MX STM-1W), 660 (Laser Quantum, Ventus), and 785 nm (Thorlabs, L785P090)
were used to excite the crystal violet, methylene blue and indocyanine green fluorophore
molecules, respectively. The fluorescence signal was collected in the back-reflection mode
using the same objective lens and detected using a fast SCMOS camera (Andor, Zyla 4.2)
with an acquisition time of 1 ms. Although an avalanche photodiode with a higher detection
sensitivity and temporal resolution would be a better choice for carrying out the fluorescence
measurement from a single nanoaperture, our fast SCMOS camera provides enough
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sensitivity to detect the strong fluorescence signal from the AuNI-e-NA and sufficient
temporal resolution (1 ms) to capture the dynamics of slowly diffusing fluorophores in a
water—glycerol-filled nanoaperture. The fluorescence signal from an individual nanoaperture
was collected by drawing a custom region-of-interest (ROI) around the nanoaperture image
(see Supporting Information, Figure S16). The image size was cropped to 20 x 20 pixels
during the signal capture for the faster acquisition, and the fluorescence signal was obtained
by integrating the intensity within the ROI consisting of 82 pixels over an integration time
of 1 ms. For transmission spectrum measurements, the signal was directed to an Andor
spectrometer coupled with a liquid-nitrogen-cooled CCD camera. The spectrometer was set
to 600 grooves per mm grating and a 100 gm entrance slit.

Numerical Simulations.

The FDTD method (Lumerical 2020a) was used for three-dimensional electromagnetic
modeling of the AuNIs-e-NA and the conventional nano-aperture. The nanoaperture model
consisted of a circular hole with a diameter of 200 nm made on a silver film with a
thickness of 100 nm on a glass substrate. The inside and surrounding of the nanoaperture
were filled with water (refractive index = 1.33). To model the AuNIs-e-NA, a SEM image
of the AuNIs was imported into the model (see Supplementary Note 5). The image was
scaled appropriately for an accurate modeling of nanoparticles sizes and spacing and was
assigned with material properties of Au. The AuNIs were placed at the bottom interface

of the glass substrate and water within the nanoaperture. It should be noted that, while the
shapes, sizes, and spatial distributions of the Au nanoparticles constituting the AuNIs were
modeled precisely from the SEM image, the lack of cross-sectional information resulted

in approximating the nanoparticles as nanocylinders with a constant height of 20 nm. The
optical constants of Au and Ag were taken from Johnson and Christy,5 and the refractive
index of the glass substrate was set as 1.52. Perfectly matched layers were utilized as the
boundary conditions for all directions. A Gaussian laser beam was used as the excitation
source and launched from the glass substrate side. The electromagnetic intensity was
measured using a monitor located at a plane a few nanometers above the AuNIs in the
nanoaperture.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Schematic illustration (cross-sectional view) of the proposed hybrid AuNIs-e-NA

structure and experimental setup for enhanced optical spectroscopies. (b, ¢) Scanning
electron microscope (SEM) images (planar view) of a AuNIs-e-NA and a conventional
nanoaperture, respectively. Scale bars: 200 nm. (d) Normalized optical transmission spectra
experimentally measured from a conventional nanoaperture (blue curve) and a AuNIs-e-NA
(red curve), as indicated by the inset schematics.
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Figure 2.

Total electric-field intensities within a AuNIs-e-NA (red) and a conventional nanoaperture
(blue) as a function of the excitation light wavelength. The field intensity values were
normalized with respect to the maximum intensity within the given wavelength range.
The two narrower curves (black) are the optical absorption (solid) and emission (dashed)
spectra of the ICG fluorophore. (b, c) Simulated normalized electric-field intensity (or
field enhancement) distributions within a conventional nanoaperture and a AuNIs-e-NA,
respectively, when excited by a circularly polarized light with a wavelength of 785 nm.
(d) Histograms comparing the intensities occurring within the AuNIs-e-NA (red) and
conventional nanoaperture (blue) shown in (b) and (c). The monitor for recording the field
intensity in the xy plane was placed 1 nm above the AuNIs. The insets in (a) and (d) are
pictorial representations of the AuNIs-e-NA and conventional nanoaperture.
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Figure 3.

Time traces of fluorescence signals measured from ICG fluorophores diffusing in (a) a
conventional nanoaperture and (b) a AuNIs-e-NA. The substrates were covered with 100 nM

ICG in 1:1 water—glycerol, which allowed the single-molecule fluorescence measurements.

(c) Histograms comparing the magnitudes of the intensity bursts extracted from the

fluorescence time traces for the conventional nanoaperture and the AuNIs-e-NA.
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Figure 4.
Histograms showing the range of experimentally measured fluorescence enhancement

factors for the AuNIs-e-NA with reference to those for the conventional nanoaperture

for three different fluorophore molecules: (a) crystal violet, (b) methylene blue, and (c)
indocyanine green excited at wavelengths (Aeyc) 0f 532, 660, and 785 nm, respectively. The
insets show the molecular structures of the corresponding fluorophores.
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