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We designed a heterogeneous optical slot antenna (OSA) that is capable of detecting single molecule in
solutions at high concentrations, where most biological processes occur. The heterogeneous OSA consists
of a rectangular nanoslot fabricated on heterogeneous metallic films formed by sequential deposition of
gold and aluminum on a glass substrate. The rectangular nanoslot gives rise to large field and
fluorescence enhancement for single molecules. The near-field intensity inside a heterogeneous OSA is
170 times larger than that inside an aluminum zero-mode waveguide (ZMW), and the fluorescence
emission rate of a molecule inside the heterogeneous OSA is about 70 times higher than that of the
molecule in free space. Our proposed heterogeneous optical antenna enables excellent balance between
performance and cost. The design takes into account the practical experimental conditions so that the
parameters chosen in the simulation are well within the reach of current nano-fabrication technologies.
Our results can be used as a direct guidance for designing high-performance, low-cost plasmonic
nanodevices for the study of bio-molecule and enzyme dynamics at the single-molecule level.
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Introduction

The detection of single-molecule fluorescence'™ is a key technique for numerous applications in
biomedicines including DNA sequencing,®’ diagnostics,® and molecular biology.® Unfortunately, the
detection volume is limited to femtolitre (10™) in conventional diffraction-limited optics. In addition, the
concentration of molecules has to be limited to pico- or nano-molar, so that on average only one molecule
is excited inside the diffraction-limited optical spot. This concentration level is far below the micromolar
range where many biologically relevant processes occur. Such a limitation can be overcome by using the

so-called zero-mode waveguide'®*?

(ZMW), which consists of nanoscale circular-holes milled in an
aluminum(Al) film. The key design principle of ZMW s that the light field is mainly confined at the
bottom of the nanoholes, acting as small reaction chambers with single molecules inside. The metal film
blocks the illuminating light so that only the molecule located at bottom of the nanoholes can be excited
and detected while leaving other molecules unaffected. The ZMW allows reduction of the observation
volume by 3 to 6 orders of magnitude, from 10 (with a standard confocal microscope) to 108 - 10%

1314 rectangle,™

liter, allowing for single-molecule detection. ZMW:s with different shapes, such as circle,
bowtie,'® and C-shape'’ have been designed for single-molecule studies. These ZMW structures are
commonly fabricated on Al film with light field well confined at bottom but with less field enhancement
at visible spectrum compared with that using silver (Ag) or gold (Au). The poor performance for field

enhancement further limits the fluorescence emission of a molecule inside these structures according to

the optical reciprocity.

Optical nanoantennas, which enable efficient conversion between free space optical radiation and highly

localized energy,'® have attracted extensive attention in recent years for fluorescence enhancement.™ %

Optical antennas consisting of nanoapertures fabricated on Ag or Au films®

are especially attractive for
applications in single-molecule detection at high concentrations. Both the fluorescence emission rate and
its radiation pattern can be well controlled using optical antennas due to their strong plasmonic

resonances.**® Au is preferable in these applications because of its unique properties such as high
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resistance to oxidation and a wide range of available self-assembly molecules.****" In these nanostructures,
the light fields at top surface (water-gold) and bottom surface (substrate-gold) tend to be both enhanced
because of the strong plasmonic coupling. However, the field enhancement on top is detrimental for
detection of single molecules in solutions at high concentrations, because molecules on top surface will
also be excited and detected, resulting in increased background noises. It is important to confine and
enhance the light field just at the bottom surface so that only molecules in this region can be excited and
detected. An optimized design for optical antennas capable of single-molecule detection at high
concentrations should satisfy the following requirements: (1) excellent field confinement at bottom; (2)
large field and fluorescence enhancement; (3) less field enhancement on top; and (4) excellent balance

between performance and cost.

In this paper, we conceptually propose and numerically demonstrate a novel heterogeneous optical slot
antenna (OSA) that can fulfill the aforementioned requirements. Compared to ZMWSs, the heterogeneous
OSAs can substantially enhance the fluorescence of single molecules; while still obtain excellent field
confinement and enhancement at the bottom of the antenna. The heterogeneous OSA consists of
rectangular nanoslot on a heterogeneous metallic film formed by depositing Au and Al film in sequence
on a glass substrate. The numerical simulation shows that the Al film can greatly quench the light field on
top of the antenna (water-gold interface) but keep the large field enhancement at bottom (substrate-gold).
The field enhancement within a heterogeneous OSA is 170 times larger than that inside a ZMW using
aluminum alone. This selective enhancement of optical field at bottom of the antenna makes it especially
suitable for enhancing single-molecule detection in solution at high concentrations. Based on this design,
we achieved a fluorescence enhancement factor of 70 for single molecules inside the heterogeneous OSA
compared to that emitted in free space. The performance and cost of these devices can be well balanced
using heterogeneous metallic film. This design principle opens a new avenue for developing high-
performance and low-cost plasmonic nanostructures for applications in biomolecule and enzyme

dynamics at the single-molecule level.
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Numerical Simulation Methods

Finite-difference time-domain (FDTD) method** was used for the numerical simulation. The refractive
index of water and glass substrate is 1.33 and 1.5, respectively. The optical constants of gold was taken
from Johnson & Christy*® and that of aluminum, titanium and chromium were from Palik.** Autonon-
uniform meshing with finest mesh size of 1 nm was used for balance between accuracy and computational
resources. All the structures in the simulation used the same mesh setting to eliminate the mesh size
effects on the final results. Depending on the symmetry of the simulated structures, we applied anti-
symmetric or symmetric boundary conditions® to further reduce the simulation times, otherwise,
perfectly matched layer (PML) boundaries were used. A plane wave with electric amplitude of 1V/m and
a wavelength range from 500 to 900 nm was used to illuminate the structure from the glasssubstrate. The
polarization of the plane wave was perpendicular to the long axis of the OSA (x polarized) as shown in
Fig. 1. A molecule was modeled as a classic dipole in the simulation, and the near field was recorded with

a power monitor.
Results and discussion

Al-OSA Au-OSA Heterogeneous-OSA

Water Water Water z

“ -hAu

Fig. 1. Schematic of different nanostructures. a. ZMW: zero-mode waveguide. b. AI-OSA: optical slot antenna on Al film. c. Au-

OSA: optical slot antenna on gold film. d. Heterogeneous-OSA: heterogeneous optical slot antenna. The first row shows the top

view of the nanostructures in the xy plane. The second row shows the side view of the nanostructures in xz plane.

Page 4 of 16



Page 5 of 16

Nanoscale

Fig.1la schematically shows a typical ZMW structure that consists of a circular nano-hole milled into 100
nm thick Al film on a glass substrate. In the simulation, the diameter and depth of the ZMW are chosen to
be D =50 and h = 100 nm, respectively, a typical size parameter that was used in most experiments.*? Fig.
1b shows an optical slot antenna that was etched in Al film (AI-OSA). The AI-OSA consists of a
rectangular nanoslot formed in 100 nm thick Al film on a glass substrate. The width, length and depth of
the AI-OSA is w = 40, | = 160 and h = 100 nm, respectively. Fig. 1c shows an optical slot antenna that
was fabricated on 100 nm Au film (Au-OSA) with parameters w = 40, | = 110 and h = 100 nm,
respectively. Fig. 1d shows a heterogeneous optical slot antenna (heterogeneous-OSA) with parameters w
=40, I = 110 and h = 150 nm. The heterogeneous-OSA is made on a heterogeneous film that consists of
one layer of 100 nm thick Au film and another layer of 50 nm thick Al film. The three rectangular optical
slot antennas shown in Fig. 1b, ¢ and d have better performance than a conventional, circular ZMW as
will be discussed below. The designed geometry of OSA is well within the reach of current nano-
fabrication technology, such as focused ion beam (FIB) milling. We define the origin (x=0, y=0, z=0) of
the system at the bottom center of the nanostructures so that the xy plane at z=0 overlaps with the metal-
glass interface. The wavelength dependence of the near-filed intensity is recorded at the origin and all the

structures are with water as the superstrate in the following discussions, unless otherwise stated.

The near-field intensity variation as a function of wavelength for the ZMW (red solid curve) was shown
in Fig. 2a. The ZMW does not show plasmonic resonance and the near field decreases with increasing
wavelength. Fig. 2b shows the near-field distribution of the ZMW in the xz plane at 2 = 680 nm. The
electric filed is well confined at bottom of the ZMW with negligible fields on top. Such a near-field
profile shows exactly how the ZMW works for detecting single molecule at high concentrations. Only
molecules that diffuse to the bottom of the nanoholes can be excited and detected while leaving other
molecules unaffected. The ZMW shows good field confinement, however, with very weak field
enhancement. The black solid curve in Fig. 2a shows the near-field intensity variation as a function of

wavelength for an AlI-OSA. The Al-OSA shows plasmonic resonance peaked around 4 = 680. Its near-
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Fig. 2.a. Wavelength dependence of the near-field intensity for a ZMW and an AI-OSA. Near filed was recorded at the origin

(x=0, y=0, z=0) of the coordinates as indicated in Fig. 1. b. Near-field distribution in the xz plane for the ZMW and AI-OSA at

wavelengths 2 = 680 nm.

field distribution at 4 = 680 nm in the xz plane was shown in Fig. 2c. The near-field intensity at the origin
of the AI-OSA is 40 times greater than that of the ZMW at A =680 nm. The large field enhancement in the
AI-OSA will give rise to a higher exciting rate for a single molecule inside the AI-OSA compared to that
inside the ZMW. Although the AI-OSA has superior performance regarding to the relative large field
enhancements compared to a ZMW, it is well known that Al is not a good plasmonic material in visible
wavelengths where most fluorescence biomarkers are excited. Instead, Al has more prominent plasmonic
effect in the UV region. Therefore, in the following we investigate an optical slot antenna formed on gold

film (Au-OSA) to further optimize the optical fields.

The Au-OSA for better performance was schematically shown in Fig. 1c with parameters w = 40, | = 110

and h =100 nm. The black solid curve in Fig. 3a shows the wavelength dependence of the near-field
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Fig. 3.a. Near-field intensities of the Au-OSA and the heterogeneous OSA versus wavelength. Inset shows the near-field
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distribution on xy plane recorded 20 nm below the lower Au surface (z = -20 nm). b. Near-field distribution for the Au-OSA in
the xz planes at its plasmonic resonant wavelength 4 = 750 nm. c. Near-field distribution for the heterogeneous OSA in the xz

plane at its plasmonic resonant wanvelength A = 680 nm. In b and c, each molecule is marked as a blue arrow along with a dot.

variation at the origin of the Au-OSA with water as superstrate. The Au-OSA shows two plasmonic
resonant peaks (centered at 4 =600 and 750 nm) originated from the plasmonic hybridization* between
the upper (water-Au interface) and lower (glass-Au interface) mode of the Au-OSA. Details about the
plasmonic hybridization can be found in the supplementary information Fig. S1 and S2. Fig. 3b shows the
near-field distribution of the Au-OSA at the resonant wavelength A = 750 nm. Clearly, there is a
substantial field enhancement at bottom of the Au-OSA with intensity at the origin, 160 times greater than
that inside a ZMW. The large field enhancement of the Au-OSA originates from the plasmonic resonance
of the slot, which can be easily tuned by changing the size of the slot. The plasmonic resonance of the Au-
OSA as a function of its width, length and depth are shown in Fig. S3 in the supplementary information.
Briefly, the plasmonic resonant peak redshifts as the length of the slot increases and blueshifts as the

width of the slot increases. Decreasing the depth of the slot causes the two plasmonic peaks to separate

further apart. Therefore, one can always keep large field enhancement when tuning the OSA’s plasmonic
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resonance to a desired wavelength. It should be noted that this tenability is hard to achieve with a
conventional ZMW. For single molecule detection in solutions at high concentrations, a near-field profile
with large field intensity at the bottom while less field intensity at the top of the nanostructure is
preferable. Otherwise, the large field intensity on top will also excite molecules and thus increase
background noise. Fig. 3b clearly shows that the Au-OSA gives rise to a large field enhancement at
bottom as well as on the top. The large field on top is detrimental for detecting single molecule in micro-

molar solutions since molecules on the top of the Au-OSA are also excited.

Aimed at getting large field enhancement at bottom while decreasing the field intensity on top, another
metal (Al) layer is added on top of the Au-OSA to form a heterogeneous OSA as schematically shown in
Fig. 1d. The thickness of the Au and Al film are 100 and 50 nm, respectively. The width and length of the
nanoslot is the same with the Au-OSA except that the nanoslot is over etched into the glass substrate to
take the practical fabrication into account. The red solid curve in Fig. 3a shows the wavelength
dependence of the near-field intensity at the origin for the heterogeneous OSA with water as superstrate.
The original two plasmonic peaks (4 = 600 and 750 nm) of the Au-OSA (the black solid curve in Fig. 3a)
now degrade into one peak at 4 =680 nm after adding the additional Al layer. According to the plasmonic
hybridization shown in Fig.S1, the upper (water-Auside) mode is suppressed and only the lower (glass-
Au side) mode of the heterogeneous OSA is excited. Notice the plasmonic resonant peak also locates at A
= 680 nm when the thickness of the gold film is 300 nm as shown in Fig. S2. The same plasmonic
resonance achieved for these two cases (thicker Au film or Au-Al heterogeneous film) is a direct
verification of the mode hybridization. Fig. 3c shows the field distribution of the heterogeneous OSA at
resonant wavelength 4 = 680 nm. Compared with the field distribution of an Au-OSA shown in Fig. 3b,

one can clearly see that the electric field is highly located at the bottom of the heterogeneous OSA. Only

the molecule defuses deep into the heterogeneous OSA will be excited leaving other molecules unaffected.

In this way, the heterogeneous OSA enables single molecule detection in micro-molar solution just as the
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ZMW does but with larger field enhancement. Remarkably, the near-field intensity of the heterogeneous

OSA is 170 times larger than that of the ZMW.
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Fig. 4.a.Wavelength dependence of the near-field intensity for a heterogeneous OSA with different Au film thickness (h; =40, 60,
80, and 100 nm). The thickness of the Al film is kept constant at h, = 50nm. Inset schematically shows the structure of the
heterogeneous OSA. Near-field intensity was recorded at origin (x=0, y=0, z=0 nm). b. Wavelength dependence of the near-field
intensity for a heterogeneous OSA with different metal composition: Al-Au, Ti-Au, or Cr-Au. The thickness of the bottom layer

(Au) is hy =100 nm and the thickness of the top layer (Al, Ti, or Cr) is h, =50 nm.

The advantage of using heterogeneous film is two-fold. First, the Au film can greatly enhance the electric
field at the bottom of the slot while the Al film can suppress the electric field on top of the slot, which is

prerequisite for single molecule detection at high concentrations. Second, it can greatly enhance the
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excitation and emission rate of a molecule inside the antenna as will be shown below. In practice, the total
thickness of the antenna can be further reduced using either thinner gold or Al film which will be
beneficial for fabricating nanoslot with high aspect ratios. Fig. 4a shows the near-field intensity recorded
at the origin of the heterogeneous OSA for different gold thickness. The Al film thickness is kept constant
at h, = 50 nm. The plasmonic resonance blueshifts and the near-field intensity decreases with decreasing
gold film thickness. For a heterogeneous OSA with gold and Al thickness of 40 and 50 nm, respectively,
the plasmonic resonance blueshifts to 4 = 645 nm. The near-field intensity is still 90 times larger than that
inside a ZMW. The near-field intensity of the heterogeneous OSA for three different Al thicknesses is
shown in Fig. S4a in the supplementary informationt. The Au film thickness is kept constant at h;= 100
nm. The plasmonic resonance redshifts and the near-field intensity decreases with decreasing Al film
thickness. Another effect is reducing the Al film thickness increases the field intensity on top of the
heterogeneous OSA as shown in Fig. S4b and c, which should be avoided. Therefore, Al film thickness
larger than 50 nm is recommended in practical applications. It should be noted that the heterogeneous
film is not limited to the combination of Al and gold film. Other non-plasmonic materials such as,
titanium (Ti) or chromium (Cr), can also be used. Fig. 4b shows the near-field intensities of three
heterogeneous OSAs with Al, Ti or Cr as the top layer. The thickness of the gold film and the top layer is
h, = 100nm and h, = 50 nm, respectively. Fig. 4b shows the near-field intensity as a function of
wavelength for the three heterogeneous OSAs. Varying the materials of the top layer has little effects on
the plasmonic resonant peak, since the plasmoinc resonance is mainly determined by the gold layer which
is kept the same in the three cases. However, the top metallic layer greatly alters the field enhancement
inside the heterogeneous OSA. The top layer with an Al film gives the largest field enhancement

compared to the case with a Ti or Cr film as the top layer.

The large field enhancement of the heterogeneous OSA will result in a significant fluorescence
enhancement for molecules inside the antenna. The fluorescence emission rate y,,, is the product of its

excitation rate y,,. and quantum yield n. Thus, the fluorescence enhancement can be expressed as:*

10
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Fig. 5a.Wavelength dependence of the normalized excitation rate and quantum yield of a molecule located at x=0, y=0, z=10 nm
as shown in Fig. 1c. b. Wavelength dependence of the fluorescence enhancement. The inset shows a molecule, represented by a

dipole with dipole moment along x axis (marked with blue arrow), inside the heterogeneous OSA.

Yem _ Yexc 1 (1)

Yom Yexc 1°

where the superscript ‘0’ indicates the corresponding quantity in the absence of the heterogeneous OSA
(i.e. free space). The excitation rate is proportional to |p-E?if it is not saturated, with p representing the
dipole moment and E being the local electric field. n°is theintrinsic quantum yield in free space and the

quantum yield # in presence of the heterogeneous OSA can be expressed as:*®

Yr
_ Yr _ vy 2
- - —n0
n Yr+Yabs +)/r(l)r %_{_17]_2 ( )
T

Here, we assume the heterogeneous OSA has negligible influence on the intrinsic non-radiative rate y,2..
y-andy;? are the radiative decay rate in the presence and absence of the heterogeneous OSA, respectively.

Yabs 1S @n additional non-radiative term originated from Ohmic loss in the heterogeneous OSA. The

11
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. P R . .
normalized decay rate are calculated as —’y’z =20 and V—;’;S = —;ﬁs, respectively, with B. and B° being the
T T T T

power radiated by a dipole in the presence and absence of the heterogeneous OSA, respectively. Py is
the dissipated power within the heterogeneous OSA. We did a spectral analysis of the fluorescence
enhancement for a molecule located at x=0, y=0, z=10 nm of the system. For simplicity, we assume the
dipole moment of the molecule oriented along the x axis so that p, = p, = 0 and n° = 1. This is justified
since the x component of the electric field E, dominates at this location and only dipoles with x
component p, will be effectively excited. In this case, the normalized excitation rate can be simply

calculated with the local electric field enhancement as:

2

E.|?

EY

PxEx
pxEY

Yexc __

)

0
Yexc

whereE, and EZ are thex component of the local electric field in the presence and absence of the
heterogeneous OSA, respectively. The blue dotted curve in Fig. 5a shows the wavelength dependence of
the normalized excitation rate and the black one shows the quantum yield. The molecule obtained an
excitation enhancement factor of 108 at 1 = 680 nm. The wavelength dependence of the normalized
radiative y,. and nonradiative decay rate y,;.is shown in Fig. S5f. Both y, andy,;are enhanced around
the plasmon resonance wavelength. However, y,. dominates giving rise to a maximum quantum yield # =
0.65 at A = 700 nm. It is interesting that there is a second nonradiative peak around 4 = 550 nm. This peak
originated from the longitudinal plasmonic mode of the heterogeneous OSA which can be excited by an
incident light with polarization along the long axis of the slot (y polarized). The final wavelength
dependence of the fluorescence enhancement is shown in Fig. 5b with a maximum enhancement factor of
70 at 2 = 680 nm. These results strongly indicate the proposed heterogeneous OSA has superior advantage
to enhance the fluorescence emission and reduce the background noise over the conventional ZWM

design.

Conclusions

12
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In summary, we have demonstrated with simulation that a heterogeneous OSA, rectangular nanoslot
formed on heterogeneous metallic films, has potential applications for enhanced single-molecule
detection in solutions at high concentrations where most biological reactions occur. The rectangular
structure of the OSA gives rise to strong field enhancement, which results in enhanced excitation and
emission rate for single-molecule detections. It should be noted that the performance can be further
improved using narrower nanoslot. The heterogeneous films used in the heterogeneous OSA suppress the
optical field on top and well confine the field at bottom of the antenna makes single-molecule detection in
solutions at high concentrations possible. In practice, the heterogeneous film can be readily prepared
using the state-of-the-art depositing technology, which allows depositing multi-layer metals on one
substrate in one chamber. The rectangular nanoslot can be readily etched using focused ion beam
milling"’, which is a common technique used for fabricating nanoapertures on metallic films. The
heterogeneous film is not limited to the combination of gold and Al. One can freely choose other type of
metals, such as Ti and Cr, as well. The combination of good plasmonic metals with non-plasmonic metals
gives rise to excellent balance between performance and cost. The design principle developed in this
paper paves a new way towards high-performance and low-cost plasmonic devices for numerous

applications, such as single-molecule detections, DNA sequencing and biomedical diagnosis.
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