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Abstract: Through rational design, we compare the performance of three
plasmonic antenna structures for UV fluorescence enhancement. Among
the antenna performance metrics considered are the local increase in excita-
tion intensity and the increase in quantum efficiency, the product of which
represents the net fluorescence enhancement. With realistic structuresin alu-
minum, we predict that greater than 100x net enhancement can be obtained.
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1. Introduction

The field of plasmonics has been primarily focused on the visible-NIR range, with compar-
atively little effort devoted to the UV (defined here as A < 400 nm). Motivating factors in
the study of UV plasmonics are the direct access to biomolecular resonances and native flu-
orescence, resonant Raman scattering interactions, and the potential for exerting control over
photochemical reactions, including photocatalysis.

Organic molecules have electronic resonances in the UV part of the spectrum. The advan-
tages of UV-resonant molecular spectroscopy have been recognized for decades [1, 2], such
as the use of UV resonant Raman scattering for structural conformational and kinetics stud-
ies. Biomolecules such as peptides and proteins contain residues that absorb in the UV (220-
280 nm); the aromatic amino acids tryptophan, tyrosine, and phenylalanine are fluorescence and
Raman active. However, aromatic residues have relatively low fluorescence quantum efficien-
cies and molar extinction coefficients [1, 3], as do nucleic acid bases, so achieving significant
enhancement via plasmonic structures [4] could be akey enabling factor in the |abel-free detec-
tion of proteins[5] or DNA molecules [6, 7]. Label-free detection methods are highly desirable
for the measurement of the kinetics of molecular interactions, which, when implemented in a
highly-parallel manner, enable mapping of the interactome of biological systems. Nevertheless,
there are numerous organic dye labels in use that absorb/fluoresce in the UV [8]

For native fluorescence, “brightness’ (which is the product of absorption cross-section and
guantum efficiency) is about 100x lower than for common fluorescent dyes in the visible.
Therefore, a metric goal for UV optical antenna design is obtaining ~100x fluorescent en-
hancement, which is clearly possible in the visible [9], but not demonstrated in the UV. For
comparison, UV resonant Raman cross-sections of many biomolecules are comparable to res-
onant cross-sections of organic dye molecules; UV resonance results in approximately a 10°
increase in cross-section as compared to non-resonant excitation conditions [2]. Indeed, tip-
enhanced UV resonance Raman scattering has been demonstrated [10].

Photochemical reactions can be exploited in the UV, where plasmonic enhancement can be
used to drive localized chemical reactions on a scale commensurate with the molecules them-
selves [11] and with increased reaction rates [12]. For example, when aromatic residues in
proteins are in proximity to disulphide bonds, ~280 nm irradiation of the residue can induce
breakage of the disulphide bond, creating free thiol groups that link with thiol-reactive sur-
faces such as Au [13]. Other reactive groups can be used for photocrosslinking at wavel engths
typically near 365 nm, such as aryl azides, benzophenone, diazirine rings, and anthraguinones.

One of the limiting factors for UV plasmonicsis the material response. Conventiona “plas-
monic” metals such as Ag and Au suffer from the influence of interband transitions near the
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blue part of the spectrum, whereas the interband transition for Al lies in the near infrared,
opening up a near Drude-like response in the UV. Other metals are suitable for UV plasmonic
applications [14]. Fig. 1 plots the SPP and LSPR “quality factors’ [15], or figures of merit, for
some common metals. Clearly, of the metals considered, Al has the highest quality factor in the
UV, and isthe metal chosen for this study.
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Fig. 1. Plots of SPP (a) and LSPR (b) quality factors for three different metals. The quality
factorsfor Ag and Au drop significantly at short wavel engths due to interband transitions.

This paper focuses on native fluorescence enhancement as an exemplary application of UV
plasmonics, but the results apply to other applications as well. Therefore, we compare UV
fluorescence enhancement using three canonical plasmonic structures - dipole antenna, bull’s
eye nanoaperture and nanoaperture array.

2. Simulation model

Most fluorescent molecules can be treated as a system of three energy levels—singlet ground
state S, first excited singlet state S;, and dark non-fluorescing, or first excited triplet state T;.
The fluorescence count rate per molecule (CRM) in steady stateis given by [16]

ole

CRM = k¢ —2¢ _
0T Io/ls

(1)
where x isthe light collection efficiency (combination of the optical system and radiation pro-
file), ¢ = krad/kiot the quantum efficiency (QE), krag and ky the rate constants for radiative
emission and non-radiative de-excitation from S; to Sy, kit = Krag + knr the inverse of the
excited state lifetime 1, ole the net excitation rate, o the absorption cross-section, and the
saturation intensity Is = kot /[0(1+ kisc/Kq)], Where kis: and kg are the rate constants for inter-
system crossing to thetriplet state and relaxation to the ground state, respectively. Furthermore,
the expression for CRM can be simplified under saturated (I > |s) and unsaturated (le < 1s)
conditions

CRMj¢.15 ~ KKrad (28)
CRM||e<<|s ~ K‘(Z)Gle (Zb)

According to Eq. 2, CRM enhancement by plasmonic structures (e.g. nanoantennas) consists
of three contributions—local increase in the excitation intensity le, local increase in the radia-
tive emission k;5q or quantum efficiency ¢ of enclosed fluorophores, and modification of the
collection efficiency «.
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The enhancement of quantum efficiency (QE) can be expressed as [9]
frad
fo = 3
* 7 (1= 9o0) + o purcal &)

where ¢, isthe native QE, and f;5q istheratio of the k; 54 values cal culated with (denoted with
") and without the antenna. Theratio

/
fPurceH =t
Keot

is known as the Purcell factor, which represents the change in spontaneous emission rate of a
perfect dipole [17]. According to Eq. 3, the modified QE varies dramatically based upon the
native QE of the fluorophore. Here, we use tryptophan (Trp) as the model fluorophore, whose
native quantum efficiency is ¢ = 13% [1]. Trp has maximum absorption near 266 nm and
peak emission near 340 nm. It is noted that radiation only into the substrate is used in our
calculations, which corresponds to typical epifluorescence setup through a glass substrate [18],
resulting in the calculation of an effective quantum efficiency. Thus, ¢, of tryptophan becomes
8% [19].
The net enhancement (NE) of fluorescence can be described as

NE|Ie>>IS = fK' frad (43-)
NE|io<1s = i i Ty (4b)

where f) isthe excitation enhancement and f. isthe enhancement in collection efficiency which
is assumed equal to 1. The impacts of different antenna structures on k will be considered by
comparing the far-field radiation profiles.

In summary, five important parameters have been introduced. Excitation enhancement (f)) is
often used as the primary metric in the design and analysis of plasmonic structures. The Purcell
factor (fpurca1) is the increase in total energy emitted by an ideal dipole, which is inversely
related to itsincrease in lifetime. The radiative enhancement (f;,q) stands for the fluorescence
enhancement under saturated condition. QE enhancement (f,) is a parameter that relates to
the radiation efficiency of the fluorophore. NE quantifies the net fluorescence enhancement,
including excitation and emission components. In the following section, these parameters will
be used as figures of merit in order to analyze the influence of nanoantenna design on UV
fluorescence.

Thethree nanoantenna structures considered in this paper are depicted in Fig. 2, including the
plan views and cross sections of (a) dipole antenna, (b) bull’s eye aperture and (c) aperture array.
The structures are assumed to be supported by asemi-infinite glass (SiO,) substrate and covered
by water. The active region, where the enhanced local field interacts with the fluorophore, is
shown in zoom-in image in Fig. 2 extending just 10 nm above the glass substrate. Dielectric
constants of aluminum, water and glass are incorporated via the dielectric constant obtained
from handbook data[20].

Three-dimensional electromagnetic simulation is performed using Lumerical FDTD Solu-
tions. Antisymmetric and symmetric boundaries are used along the x and y directions accord-
ing to the symmetry of the structure and the source, which reduces the cal culation and memory
overhead without sacrificing resolution. Perfectly matched layers (PML) are used on the other
boundaries. The grid sizeis 1x1x 1 nm? for the dipole antenna and 2x2x 2 nm? for the bull’s
eye and hole array. In order to calculate the excitation enhancement factor f;, a plane wave
with unit amplitude (1 V/m) isintroduced inside the substrate, which normally illuminates the
structures from the bottom. Average enhancement is calculated by integrating the total inten-
sity within a 10 nm thick monitor covering the active region, and dividing by the integrated

#175459 - $15.00 USD  Received 6 Sep 2012; revised 30 Nov 2012; accepted 1 Dec 2012; published 21 Dec 2012
(C) 2012 OSA 31 December 2012 / Vol. 20, No. 28 / OPTICS EXPRESS 29912



Water

G
e == | T
I >
Sio, v ' AP
T—»x i

v &

(a) (b) (c)

Fig. 2. Plan view aong the interface and xz cross-section of (a) dipole antenna, (b) bull’s
eye aperture and (c) aperture array. The active region with 10 nm thickness is also shown.

intensity within the same volume but in the absence of the metallic structures. For the emis-
sion calculations, the analysis of the FDTD results rely on the fact that, for an atomic dipole
transition that can only occur through radiation, the quantum mechanical decay ratein an inho-
mogeneous environment can be related to the classical power radiated by the dipole in the same
environment [21]. Specifically, we can relate every rate constant to the corresponding power,

such as
I<rad I:)rad

krad + knr I:‘o

where B5q and P, are the radiative and total emission power of adipole. Therefore, an electric
dipole with unit amplitude (1 V/m) (at 340 nm) is positioned at the center of active region. The
radiative emissionis cal culated as the transmission through monitors around the structure, while
the total emission is calculated as the transmission through monitors around the dipole. Then
the radiative enhancement (f;ag) and Purcell factor (fpyree1) Can be obtained by dividing the
corresponding emission with those without the antenna structure. Calculations are performed
for x, y, and z dipole orientations, and the reported enhancements are an average across these
orientations. Then QE enhancement and NE can be calculated according to Eq. 3 and 4a.

3. Resultsand discussion

3.1. Dipole antenna design

Therearefour geometrical parameters determining the response of the dipol e antenna, as shown
in Fig. 2. The arm length L defines the antenna resonance wavelength, while the gap distance
G affects the coupling between the two arms. In our studies, we fix both thickness T and width
W of each arm at 30 nm for simplicity, and vary gap size (20< G <50 nm) and arm length
(20< L <180 nm).
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Fig. 3. Heat maps of (a) excitation enhancement (f), (b) Purcell factor (fpyrcai), (€) and
(d) rediative enhancement (f,aq), (€) QE enhancement (f,) and (f) NE (unsaturated) for an
Al dipole antenna versus gap size (G) and arm length (L). (T=30 nm, W=30 nm).
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Figure 3 shows the 2-D enhancement maps of six antenna performance metrics versus L
and G. Peaks in both excitation and emission enhancement occur under resonance conditions
determined by the arm length, whereas the gap size controls the level of enhancement. As ex-
pected, smaller gap size generates higher enhancement due to the stronger coupling between
the arms. From the map of excitation enhancement in Fig. 3(a), there are three resonances at
the excitation wavelength, for arm lengths L=20 nm, 80 nm and 130 nm. Thefield intensity dis-
tributions (not shown) verify that these correspond to different resonance orders. Furthermore,
peak enhancement increases with the arm length, which agrees with previous research [22], but
it decreases at the fourth resonance (not shown here) due to the increase of material absorption.
The highest excitation enhancement is ~17 at the third resonance (when G=20 nm).

From the maps of emission enhancement in Fig. 3(b), 3(c), 3(d) and 3(€), the first and second
peak values are at L=40 nm and 120 nm, which are shifted to longer arm length due to the
longer emission wavelength of the dipole (340 nm compared to 266 nm). Comparing the peak
enhancements at the two emission resonances, the Purcell factor is relatively unaffected by
the arm length (maximum fpyrea) is ~11 when G=20 nm and L=40 nm), but the radiative
enhancement factor (f,5q) hasalower peak value at the longer arm length. Thisbehavior implies
that the non-radiative emission increases with increase of the volume of metallic structure,
which in turn gives the lower peak enhancement of QE at the longer arm, as shown in Fig. 3(e)
(maximum f, is ~4.5 when G=20 nm, L=30 nm). The net enhancement (NE) in Fig. 3(f) isthe
product of f; and f, and reaches maximum values of ~27 at both thefirst (L=20 nm, G=20 nm)
and second (L=120 nm, G=20 nm) resonance, where QE enhancement is greater for the shorter
antenna. It should be noted again that only the radiative enhancement into the substrate is used
to calculate fy and NE, but due to the finite thickness of the antenna, some radiation escapes
into the upper halfspace.

In the above analysis, the radiation pattern was not considered (i.e. f, = 1). The far-field
radiation patterns of structures corresponding to the first (L=20 nm, G=20 nm) and second
(L=120 nm, G=20 nm) peak NE, calculated for an x-polarized electric dipole in the active
region, are shown in Fig. 4(a). The patterns are indicative of dipole and quadrupole resonances,
because the two structures are close to the corresponding order of emission resonance. The
radiation of the first resonance has a prominent main lobe along the z direction (270°) with a
divergence angle of +55°, while radiation from the second resonance has two strong side lobes
around +50° with respect to the z direction, each side lobe with divergence angle around +15°.
The spatial cross-section distributions of |E|? for the two resonance modes are also shown in
Fig. 4(b) and 4(c), respectively. A logarithmic scale is used to allow agreater dynamic range of
field intensity to be displayed. The two distinct resonance modes are clearly seen by inspecting
the number of nodesin the antennaarms.

3.2. Bull’seye antenna design

The bull’s eye antenna has more a complicated structure compared to the dipole antenna, which
involves six geometrical parameters shown in Fig. 2. Fortunately, most of of parameters can be
approximately related to the groove pitch P through design criteria[23]. In addition, the hole
diameter (D) defines the environment around the fluorophore, and has an influence on emission
enhancement somewhat independent from the other parameters. The depth (S) and width (W)
of the grooves can further modify the optical response through groove modes [24], but these
don’t change the working mechanism of the bull’s eye structure, which relies on constructive
interference at the central hole of standing waves emitted by the independent grooves [25].
Therefore, we fix the depth and width as S=20 nm and W =60 nm to remove the effect of the
groove mode for simplicity. The thickness of the structure (T) is set to 100 nm. The number of
groovesis set as 3 to reduce memory and computational time requirements.
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Fig. 4. (a) Far-field angular radiation patterns of structures corresponding to the first
(L=20 nm) and second (L=120 nm) peak NE for the dipole antenna. (b), (c) Corresponding
spatial distribution of |E|? in xz cross section . An x-polarized electric dipole with 340 nm
wavelength is placed in the center of the active region. (G=20 nm, W=30 nm, T=30 nm).

Maps of the different figures of merit are generated by changing the hole size (40<
D <100 nm) and pitch (100< P <320 nm), asshown in Fig. 5. These maps have similar features
to those of the dipole antenna: peaksin both excitation and emission enhancements occur under
resonant conditions, determined by the pitch (P), while the hole size (D) affectsthe level of en-
hancement. The map of f| in Fig. 5(a) hasfirst, second and third resonance peaks at P=140 nm,
200 nm and 300 nm. The larger pitch produces the higher enhancement due to the greater area
for light collection. The maximum excitation enhancement is ~61 at the third resonance with
D=50 nm. The maps of emission enhancement in Fig. 5(b), 5(c), 5(d) and 5(e) show the
first and second peak values around P=180 nm and 280 nm, which are also shifted due to the
difference in wavelengths between emission and excitation. The map of NE under unsaturated
condition in Fig. 5(f) also exhibits three peaks, with values of ~91, 118 and 188 at P=140 nm,
200 nm and 300 nm, respectively (at D=50 nm), which follows exactly the resonances of f
because of the dominate effect of f; over f,.

Thefar-field radiation patterns are also considered, as shown in Fig. 6(a). Three patterns cor-
responding to the three peak values of NE are plotted. The pattern of the first peak (P140D50)
has two comparatively small side lobes, each with divergence angle of +15°, because the pitch
corresponds to the excitation resonance rather than the emission resonance. By contrast, the
other two patterns are from structures that are close to emission resonance, and show the fea-
tures of first order resonance (amain lobe along z with a divergence angle of +5°) and second
order of resonance (two strong side lobeswith divergence angles of +5°), respectively. The spa-
tial distribution of |E|? for the three casesin cross-section at the glassinterfaceis also shownin
Fig. 6(b), 6(c) and 6(d), respectively. The resonance and off-resonance features can be clearly
seen from the corresponding images.

It isworth comparing the bull’s eye and dipole antennas. The bull’s eye is an extended planar
structure with much greater interaction cross-section, thus the excitation enhancement f| is
much higher for roughly the same active area. The round aperture in the bull’s eye has an
optimal size for the excitation and emission processes - about 50 nm for excitation and 70 nm
for emission, which agree with previous studies [19] - whereas, enhancement will generally
increase for the dipole antenna with decreasing gap. For the bull’s eye, the peak values of
frag into the substrate (Fig. 5(d)) are much larger than the total f,5q (Fig. 5(C)), because the
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Fig. 6. (a) Far-field angular radiation patterns of the first (P=140 nm, off-resonance), the
second (P=200 nm) and the third (P=300 nm) peak NE of bull’s eye. (b), (c), (d) Corre-
sponding spatial distribution of |E|? in the structure/glass interface (xy surface) of bull’s
eye. An x-polarized electric dipole with 340 nm wavelength is placed in the center of active
region. (D=50 nm, A=P, W=60 nm, S=20 nm, T=100 nm)

thicker aperture strongly attenuates radiation into the upper halfplane. Furthermore, the bull’s
eye exhibits more directionality in emission due to constructive interference with scattering by
the concentric grooves, and effect sometimes called “beaming” [26].

3.3. Aperturearray design

If a fluorophore could be placed inside a specific aperture, an aperture array can be treated
as a variation from the bull’s eye with one central aperture surrounding by a square lattice of
apertures instead of concentric grooves. Therefore, similar performance should be expected in
terms of fluorescence excitation and emission. Again our analysis will be focused on period
P and aperture size D as parameters. The thickness of the structure (T) is fixed at 100 nm.
The total number of periods is set as 6 due to the limitation of memory and speed of FDTD
simulation.

Maps of the figures of merit are generated by changing the aperture size (40< D <100 nm)
and period (100< P <320 nm), and are shown in Fig. 7. Excitation enhancement shows res-
onance peaks near same regions as the bull’s eye, but with much smaller enhancement values
(maximum f; ~23). A more obvious difference can be seen from emission enhancement in
Fig. 7(b), 7(c), 7(d) and 7(e). The influence of the period is less distinct, which implies that
there’'s a weaker interaction between the central and nearby apertures than there is between a
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Fig. 7. Heat maps of (a) excitation enhancement (f), (b) Purcell factor (fpyrca), (€) and
(d) radiative enhancement (f;aq), (€) QE enhancement (f,) and (f) NE (unsaturated) for an
aperture array versus aperture size (D) and period (P). (T=100 nm)
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central aperture and concentric grooves. Therefore, the emission enhancement of the aperture
array is closer to that of asingle aperture, where the aperture size D is the dominant factor. The
emission figures of merit fpyrcal, frag and fy have similar features, with maximum enhance-
ments ~4, for D ~80 nm. These results are very close to those from a single aperture reported
before[19] and obtained from a different simulation method, which further validates our analy-
sis. The map of NE under unsaturated conditions exhibits three peaks, with values ~41, 37 and
40 at P=120 nm, 200 nm and 300 nm, respectively, for D=50 nm, which follow the dominant
excitation resonance. The stronger excitation enhancement due to the collective SPP resonance
makes the NE of an aperture array stronger than that of single aperture.

The far-field angular radiation patterns from the aperture array are shown in Fig. 8(a). The
patterns for the near resonant cases (P200D50 and P300D50) have distinct directional peaks
on broad non-directional backgrounds, implying some interaction between apertures, while
the off-resonance (P120D50) case exhibits a broad non-directional pattern, suggesting reduced
inter-aperture interaction. The spatial distributions of |E|? at the glass interface for the three
casesisalso shown in Fig. 8(b), 8(c) and 8(d), respectively, showing that there is no interaction
between aperturesin Fig. 8 (b), while weak interaction can be found in Fig. 8(c) and 8(d).

——P120D50
—— P200D50
—— P300D50

Fig. 8. Far-field angul ar radiation patterns of thefirst (P=120 nm, off-resonance), the second
(P=200 nm) and thethird (P=300 nm) peak NE of aperture array. (b), (c), (d) Corresponding
spatial distribution of |E|2 in the structure/glass interface (xy surface) of aperture array. An
x-polarized electric dipole with 340 nm wavelength is placed in the center of active region.
(D=50 nm, T=100 nm)
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3.4. Performance comparison

After the analysis of the three antenna structures, it is helpful to compare their performance.
The maximum enhancement values are listed in Table 1.

Table 1. Comparison of performance metrics for the three nanoantennas

Structure fi fourcell | frad | fraa intoSub | fy NE
Dipole 169 | 11.0 7.2 8.1 45| 272
Bull’'seye 60.5 4.3 2.3 53 4.2 | 188.0
Aperturearray | 23.4 35 20 41 35| 409

* The numerical value listed for each metric is the peak value based upon optimal
geometrical parameters.

For excitation enhancement (f;) under plane wave illumination, the bull’s eye gives the best
performance (~61) due to its large concentrating structure. While comparing the structures
based upon plane wave illumination might be appropriate for nanoantenna arrays, if single
structures are to be compared, then focused illumination needs to be considered. For example,
comparing the dipole and bull’s eye structures under the conditions of maximal f;, one might
use focused illumination of diameters 280 nm and 1.8 um, respectively. Assuming the same
power in each beam, then the intensity in the gap of the dipole antenna would be about 700x
the intensity incident on the bull’s eye, for which the intensity within the central aperture of
bull’s eye remains as 60.5x incident. This comparison is simply a statement that, within the
diffraction limit, focusing via conventional imaging is more efficient than plasmonic focusing.
The dipol e antenna produces the highest emission enhancement with fpyrcer ~11, fraqg ~7, and
fy ~4.5, dueto it’s favorable gap structure.

—— Dipole antenna
Bull's eye aperture
—— Aperture array

195

210

255 570 285

Fig. 9. Far-field angular radiation patterns of three nanoantennas. Only thefirst order emis-
sion resonances are considered and patterns are normalized. An x-polarized electric dipole
with 340 nm wavelength is placed in the center of active region.

The far-field angular radiation patterns of the first order of emission resonance from three
structures is shown in Fig. 9. The patterns are normalized for comparison. The bull’s eye an-
tenna has the most directionality due to its extended structure with strongly interacting concen-
tric grooves.
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4, Conclusion

In conclusion, three plasmonic antenna structures for UV fluorescence enhancement are nu-
merically studied by comparing five performance metrics: excitation enhancement (f;), Purcell
factor (fpyrcal), radiative enhancement (fraq), QE enhancement (f,) and NE. The 2-D maps
of performance metrics versus geometrical parameters are generated in order to clarify the in-
fluence of structure parameters. The far-field radiation patterns are also considered. All three
structures present similar features that peak enhancement of the excitation and emission pro-
cesses occurs under resonant conditions, determined by arm length for dipole antenna and pitch
for other two structures. Furthermore, distinct differences are observed across the structures.
The bull’s eye aperture and aperture array produces higher enhancements due to their extended
planar structure with much greater physical interaction cross-section with incident light. De-
crease of gap size of dipole antenna will increase the enhancement of excitation and emission,
while the round apertures in the bull’s eye and aperture array have an optimal size for the ex-
citation (~ 50 nm) and emission (~ 70 nm) processes. Due to the favorable gap structure, the
dipole antenna produces higher Purcell factor (fpyrce) ~11), radiative enhancement (frag ~ 7)
and QE enhancement (fy ~4.5). The thicker structures of bull’s eye and aperture array effec-
tively suppress radiation in the direction away from the substrate, which is preferable for an
epifluorescence setup. The far-field radiation of the bull’s eye aperture has the most direction-
aity due to constructive interference with scattering by the concentric grooves. The aperture
array has the least directionality due to the weak interaction between central and neighboring
apertures.
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