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T
he highly efficient capability to con-
fine lightwithin a nanoscale volume is
of great interest in the study of light

interaction with biological materials and
nanostructures,1,2 in particular, for the effi-
cient detection of the (generally weak) fluo-
rescence signals emitted by an individual
molecule or quantum dot. To overcome the
detection limits set by optical diffraction,
the environment surrounding an emitter
can be tailored to control the local excita-
tion intensity, quantum yield efficiency, and
the angular radiation pattern.3�6 Plasmonic
nanostructure antennas create highly en-
hanced local fields when pumped reso-
nantly, resulting in a greatly enhanced ab-
sorption or excitation of emitters,7,8 leading
to increased spontaneous fluorescence
emission. The plasmonic antennas also al-
low nanoscale control of the lifetime,9�12

spectra,13�15 and direction16�18 of photon
emissions. Many groups have already re-
ported fluorescent emission enhancement
from emitters located in the vicinity of
different types of metallic nanostructures:
metallic nanoparticles,7,12,14 core�shell
particles,11 nanoporous gold,19 hole arrays
andmetallic gratings,8,20,21 and single nano-
apertures.18,22�25

Here, we have focused on isolated nano-
apertures because, unlike regular nanoan-
tennas, they are capable of blocking un-
wanted fluorescence signals by taking
advantage of an opaque metal screen. In
spite of their conceptual simplicity, these
exhibit complex and interesting optical
properties. For instance, metal-clad subwa-
velength circular apertures (also called
“zero-mode waveguides”) have been ap-
plied successfully in single-molecule anal-
ysis at high concentration and in real-time
DNA sequencing.22,26 Such nano-apertures
exhibit a cutoffwavelength, abovewhich no
propagating modes exist inside the wave-
guide, the excitation field is evanescent

coupling, and the intensity decays expo-
nentially along the length, z, of the nano-
aperture. The optimal diameter of aluminum
circular nano-apertures for plasmonic-
enhanced fluorescence excited at wave-
length λ = 633 nm were elaborately inves-
tigated and found at ∼170 nm by Gerard
et al.23,27 The maximum fluorescence en-
hancement (∼7-fold) was related to the
maximum density of photonic modes and
to the minimum group velocity for the
nonpropagative guided mode inside the
circular nano-apertures. Furthermore, the
propagative modes or nonpropagative eva-
nescent modes were able to be tuned
with good flexibility in rectangular nano-
apertures by adjusting the excitation light
polarization. The fluorescence intensity is
enhanced significantly (∼ 3.2-fold) by the
nonpropagative evanescent near-fieldwith-
in the rectangular nano-apertures, but there
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ABSTRACT

We report experimental behaviors of polarization-dependent, plasmonic-enhanced molecular

fluorescence within isolated bowtie nano-apertures (BNAs) milled in aluminum films. BNAs

provide efficient control of the fluorescent count rate per molecule and the decay lifetime of

the molecules and provide an effective detection volume at the nanometer scale by tuning

either the excitation light polarization or the BNA size. Interestingly, large BNAs (>300 nm)

present high plasmonic-enhanced fluorescence efficiency and can simultaneously confine the

detection volume below the subdiffraction limit. Numerical simulations were performed that

agreed qualitatively with the experimental results. The BNAs have potential applications,

especially for single-molecule biological analysis.
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is no obvious enhancement by propagative high-
transmission modes.25 The question arises for isolated
nano-apertures milled in metallic thin films: can we
expect a proper nanostructure with an increase in the
fluorescence enhancement factor? To address this
question, isolated bowtie nano-apertures (BNAs) were
fabricated, enabling the fluorescence characteristics to
be investigated in detail. To the best of our knowledge,
the experimental investigation of plasmonic-enhanced
molecular fluorescence within isolated BNAs has not
been reported previously.
The optical properties of BNAs, such as the counter-

part of the regular bowtie antennas as shown in
Figure 1, have already been studied experimentally
and theoretically by Xu et al.28�30 In contrast to circular,
rectangular, or square nano-apertures of the same
opening area, BNAs have great potential to concen-
trate light within a superconfined spot with an intense
local field. The coupling of induced electric fields at the
tips of both arms with the propagative waveguide
mode mainly confines the transmitted light within
the nanoscale gap region. Enhanced light transmission
through BNAs has been applied successfully in high-
resolution nanoscale lithographic fabrication and high-
throughput near-field optical probes.30�33 BNAs pro-
vide not only an intense localized excitation field able
to generate a high fluorescence enhancement factor
but also an asymmetric structure for a tunable, polar-
ization-dependent, plasmonic-enhanced excitation.
In this study, the plasmonic-enhanced molecular
fluorescence within isolated BNAs was studied by
fluorescence correlation spectroscopy and lifetime
measurements based on time-correlated single pho-
ton counting in an aqueous solution. The fluorescent
behaviors are novel and clearly different from those
within circular or rectangular nano-apertures. With an
appropriate polarized excitation light, the fluorescence
rate per molecule is significantly enhanced (∼12-fold)
within BNAs and the fluorescence lifetime and excita-
tion volume are tunable by the excitation light polar-
ization. Large BNAs (>300 nm) rather than small ones
were found to enhance fluorescence more efficiently
and could simultaneously confine the detection vol-
ume below the subdiffraction limit. These results are
highly relevant to the strong interest in understanding
the interactions between emitters and plasmonic
antenna.

RESULTS AND DISCUSSION

The BNAs used in this study were fabricated by
direct-focused ion beam (FIB) milling in∼170 nm thick
aluminum films that were thermally evaporated on
glass coverslip substrates. The angle of the bowtie's
arms indicated in Figure 1a was fixed at∼90�, and the
BNA gap (i.e., the separation between the two arms)
was fixed at ∼30 nm, whereas the outline dimensions
of the BNAs were tunable from 150 to 450 nm to

investigate how BNA size affected the molecular fluo-
rescence within them. Initially, to gain insight into
possible plasmonic resonances at specific wave-
lengths, the scattering spectrum of single isolated
BNAs was measured using white light total internal
reflection method based on a high numerical aperture
objective lens.34,35 Full instrumental details, including
an instrument schematic, can be found in the Support-
ing Information. Typical scattering spectra of the iso-
lated BNAs are shown in Figure 2a for different outline
sizes illuminated by nonpolarized total internal reflec-
tion white light. As can be seen, there are clear
characteristic resonance peaks at a wavelength of
∼650 nm in the scattering spectra. The scattering
spectra peaks were red-shifted with increasing BNA
size, except for the 450 nm BNA. These results are in
agreement with previous experimental transmittance
spectra reported by Wang et al.,29 where a wavelength
tunable laser source was used to measure the trans-
mission spectrum. In addition, the trend in BNA scat-
tering variation is similar to that for isolated circular
nano-apertures, which also display size dependence in
surface plasmon resonance.36,37

To understand well the characteristic scattering
spectra of the BNAs, the finite-difference time-domain
(FDTD) method38�40 was employed to calculate the
absorption spectrum. Normal incident illumination
light polarizes parallel to the BNA axis (i.e., θ = 0�)
during FDTD simulation. As seen in Figure 2b, the

Figure 1. (a) Scanning electron microscope (SEM) image of
a BNAwith a∼300nmoutline sizemilled into a 170nm thick
aluminum thin film. (b) Schematic view of experimental
optical configuration for fluorescence correlation spectros-
copy, fluorescence decay lifetime, and white light total
internal reflection scattering spectra measurements.
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numerical simulations agreed qualitatively with the
experimental results. The calculated absorption spec-
tra present two notable plasmonic resonance peaks in
the visible and near-infrared range, and the spectral
peak maximum red-shifted with increasing BNA out-
line size. The characteristic bands could be ascribed to
the hybridization plasmonicmode, that is, the bonding
and antibonding mode of the BNA's two arms.41,42 The
scattering spectral peaks observed experimentally at
λ ∼ 650 nm could be attributed to the antibonding
mode, but the peak in the infrared range was not
detectable because of the limit in the optical setup.
To the best of our knowledge, this is the first report of
such white light response properties of BNAs. These
could be applied as plasmonic sensors by taking
advantage of the high light concentration within the
BNA gap,36,37,43 but this is beyond the scope of this
study. Additionally, there are unavoidable deviations
between the theory and experiment. The most prob-
able reasons of the theoretical results deviating from
the experimental ones are (1) the BNA size deviations
such as outline dimension size and gap separation
adopted in the simulation deviating from the experimen-
tal ones, (2) the oblique internal wall and rough surface
due to the intrinsic limit of FIBmillingmethodwhich is not
considered during the FDTD simulation, (3) aluminum
material optical constant obtained frombulkmaterial and
fittedby theDrude�Lorentzmodelwhich should result in
some deviation from the real situation. Nevertheless, we
think the numerical simulation results provide a good
qualitative explanation for the experimental results.

The existence of plasmon resonance in the BNAs and
its relation to BNA geometry are beyond doubt, but
more effort is required to fully understand the scatter-
ing spectra. Here, we focus our attention on the
molecular fluorescence behaviors within the BNAs. As
is well-known, extensive research has been reported
on the optimization of fluorescence emission through
matching the surface plasmon resonance with the
excitation or emission bands of fluorescence mole-
cules.6�9 As indicated in Figure 2a, the excitation light
(HeNe laser, λ = 632.8 nm) and collection emission
band (Alex Fluor 647 dye molecules' emission filtered
by a band-pass filter center, λ = 660 nm) are both
within the plasmonic resonance band of the BNAs. This
would result in plasmonic-enhanced molecular fluo-
rescence within the BNAs.

Molecular Fluorescence within 450 nm BNAs. Molecular
fluorescence within isolated BNAs was investigated by
fluorescence correlation spectroscopy (FCS).44,45 In the
FCS method, the temporal fluctuations of the fluores-
cence signal, I(t), are recorded and the temporal corre-
lation of this signal is computed asG(τ) = ÆI(t)� I(tþ τ)æ/
ÆI(t)æ2, where τ is the delay (lag) time, and Æ æ denotes
time averaging. The amplitude of the correlation func-
tion quantifies the average number of molecules, N,
and provides access to the fluorescence count rate per
molecule, CPM = (ÆIæ � ÆBæ)/N, where ÆBæ is the mean
background noise. The incident excitation light is
from below the sample (glass coverslip substrate), with
linear polarization as shown schematically in Figure 1b.
Unless otherwise stated, the excitation power of the
HeNe laser was kept at 60 μW, measured before the
entrance of the inverted optical microscope. For all
experiments reported here, a solution of Alexa Fluor
647 molecules (A647, Invitrogen) at micromolar con-
centration (∼2 μM) was deposited upon the surface of
the thin film containing the nano-apertures. It should
be pointed out that, because of the stochastic nature of
the FCS technique, all of the measured fluorescence
data here were temporally and spatially averaged over
all of the possible molecular orientations and positions
within the detection volume.

The polarization of excitation light was adjusted
though a half-wavelength plate. Typical FCS results
within the 450 nm BNA are shown in Figure 3a for
excitation light polarizing parallel (i.e., θ = 0�) or
perpendicular to the bowtie axis (i.e., θ = 90�), respec-
tively. For comparison, FCS curves within the BNA
(using ∼2 μM, as indicated above) and in the absence
of nanostructures (using 5 nM dye solution as a free,
open aqueous solution upon the bare glass coverslip)
are normalized together in the Figure 3a inset. The
characteristic diffusion time within the BNA was ob-
viously shorter than that in free open solution, which
implies a smaller effective detection volume because
of the BNAs' confinement effect. Meanwhile, the G(0)

values for the FCS curves within the BNAs increased

Figure 2. (a) Experimental white light total internal reflec-
tion scattering spectra for BNAs with various outline sizes,
as indicated in the figure. (b) Simulation absorption spectra
for the BNAs as above calculated by the FDTD method. The
gray lines in (b) specify the spectrum range during experi-
mental measurements.
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markedly comparedwith that of the free open solution
(data not shown here), which is consistent with the
conclusion drawn from the characteristic diffusion
time. In addition, as shown in the Figure 3a inset, the
diffusion time within the BNA under parallel excitation
was shorter than that under perpendicular excitation,
which means that the excitation field is obviously
polarization-dependent. As seen in Figure 3a, the G(0)

value under parallel excitation was significantly higher
than that under perpendicular excitation, which con-
firms the smaller effective detection volume existing
under parallel excitation. To gain more insight into this
polarization-dependent phenomenon, the total fluor-
escent signal intensity, effective averaged molecule
number, CPM, and fluorescence enhancement (i.e.,
ratio of the CPM within BNA to that in free open
solution) within the 450 nm BNA under different
excitation polarization angles are summarized in

Figure 3b. These values all show strong polarization
dependence and can be fitted well with the formula a
cos2 θ þ b, where θ is the angle between the light
polarization and the bowtie axis. The CPM enhance-
ments within the 450 nm BNA were ∼3- and ∼12-fold
for perpendicular and parallel polarization illumina-
tion, respectively.

FDTD numerical simulations were performed to
better understand the plasmonic-enhanced fluores-
cence with the BNAs. First, the electromagnetic field
distributions within the 450 nm BNA were calculated
for parallel or perpendicular polarization light illumina-
tion. Typical simulation results are shown in Figure 4 for
three cross section planes at the BNA center. For
convenience, the area enclosed by the white dotted
line in Figure 4a, where it is relatively far from themetal
surface, is called “region I”. For parallel illumination
light, the field intensity enhancement was about 5-fold
at the center of the BNA gap, and in contrast, the field
intensity decreased in region I. This means that the
propagative transmission electromagnetic field is
mainly confined and enhanced near the BNA gap.
For perpendicular light, the light field intensity within
the BNA gap was very weak but was reduced only
slightly in region I. As shown in Figure 4b, the light was
confined near the parallel edges of the BNA, similar to
triangular nano-apertures.46 Experimental measure-
ments by scanning near-field optical microscope di-
rectly demonstrated such polarization dependence of
the field distribution near BNAs.47

Thus, for parallel illumination light, the excitation
volume is confined and enhanced around the BNAgap,
which results in a smaller excitation volume, a higher
G(0) value and a larger CPM than that by perpendicular
light. On the other hand, the total fluorescence signal
under perpendicular light illumination is higher. This
can be understood as follows: although the light field
intensity enhancement and molecular CPM is much
lower near the BNA gap under perpendicular light, the
field intensity and CPM in region I aremuch larger than
that under parallel light illumination, and the volumeof
region I is much larger than the BNA gap volume. Thus,
more molecules contribute to the total fluorescence

Figure 4. Electromagnetic field distributions calculated by
the FDTD method for the 450 nm BNA by parallel (a) or
perpendicular (b) polarization light propagating along the z
direction. The field distributions are shown in x�y, y�z, and
x�z plane sections crossing the BNA center.

Figure 3. (a) Typical fluorescence correlation spectroscopy
curves within a∼450 nm BNA for parallel (red) and perpen-
dicular (green) polarization excitations. For comparison, the
normalized FCS curves in free open solution and within
the BNAare shown together. (b) Detected totalfluorescence
intensity, number of molecules within the detection vol-
ume, molecular CPM, and fluorescence CPM enhancement
within the 450 nm nano-aperture as a function of the angle
(i.e., θ as indicated in Figure 1) between the illumination
light polarization and the BNA gap axis. The solid lines are
fitted curves according to the formula a cos2 θ þ b.
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signal, which results in a higher total fluorescence
signal count under perpendicular light illumination,
as shown Figure 3b, even though the molecule CPM is
low in region I. This is an interesting result, which
contradicts that in rectangular nano-apertures, where
the propagative transmission mode does not produce
any fluorescence enhancement.25 However, with the
assistance of bowtie arms within the BNAs, the light is
harvested around the BNA gap, resulting in a smaller
excitation volume and high light density, which en-
hances the molecular fluorescence efficiently com-
pared to the nonpropagative near-field mode.

Because the acquisition time of a FCSmeasurement
is 30�120 s, it is believed that the concentration or
distribution of the fluorescence molecules within the
BNAs should be constant, irrespective of the excitation
light polarization. (It should be pointed out that the
optical trapping effect is neglected because of the low
light intensity.) Thus, the observed strong polarization
dependence phenomena are related to the local elec-
tromagnetic field distribution, assisted by the BNAs'
surface plasmon resonance mode. As pointed out by
Guo et al.,47 the propagative transmission or nonpro-
pagative near-field mode within BNAs is tunable by
adjusting the light polarization, which is similar to
rectangular nano-apertures. When the excitation light
polarization is perpendicular to the BNA axis, the
excitation light is a nonpropagative evanescent near-
field, which is mainly confined within the BNA. In
contrast, when the excitation light is parallel polariza-
tion light, the coupling between the propagative
mode and the BNA gap structure results in a high
transmission efficiency and a subwavelength confined
spot.28,30,47 As can be seen in Figure 3, the experimen-
tal results show that there was a smaller effective
detection volume, higher CPM enhancement, and
therefore a better signal/noise ratio by parallel excita-
tion. In previous reports, the nonpropagative evanes-
cent mode was the most effective for plasmonic-
enhanced fluorescence within circular and rectangular
nano-apertures.22,23,25,48 In contrast, the novel propa-
gative transmission mode within BNAs presents super-
ior plasmonic-enhanced fluorescence performance
than the nonpropagative evanescent mode. Also,
the fluorescence enhancement within 450 nm BNAs
was higher than that in circular or rectangular nano-
apertures milled in aluminum thin films reported in
the literature.23,25,27 It should be pointed out that the
fluorescence enhancements achieved by different re-
search groups are not strictly comparable because the
results are not acquired from the same individual chip.
Nevertheless, the plasmonic-enhanced fluorescence
within BNAs certainly presents an interesting phenom-
enon and has the same potential applications as
circular nano-apertures.

To better reveal the fluorescence behaviors within
the BNAs, the fluorescence lifetimes were measured

under various excitation polarizations. The molecule
fluorescent decay lifetime in free open solution was
about 0.98 ns, which corresponds well to the data in
the literature.48 Typical molecule fluorescence decay
curves within 450 nm BNA are shown in Figure 5. The
fluorescence molecular excitation state decay within
the BNAs displayed two clear exponential features,
regardless of the excitation polarization, both of which
were shorter than that in free open solution. Here, the
slow and fast decay components are referred to in-
dividually as τ1 and τ2. These components had values
of 0.718 ((0.028) and 0.108 ((0.015) ns for parallel
light excitation within the 450 nm BNAs and 0.783
((0.012) and 0.171 ((0.006) ns for the perpendicular
light excitation, respectively. This differs from the
decay lifetimes in free open solution and circular or
rectangular nano-apertures that display only monoex-
ponential processes.18,48 To verify our lifetime mea-
surements, the fluorescence lifetimes within circular
nano-apertures were also measured and found to dis-
play only a monoexponential process, as reported in
the literature (the results for a ∼ 220 nm diameter
circular nano-aperture are presented for comparison in
the Supporting Information). Themultiple processes of
the fluorescence lifetime decay within the BNAs are
probably related to the BNAs' high asymmetry com-
pared to the circular or rectangular nano-apertures.
The long lifetime τ1 is attributed to the fluorescence
signal from region I, where the coupling effect be-
tween the molecules and metal is weak because of
large separations. The short lifetime τ2 arises from the
molecules locating around the BNA gap and parallel
edges, due to the strong coupling effect between the
molecules and metal. These results are supported by
the numerical simulations by the FDTD method.

As is well-known, the spontaneous decay rate and
quantum efficiency of an emitter can be drastically
modulated by placing it in the vicinity of a plasmonic
nanostructure.3,4,49�51 The molecules within the BNAs
present different decay rates and quantum yields

Figure 5. (a) Typical normalized fluorescence decay traces
measured in a 450 nm BNA (blue for excitation polarization
θ = 0�, purple for θ = 45�, and green for θ = 90�). Dots are
experimental data, and lines are numerical fitting lines. The
shorter decay trace (red) is the overall instrument response
function (IRF). The normalized fluorescence decay traces
measured in free open solution are shown in black for
comparison.
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because of their different positions and orientations
with respect to the BNAs. Here, the spontaneous
molecular emissions within the BNAs were calculated
by the FDTDmethod. Three typical points, as indicated
in Figure 4b, are compared, that is, point A at the center
of the BNA gap, point B located in the middle between
the BNA gap center and parallel edge, and a separation
between point C and the parallel edge of 15 nm. As
seen in Figure 6a,b for the parallel oriented emitters
(along the x direction), the normalized total decay rate
of point A was the highest. On the contrary, for the
perpendicular oriented emitters, point C was higher.
The value at point B (belonging to region I) was always
low, irrespective of orientation. These simulation re-
sults are in qualitative agreement with the above
experimental results and offer a plausible explanation
for the two distinct decay components seen in the
lifetime measurements.

Additionally, the quantities of lifetime measure-
ments in the BNAs are polarization-dependent. In
previous reports,9�12 molecules were fixed in a solid
matrix, resulting in a fixed dipole orientation, giving a
constant lifetime decay, regardless of the excitation
light polarization. In contrast, here the molecules are
free to diffuse in aqueous solution, so the molecules
rotate freely in all directions. The measured lifetimes
should therefore be an ergodic ensemble-averaged
value during a typical 30�120 s measurement. As is
well-known, molecules orientating in the direction of
the excitation light polarization should be more effec-
tively excited. Thus, the main excitation direction here

is tuned by a linear polarized excitation light. For
instance, when the excitation polarization aligns par-
allel to the BNAs axis, the molecules orientating along
the BNA axis should be excited most efficiently. Mean-
while, the parallel oriented molecules within the BNA
gap would more strongly couple with the BNA than
those in a perpendicular orientation. Thus, the experi-
mental results show that the decay lifetime is polariza-
tion-dependent. When the excitation light has
perpendicular polarization, the molecules around the
edge dominate the detected fluorescence signal for
the faster decay process τ2. On the other hand, for
parallel light, the fluorescence signal for τ2 is mainly
from the BNA gap where the coupling between the
molecules and metal is stronger, thus the lifetime is
shorter, as supported by above numerical simulations.
In addition, the deviation of τ2 between parallel or
perpendicular light is larger than is the case for τ1
because the signal for decay process τ1 is mainly from
region I. These experimental results demonstrate that
plasmonic antennas anisotropically modulate the de-
cay rate of the molecules.

The relative fluorescence intensity of the molecules
at the three points was also calculated as compared to
the free open environments, and typical results are
shown in Figure 6c,d. Usually, the fluorescence en-
hancement is considered to be the product of the
excitation and emission enhancement: η = ηexc� ηqye,
where ηexc = |pE|2/|pE0|

2, ηqye = 1/[(1 � η0)/F þ η0/ηa],
where F is the radiative Purcell factor, η0 is the original
molecular quantum yield efficiency, and ηa is the

Figure 6. Normalized decay rates (top) and relative fluorescence enhancement (bottom) for points A (black), B (red), and C
(green)with a 450 nmBNA, as indicated in Figure 4b. The left pictures are for the dipole parallel orientation along the BNAgap
axis, and the right pictures are for the perpendicular dipole. The original fluorescence emission in gray is also plotted for
comparison.
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antenna emission efficiency. Similar to the molecule
decay rates, the molecule emission quantum yield is
also related to its position and orientation with respect
to the BNA. For instance, the molecular fluorescence at
point A is enhanced significantly when it orients
parallel to the BNA gap axis, but the fluorescence is
suppressed strongly for the perpendicular orientation.
Thus, a low fluorescence signal comes from the BNA
gap when the excitation light polarization is perpendi-
cular, but for parallel excitation, the molecules orien-
tating along the x direction emit at high efficiency and
dominate the fluorescence fast decay component.
Also, the relative proportion for fluorescence signal
intensity of the fast decay process τ2 by parallel
excitation increases as shown in Figure 5 and Table 1
because of the high fluorescence enhancement by
comparison with that of perpendicular excitation.
Here, the simulation performed with a single dipole
point provides a qualitative understanding of the
plasmonic-enhanced molecule fluorescence within
the BNAs.

Additionally, the coupling between the molecules
and plasmonic nanostructure also influences the emis-
sion direction and therefore the collection efficiency.
Here, the molecular emission pattern in the BNAs was
not found to present an obvious anisotropic distribu-
tion by direct EMCCD imaging, as shown in the Sup-
porting Information Figure S5, because the individual
nano-aperture has a weak beaming ability compared
with the one assisted by periodic corrugations acting
as a grating antenna.18,52 Recently, a method devel-
oped by Wenger et al. enabled experimental quantifi-
cation of the respective contributions of the excita-
tion and emission gains in circular nano-aperture en-
hanced fluorescence through analyzing the evolution
of the fluorescence enhancement versus the excitation
power.48 The emission gain contains both a radiative

rate enhancement and a collection efficiency enhance-
ment. The fluorescence CPM within the BNAs versus

the excitation power was also measured and is shown
in the Supporting Information Figure S6, along with
analysis data summarized in Supporting Information
Table S1. Clearly, the CPM under parallel excitation was
higher than that under perpendicular excitation light,
and the saturation power by parallel excitation was
lower due to the light concentration and enhancement
effects of the BNA gap. The two exponential decay
processes in the lifetime measurements of the BNAs
cause some limitations in the extraction of the en-
hancement of decay rates and excitation rate effi-
ciently, and therefore, the weighted average values
were used for total decay rate enhancements. The
characterization of the fluorescence enhancement
shows that (i) both excitation and emission gains
contributed to the overall fluorescence enhancement
and (ii) the enhancement by parallel excitation light
was higher both in excitation and emission compared
with that by perpendicular light. These experimental
results are in qualitative agreement with the above
numerical simulation results.

Molecular Fluorescence within Different Outline Sizes of
BNAs. Having investigated the molecule fluorescence
behaviors within the 450 nm BNA in detail, we became
interested in how the BNA size affects fluorescence. To
answer this question and identify the optimal BNA size
for fluorescence enhancement, BNAs with outline di-
mension sizes varying from 150 to 450 nm were
investigated under polarized excitation light as above.
Here, several BNAs with the same size were measured
to ensure the reproducibility of experiments. Typical
results are summarized in Table 1 only for parallel and
perpendicular polarization excitation. (1) The total
fluorescent intensity within the BNAs decreased with
decreasing BNA size, regardless of the excitation polar-
ization, as shown in Table 1. The fluorescence intensity
excited by the perpendicular polarization light was
higher and but decreased faster than that by the
parallel light, which resulted in the ratio reversal for
the 150 nmBNAs. This phenomena differs from regular
bowtie antenna, where the signal intensity excited by
parallel excitation was always found to be higher than
that by perpendicular excitation.9,10 (2) The molecule
CPM also presents a clear difference between the small
and large size BNAs. For larger BNAs, a higher CPMwas
obtained by parallel excitation, but for smaller BNAs,
efficient enhancement occurs with perpendicular light.
The molecule CPM did not present obvious polariza-
tion dependence in 200�250 nm BNAs. (3) The fluo-
rescence lifetime measurements were also performed
for the different BNA sizes. The decay lifetime de-
creased with decreasing size, regardless of the excita-
tion polarization, which is similar to the trend seen in
circular nano-apetures.41 In addition, the relative pro-
portion of fluorescence signal intensity for the fast

TABLE 1. Molecule Fluorescence Characteristics within

Various Size BNAs

BNAs ∼150 nm ∼200 nm ∼250 nm ∼300 nm ∼450 nm

Itotal (kHz) )a 20.22.2
d 28.66.2 46.36.4 67.115.3 152.318.6

^b 16.42.9 47.68.7 136.212.3 184.515.8 229.216.7
ratioc 1.23 0.60 0.34 0.36 0.66

ηCPM ) 2.70.4 2.10.4 3.60.5 5.40.7 11.92.7
^ 5.61.4 2.90.3 2.00.4 1.50.5 4.01.1
ratio 0.48 0.70 1.67 3.54 3.27

Veff (aL) ) 0.650.09 1.220.10 1.280.18 1.110.13 1.090.17
^ 0.280.06 1.450.24 6.601.08 7.860.96 6.170.77
ratio 2.32 0.84 0.19 0.14 0.18

τ1 (ns) ) 0.3080.05
e 0.4670.11 0.5630.19 0.6050.25 0.7180.51

^ 0.2710.06 0.4820.12 0.5320.20 0.6900.33 0.7830.54
τ2 (ns) ) 0.0350.95 0.0670.89 0.0910.81 0.0930.75 0.1080.49

^ 0.0410.94 0.0710.88 0.0760.80 0.1090.67 0.1710.46
a Parallel excitation. b Perpendicular excitation. c The ratio of the value by parallel
excitation to that by perpendicular excitation. dMeasurement deviations. e Relative
proportion of fluorescence signal intensity.
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decay process τ2 increased with decreasing BNA size,
while it decreased for the slow decay process τ1.

To better understand these phenomena, the field
distribution, the decay rates, and antenna efficiency of
150 nm BNA were calculated and are shown in the
Supporting Information Figures S7 and S8 for compar-
isonwith 450nmBNA. As the BNA size decreases, fewer
molecules contribute to the fluorescence signal, due to
the physical confinement effect, and this results in the
total fluorescent intensity within the BNAs decreasing
as the size decreases. The volume of region I and near
edges reduces more rapidly by comparison with the
volume around the BNA gap. Recalling the results in
Figure 6, the molecules located within region I or near
the edges contribute most of the fluorescence signal
for perpendicular incident light. Thus, total fluores-
cence intensity excited by perpendicular incident light
decreases rapidly and even results in the ratio reversal
for the 150 nm BNAs shown in Table 1. This conclusion
can find support in the lifetime measurements. The
slow decay process is believed to occur within region I
because of the large separation between the mol-
ecules and the metal, resulting in a smaller coupling
effect. As the BNA size decreases, the average separa-
tion between the molecules and the metallic surface
decreases correspondingly, which leads to a decreased
lifetime. In addition, the relative intensity of the fluo-
rescence signal for the slow decay process also de-
creased with decreasing BNA size, as shown in Table 1.
The simulation results are in qualitative agreement
with the experimental results, as shown in Figure S8.
The decay rate of the molecules at the BNA gap center
was higher for BNAs of smaller size. Also, the parallel
oriented dipole presents a higher decay rate compared
with the perpendicular orientation. All of this evidence
seems to provide a plausible and consistent qualitative
explanation for the variation in total fluorescence
intensity and lifetime results as BNA size changes.

The high CPM is beneficial to statistical accuracy in
the FCS method because the signal-to-noise ratio in
FCS depends on the CPM but not on the total detected
fluorescence. Here, the molecule CPM also presents a
ratio reversal between small and large size BNAs, while
the trend in CPM variation as a function of BNA size is
not monotonous. For simplicity, the results of 150 and
450 nm BNAs were compared in detail to understand
how BNA size affects the CPM. For parallel excitation
light, the simulation shows that field enhancement at
the 150 nmBNA gap center was slightly higher (∼20%)
than that at the 450 nm BNA gap center, and the
antenna efficiency of the 450 nm BNA was higher
(∼60%) than that of the 150 nm BNA, as shown in
Figure S8. Therefore, the final CPM of the 450 nm BNA
illuminated by parallel polarized light was higher than
that of the 150 nm BNA. For perpendicular excitation
light, the fluorescence enhancement by the parallel
edges and corners must be considered together for

small size BNAs because this becomes comparable
with that by the BNA gap. In particular, the fluores-
cence contribution from region I of the 150 nm BNAs
reduced greatly, where it should possess a lower
enhancement efficiency by comparison with areas
such as the gap, corner, or near the edges. Thus, in
turn, the CPM of 150 nm BNAs was higher than that of
450 nm BNAs when illuminated by perpendicular
polarized light. The effective detection volume con-
fined by the BNAs plays a role in determining the final
CPM. As shown in Table 1, the CPM ratio between
parallel and perpendicular light presents a clear rever-
sal between the small and large BNAs. The effective
detection volume by perpendicular light obviously
reduced when the BNAs were less than ∼200 nm,
probably due to the strong confinement of smaller
sized apertures, resulting in exponential decay of the
evanescent light at the bottom, as shown in Figure S7.
It should be pointed out that the transmission mode of
nano-apertures could lead to excited molecules in
open solution and collected emission. This transmis-
sion could be one of the reasons leading to CPM
polarization reversal for 150 nm BNAs. Additionally,
the molecular emission direction modulated by the
BNA antenna will significantly influence the fluores-
cence counts. Thus, an appropriate size would benefit
the concentration of excitation light and vice versa,
which would also modulate the emission process. In
addition, the emission properties collected parallel and
perpendicular to the excitation polarization were also
investigated. The preliminary results are summarized
in the Supporting Information Figure S10, and the results
show that coupling between emitters and BNA also
modulates the emission polarization. All of these factors
should be taken into account when seeking to fully
understand the physical origins of the phenomena, but
this is beyond the scope of this study.

The effective detection volume is another impor-
tant factor related to practical applications, and the
results are also calibrated and summarized in Table 1
for different BNA sizes. Interestingly, by controlling the
excitation polarization, the effective detection volume
is tunable. As we can see, the variations in the effective
detection volume (for example, a 300 nm BNA) can be
up to an order, simply by tuning the excitation light
polarization. The effective volumes excited by parallel
polarization light always comprise ∼1 aL (attoliter:
10�18 liter) for the different BNA sizes, apart from the
150 nm BNA, which means that the BNA gap volume is
almost constant even as the BNA outline size changes.
In particular, the 450 nm BNAs not only confined the
effective detection volume to below the optical diffrac-
tion limit but simultaneously provided a highly effi-
cient fluorescence enhancement, resulting in an
improved signal/noise ratio. Therefore, large BNAs
offer advantages when special surface treatments are
needed to anchor or immobilize biological molecules,
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especially for biological objects with large volumes
that would obstruct their entrance into small nano-
apertures. These results indicate that the BNA is a
potential platform, similar to that offered by circular
nano-apertures for biological applications at high mol-
ecule concentration,22�25,27,48 and that large BNAs
present interesting performance. It should be noted
that the fluorescence enhancement performancewith-
in BNAs can be optimized further by appropriate
material and structure choice. For instance, gold thin
films with a suitable adhesion layer instead of aluminum
films, because of low optical loss and obvious plasmon
resonance in the visible range of gold material, would
present higher fluorescence enhancements, as verifiedby
previous reports for circular nano-apertures.27,53 Recently,
circular nano-apertureswith plasmonic corrugationswere
reported to modulate the emission direction and greatly
enhancefluorescence.18,52 Sucha structure should alsobe
effective for BNA plasmonic-enhanced fluorescence, as
recent experiments have demonstrated that the addition
of a grating structure around aluminum BNAs can en-
hance significantly far-field transmission through the
apertures.54,55 This work is currently being conducted.

CONCLUSIONS

In summary,molecule fluorescence behaviorswithin
isolated BNAs were studied in detail using numerical

and experimental methods. First, we showed that the
scattering spectra of BNAs display obvious plasmo-
nic resonance and are size-dependent. The charac-
teristic resonances of the BNAs covered the exci-
tation laser light and dye molecule emission wave-
lengths, which allowed not only a large plasmonic
enhancement of the excitation field but also an
enhanced fluorescence decay rate to enable brighter
emission. Interestingly, the fluorescence intensity,
molecule CPM, excitation field distribution (i.e., ef-
fective detection volume), and fluorescence decay
lifetime all presented polarization dependence. The
experimental phenomena were able to be explained
qualitatively with the help of the FDTD theoretical
simulations. A clear experimental demonstration
was given that plasmonic antennas can modulate
the decay rate of molecules oriented along different
directions with respect to the gap axis of the bowtie
aperture antenna. In particular, BNAs with a 300�
450 nm outline size were able to significantly confine
the detection volume (3 order reduction compared
with the conventional light diffraction limit) by con-
trolling the excitation polarization. Such large BNAs
not only greatly enhance the molecule CPM but
would also be suitable for biological or physical
manipulation because of their large and accessible
open dimensions.

METHODS
White Light Scattering Spectrum. The scattering spectrum of

white light total internal reflection method based on a high
numerical aperture objective lens was constructed and verified
in previous reports.34,35 A scheme of the setup is shown in the
Supporting Information Figure S3. In brief, on the basis of an
inverted Olympus optical microscope, a collimated white light
beam was approximately focused at the back focal plane of a
numerical aperture 1.45, 60� TIRF oil-immersion objective lens
(Olympus, Japan). The scattering spectrumwas collected by the
same objective and directed into a spectrometer (NT-MDT,
Russia), as shown schematically in Figure 1b.

Fluorescence Correlation Spectroscopy and Fluorescence Lifetime Mea-
surements. The fluorescence correlation spectroscopy method
was described in detail in our previous paper,45 and the full
instrumental details, including an instrument schematic, can be
found in the Supporting Information Figure S2. Time-correlated
single-photon counting (TCSPC) methods are also shown sche-
matically in Figure S2. A picosecond laser diode operating at
wavelength 635 nm with a repeat rate of 60 MHz (A.L.G. GmbH,
Germany) was used in conjunction with a fast avalanche
photodiode (Micro Photon Devices by PicoQuant MPD-5CTC).
The photodiode output was coupled to a fast TCSPC module
(PicoHarp 300, PicoQuant).

FDTD. (1) For the calculation of the field distribution, the Yee
cell size used in our calculation was set at 1 � 1 � 1 nm3. A CW
plane light at wavelength 633 nm propagated through the BNA
along the z direction, and the number of periods of the incident
planewavewas set to 12 to guarantee calculation convergence.
(2) For the calculation of the decay rate and antenna efficiency, a
single emitter was simply implemented in the FDTD by having a
classical point current source placed in proximity to the nano-
structure. The antenna efficiency can be obtained by calculating
the ratio of the time-averaged power radiated to the far-field
and the total power dissipated by the dipole.51 Here, a point

dipole was placed at the nano-aperture gap center oriented
along the x or y directional electronic component to mimic a
molecule orientating to the x or y axis. (3) For the calculation of
A647 molecule fluorescence enhancement, the spectra of A647
dye in free open solution was used as the original molecule
emission spectra with a quantum yield efficiency of 30%. The
excitation field distribution at 633 nm and antenna efficiency at
the same point within the BNAs were considered to give the
relative fluorescence with comparison to the free case.
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