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In this study, molecule fluorescence modified by slit-based nanoantennas surrounded with metal gratings was
investigated by employing the finite-difference time-domain method. We quantified the relative contribution
of excitation and emission gains to the total fluorescence enhancement. The simulation results show that the
asymmetric dual-grating (DG) antenna provides an efficient way to control the local excitation enhancement,
the collection efficiency, and the quantum efficiency separately for bright emission and beaming light. We also
investigated the dependence of fluorescence enhancement on the geometric parameters of the antenna, such as the
nano-slit width and number of grooves. The asymmetric DG structure greatly improves the flexibility of the
nanostructure design to further optimize the plasmonic enhancement effect and provides a promising route to
manipulate single-molecule fluorescence emission. © 2013 Optical Society of America
OCIS codes: (020.0020) Atomic and molecular physics; (050.0050) Diffraction and gratings; (250.5403)
Plasmonics; (300.6280) Spectroscopy, fluorescence and luminescence.
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1. INTRODUCTION
Efficiently modulating spontaneous emission of single molecules or quantum dots holds great promise for a wide range
of fluorescence-based applications, including fluorescence
imaging [1], DNA sequencing [2], molecular sensing [3], and
photonic integration devices [4,5]. So far, a growing number
of resonant structures, such as hyperbolic metamaterials [6],
photonic crystal microcavities [7], and optical antennas, have
been studied to modify the fluorescence emission process. Of
these, optical antennas based on metallic nanostructures
provide an efficient way to concentrate light into a nanoscale
volume to overcome the detection limit due to the diffraction
effect [8–10]. Importantly, various types of optical antennas,
from a single particle to arrays of apertures, have also been
reported to tailor the excitation and emission processes
[11,12], e.g., tune the luminescence spectrum [13,14], modify
the decay lifetime [15,16], and control the radiation directivity
[17–19]. Recently, nanoapertures surrounded by periodic
corrugations [20] have gained significant popularity for their
unique ability to improve the fluorescence intensity and
simultaneously provide directional control on the emission.
As we know, both the fluorescence enhancement factor
and directivity are key elements for the detection of a single
molecule.
In the past decades, extensive work has been done to reveal
the physical origins of extraordinary transmission properties
[21–23] and beaming effects [24,25] of the slit (or hole)-groove
antennas. Recently, people begin to focus on modulating the
molecule fluorescence by taking advantage of these structures. Aouani et al. first reported that a fluorescence enhancement factor of up to 120-fold with a narrow beam of 15°
could be experimentally observed using a nanoaperture surrounded by 5 grooves [26]. Jun and colleagues presented that
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the grating structure can be engineered to produce plasmonic
beaming and active control over fluorescent emission [27].
Several studies have also been carried out to explore the
dependence of fluorescence properties on antenna geometric
parameters [28,29]. However, the goals to get a much larger
enhancement factor and more tunable directional control still
remain an open challenge. To optimize both parameters requires a sufficiently broad resonant peak of the nanoantennas
or a small Stokes shift between the laser excitation and the
fluorescence emission. This makes it inconvenient to design
the grating structure and restricts the fluorescence enhancement factor to some extent with the single-grating (SG) structure, in which the plasmonic grating acts as both an input
surface and an output surface. An elegant way to provide
resonant conditions at two different wavelengths could be
realized by introducing an asymmetric dual-grating (DG)
structure, which has been applied successfully for optical
transmission [30–32]. Such asymmetric structures enable us
to overcome the aforementioned problem in engineering
molecule fluorescence process.
In this study, we theoretically explore the fluorescence
characteristics in a subwavelength slit surrounded by asymmetric metal gratings on both sides of a thick gold film. We
separate significant contributions of the excitation and emission gains from the overall fluorescence enhancement. Simulation results confirm that the metallic gratings play a crucial
role in the fluorescence enhancement process. Compared to
the SG antenna, the DG structure offers higher fluorescence
enhancement and better flexibility to control the emission’s
angular distribution. Our discussion gives an instructive insight into the plasmonic-enhanced fluorescence process
based on the slit–groove structure and the results are in good
agreement with the previously reported experimental studies.
© 2013 Optical Society of America
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2. SIMULATION MODEL

3. RESULTS AND DISCUSSION

Figure 1 shows a schematic of the metal antenna structures
used in this study. We compare three cases: (a) a bare slit
without side grooves, (b) a SG structure with grooves patterned on the bottom side, and (c) a DG structure with asymmetrical grooves on both sides of the metal film. Gold was
chosen as the antenna material and its dielectric constant
was taken from [33] and fitted by the Drude–Lorentz
dispersion model. The upper half-space, as well as the slit
cavity, is filled with water, whereas the substrate medium is
considered to be silica. In the excitation process, the structures are under normal incidence illumination with plane
waves at a wavelength of 633 nm (with the electric field polarizing in that x direction called “TM polarization” here). In contrast to the other two cases, the DG structure is illuminated
from the upper side. In the emission process, we assumed
an oriented dipole source (λem  670 nm) positioned at the
slit center, which corresponds to the maximum emission peak
of the widely used Cyanine 5 (Cy5) dye molecule. The simulations were carried out by employing the 2D finite-difference
time-domain (FDTD) method, which has been extensively
tested and applied in the calculation of plasmonic nanostructures [34]. We apply the perfect matched layer (PML) absorption boundary conditions and the mesh pitch is 1 nm (unless
otherwise stated). Many attempts have been made to optimize
the DG antenna for a large enhancement factor and narrow
directivity. Finally, optimized geometric parameters for our
simulations are obtained as follows. For the upper-side interface, we set the groove periodicity G2  g2  380 nm, depth
d2  30 nm, and width a2  190 nm. We choose G1 
g1  440 nm, d1  60 nm, and a1  220 nm for the bottomside interface, as indicated in Fig. 1. These dimensional scales
are typical parameters in the reported experimental studies
[26,28]. For comparison, the bottom-side grooves of the SG
and DG antennas have identical parameters. In all cases,
we took the slit thickness H  240 nm, width W  80 nm,
and the number of grooves N  6.

As we known, the fluorescence process can be theoretically
separated into two independent steps: excitation and emission. Thus, the fluorescence enhancement factor ηF can be
expressed approximately as ηF ∝ ηexc ηφ ηk [9,35,36], where
the factor ηexc  jEj2 ∕jE0 j2 represents a local field enhancement to quantify the excitation gain. The quantities jEj2
and jE 0 j2 are the electrical field intensities with and without
plasmonic antennas, respectively. The product of quantum
efficiency enhancement ηϕ  η∕η0 and collection efficiency
enhancement ηk  κ∕κ 0 are responsible for the emission gain.
The quantities η and κ stand for the quantum efficiency modified by the plasmonic antenna and the collection efficiency
relative to the setup. Based on Poynting’s theory [37], we then
estimate the contributions of excitation and emission gains to
the total fluorescence enhancement. Basically, the extraordinary transmission mechanism of the aperture–groove antennas is separated into three processes: couple in, transmit
through, and couple out. These processes can also be found
in the plasmonic modified fluorescence process, and more
detail will be discussed in the following. It should be noted
that the side grooves play different roles in the excitation
and emission processes. Due to weak interaction between
the input and output surfaces, the asymmetrical DG structure
offers an efficient way to control the excitation and emission
processes separately.
To explore how the fluorescence process is modified by the
corrugated subwavelength slit, we began by calculating the
local field enhancement ηexc in the excitation process.
Time-averaged electrical field distributions jEj2 in the vicinity
of the slit were calculated for three cases: a bare slit, a SG
structure, and a DG structure, as shown in Figs. 2(a)–2(c),
respectively. We observed large field intensities localized
inside the DG structure. To give an intuitive view, the corresponding local excitation enhancement ηexc normalized by the
incident intensity jE 0 j2 along X  0 and Z  0 are also depicted in Figs. 2(d) and 2(e). For a bare slit, light cannot efficiently excite surface plasmon polaritons (SPPs) so that the
factor ηexc at the slit center is only 2.6-fold. For a SG structure,
the resonant wavelength of the bottom-side grooves is
∼650 nm, taking a trade-off between the laser excitation and
emission wavelength into account. Hence, the factor ηexc
can be slightly enhanced to 5.3, which is in agreement with
experiment results reported in [26]. As we know, the metal
gratings here serve as an input surface and provide the necessary momentum to match SPPs mode. However, only
frequencies in a narrow band could effectively couple free
propagating light to the SPPs for a given metal grating [20].
For the DG structure, the factor ηexc comes to 50.4, which
is about 10-fold higher than that of the SG structure. We ascribe this to the following reasons. First, the resonant wavelength is tuned to ∼637 nm by optimizing the geometrical
parameters of the upper-side grooves, which is almost consistent with the excitation light (633 nm). This greatly improves
the coupling efficiency of the laser excitation to the metal gratings. Second, we tune the slit parameters (H, W ) to further
optimize the excitation enhancement factor because of the
constructive coupling between the slit cavity mode and the
induced SPP resonance [38–40]. As we know, both the change
of slit width W and slit thickness H would tune the cavity
resonances [41,42]. The maximum field enhancement can be

Fig. 1. Schematics of three types of plasmonic antennas studied in
our simulations: (a) a bare slit without gratings, (b) a SG structure and
(c) an asymmetric DG structure. The structures are illuminated with
p-polarized planar continuous light under normal incidence at 633 nm.
A dipole emitter with emission wavelength of 670 nm is placed at the
center of the slit (oriented in the x direction). The geometric parameters that require careful optimization are defined in the figure and
detailed in the text. In our 2D geometry, the slit length L is infinite.
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Fig. 2. Time-averaged field distributions jEj2 in the vicinity of the slit for the three metallic antennas: (a) a bare slit, (b) a SG and (c) a DG.
Corresponding field enhancement factors normalized to the initial field jE0 j2 along (d) X  0 and (e) Z  0 in the X–Z plane are also plotted.
The structures are under normal incidence illumination with p-polarized plane wave at 633 nm.

expected when the resonance of the slit cavity matches the
resonance of the plasmon surface wave.
Next we calculated the far-field radiation patterns to quantify
the collection efficiency enhancement ηk in the emission process, as presented in Fig. 3(a). To give an intuitive view, the normalized angular radiation patterns in all directions were also
plotted in a polar diagram (inset) for three cases: a SG structure
(red line), free solution without an antenna (blue line), and
emission from air (black line). Here, a dipole source
(λem  670 nm) orienting in the x direction was placed at
the slit center. We first recorded the near-field data [Et,
Ht] of a line with width of 14 μm located 350 nm beneath
the metal/ silica interface. Then, a 2D near-to-far-field (NTFF)
transformation method was performed to calculate the angular
radiation power density Pθ, which has been carefully tested
by 3D calculations (not shown here) and is well consistent with
the experiment results [27,43,44]. The directivity is a quantity
from antenna theory that characterizes the ability ofR antenna
of beaming light and is defined as Dθ  πPθ∕ Pθdθ.
Here, we defined the collection efficiency as κ  P col ∕P rad ,
where P col is the power density collected by a lens (for example, a 0.5 NA water immersion objective with a maximum detectable angle of 22°) and P rad is the total power density
radiated to the lower half-space. By calculating the collection
R 22°
R 90°
efficiency κ  −22°
Pθdθ∕ −90°
Pθdθ, we finally quantified
the collection efficiency enhancement as ηk  κ∕κ0 , where κ0
represents the collection efficiency in free solution. For comparison, we also calculated the radiation pattern of a single dipole in free solution [gray dashed line in Fig. 3(a)]. In the case of
a bare slit, the dipole emission diffracts in all directions (black
line), which reduces the collection efficiency enhancement ηk
to 0.66 (with respecte to the free solution). Interestingly, for the

Fig. 3. (a) Calculated far-field angular distributions in the X–Z plane
based on the NTFF method. Inset: normalized angular radiation patterns of a dipole emission in all directions for three cases: a SG structure
(red line), free solution without antenna (blue line), and emission from
air (black line). An electrical dipole emitter (λem  670 nm), oriented in
the x direction, was placed at the slit center. Note that the emissions to
the bottom side are calculated and compared for the three structures.
(b) Modified quantum efficiency and total decay rate (inset) as functions of wavelength are plotted for different plasmonic structures.
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SG (blue dashed line) and DG (red line) structures, we observe
both collimated beams normal to the metal surface with a halfwidth at half-maximum of 6° and the collection efficiency
enhancements are up to ∼1.5-fold. The angular distributions
act quite similar due to the identical bottom-side metal gratings.
It is obvious from Fig. 3(a) that the interaction between the
upper-side and bottom-side interfaces is weak for a thick gold
film. Whether the upper-side interface is corrugated or not, the
beaming light effect is mainly determined by the output gratings
(i.e., bottom-side interface).
In order to further understand the modification of decay
rate and quantum yield in the emission process, Fig. 3(b)
shows the modified quantum efficiency η as a function of
wavelength for a dipole placed at the slit center. It should
be pointed out that the quantum efficiency is different when
the dipole is placed at different positions inside the slit cavity.
Nevertheless, the modified quantum efficiency can be expressed as ηω  η0 ω∕f1 − η0 ω∕Fω  η0 ω∕ηa ωg
[45,46], where η0 is the original quantum efficiency in free solution, F is the Purcell factor, and ηa is the antenna efficiency.
For comparison, we presented a normalized spectrum of
Cy5 dye in free solution (gray dashed line). As we can see,
the quantum efficiency enhancement ηφ at an emission wavelength of 670 nm is almost the same for a bare slit (∼1.61), the
SG structure (∼1.73), and the DG structure (∼1.85). Note that
the intrinsic quantum efficiency η0 at 670 nm is set to be 0.3.
Additionally, we performed a simulation on the total decay
rate Γtot as a function of wavelength [inset of Fig. 3(b)], which
represents all the energy emitted by a dipole. As we know, the
increase in the total decay rate corresponds to the reduction
of fluorescence lifetime. Here again, the decay rates for the
three structures are similar, especially at a wavelength of
670 nm. The simulation results stand in good agreement with
the notion that the slit cavity determines mainly the decay
lifetime and the quantum efficiency, while the effect of the
upper-side or bottom-side grooves on the fluorescent lifetime
is confirmed to be negligible [26,27].
Table 1 summarizes the relative contributions of the
excitation and emission gains to the total fluorescence enhancement. The results show that significant fluorescence
enhancement up to 140-fold can be realized with the DG structure, which is nearly 10-fold higher than the SG structure and
50-fold higher than the bare slit structure. We ascribe it to the
excellent local excitation gain achieved by introducing the
asymmetrical upper-side grooves. The input corrugations
contribute primarily to a large local excitation gain in the excitation process. It is convenient to design the input gratings
based on different laser excitations. Active beaming control
(on-axis or off-axis) and narrow directionality could also be
achieved by carefully tuning the geometrical parameters of
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the output corrugations. It should be pointed out that the
different output patterns make little impact on the local excitation gain of the input surface. In order to make clear the
advantages of the DG structure, we also explore how the
geometric parameters, i.e., groove number N (Fig. 4) and
slit-to-first-groove distance g (Fig. 5), affect strongly the fluorescence process. The results in Fig. 4 indicate that a certain
number of grooves (N  8) leads to saturation of the local
field enhancement factor in the excitation process. Interestingly, the emission collection efficiencies show little difference with the increase of N compared to the bare slit
structure. Even a single groove (N  1) is sufficient to
produce a collimated beam. We also find g is crucial to control
the traveling phase of SPPs to the slit cavity to realize
constructive or destructive interference [47] in the excitation
and emission process. As shown in Fig. 5(a), we can adjust the
distance g2 on the upper side of the DG antenna to realize light
transmission enhancement and suppression in the excitation
process. However, Fig. 5(b) confirms that the slit-to-firstgroove distance g plays an important part in the far-field
angular pattern, which explains why only a single groove
can realize high collection efficiency. We thus can also tune
the parameter g1 on the bottom side of the DG antenna to
obtain active directional control.
Last, we are interested in the dependence of fluorescence
enhancement on the slit width W, as depicted in Fig. 6. With
the slit width increasing from 40 to 180 nm, we observe the
local field enhancement factors in Fig. 6(a) increase first and
then decrease for the three cases. The optimal slit width for
the DG structure is 80 nm compared to 60 nm for the SG structure and the bare slit structure. It should be noted that the slit
cavity mode would be changed when increasing the slit width
W, leading to a shift of the resonance. The optimal field enhancement factor is obtained only when the resonances of the
SPPs and the slit cavity are consistent with each other. In the
emission process, the quantum efficiency enhancements
[Fig. 6(b)] quickly increase with the decrease of slit width W
and then rise to a maximum when W is equal to 60 nm, but
decrease when further reducing the slit width. As to the total
decay rate [inset of Fig. 6(b)], it can be seen that all curves
have a similar shape: falling fast with the increasing of slit
width. In other words, the fluorescence lifetimes are

Table 1. Relative Contribution of Excitation and
Emission Gains to the Overall Fluorescence
Enhancement Based on Different
Metal Structures

Bare slit
SG structure
DG structure

ηexc

ηk

ηϕ

ηF

2.6
5.3
50.4

0.66
1.50
1.50

1.61
1.73
1.85

2.8
13.7
139.7

Fig. 4. Local field enhancement
collection efficiency κ (black) as
corrugated on the upper-side and
The mesh pitch here is set to be 2

ηexc (red) at the slit center and
functions of groove number N
bottom-side of the DG antenna.
nm.

2424

J. Opt. Soc. Am. B / Vol. 30, No. 9 / September 2013

Shen et al.

Fig. 5. Dependence of fluorescence characteristics on the slit-to-first-groove distance g for the DG antenna. The illumination wavelength is
633 nm. As we can see, the factor of local field enhancement (a) at the slit center changes in the form of oscillation as the increase of distance
g2 . (b) Far-field directivities of a single dipole source (λ  670 nm) inside the center of the slit cavity. We observe beaming or splitting light for g1
ranging from 200 to 600 nm. The mesh pitch here is 2 nm.

Fig. 6. Dependence of fluorescence enhancement on the slit width W of the three antenna structures. (a) Field enhancement at the slit center
under illumination of 633 nm. (b) Quantum efficiency gain and normalized total decay rate (inset) for a dipole placed at the slit center with 670 nm.
(c) Collection efficiency (noted that the curve for the SG structure overlaps with the curve for the DG structure here) and (d) total fluorescence
enhancement as functions of slit width. The mesh pitch here is set to be 2 nm.

shortened as the mode volume of the slit cavity is decreased
[48]. It is confirmed again that the decay lifetime is mainly
determined by the slit cavity and has little to do with the
groove structure. Additionally, the effect of slit width on collection efficiency κ turns out to be small for both the DG and
SG structures, as depicted in Fig. 6(c). We observe only a
slight decrease of the collection efficiency when increasing
the slit width because the beam radiation pattern is controlled
mainly by the groove structure. However, for the bare slit
structure, the collection efficiency decreases with the decrease of slit width due to a serious diffraction effect for a
small slit width. Figure 6(d) summarizes the fluorescence gain
as a function of slit width W . Similar to the local field enhancements, the overall fluorescence gain increases first and then
decreases for the three antennas. It can be seen that, regardless of the slit size, the DG structure always exhibits a much
higher enhancement effect than the SG and bare slit antennas.
We would like to specify that all the simulation results
discussed above are performed by the 2D FDTD method

and are carefully tested and compared to the 3D FDTD calculations (not shown here). Minor differences in the values
between the 2D and 3D simulations may exist, but the physical
laws are consistent with each other.

4. CONCLUSIONS
We theoretically investigate the fluorescence properties modified by a subwavelength slit antenna with asymmetric doubly
corrugated gratings milled in a thick gold film. Our study
demonstrates a detailed insight into the antenna modified
fluorescence process: (i) the input corrugations are primarily
contributed to local excitation enhancement, and (ii) the output corrugations are responsible for beaming light leading to
high collection efficiency, (iii) while the slit cavity mainly sets
the decay lifetime and quantum yield. Another remarkable
point is that the interaction between the upper-side and
bottom-side gratings is slight, which provides a way to control
the excitation and emission processes separately. Such
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asymmetrical DGs structure provides a flexible and powerful
platform to manipulate the single-molecule spontaneous
emission. Although additional trials are still needed to test
and verify the simulation findings, our results stand in good
agreement with the previous experiments and provide a
promising guide for the slit–groove-antenna-based plasmonic
manipulated molecule fluorescence.
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