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Abstract In this study, we theoretically investigated the
single-molecule fluorescence enhancement in a slit–groove
structure. The excitation field enhancement, modified quantum efficiency, collection efficiency, and position dependence of a single-molecule spontaneous emission coupled
to a plasmonic antenna are explored together. Simulation
results revealed that the metal gratings play a crucial role in
strengthening the local electromagnetic field enhancement
in the excitation process and beaming the radiation light into
a tiny angular volume in the emission process, whereas the
total radiative decay rate and quantum efficiency are mainly
determined by the slit cavity. Our findings provide an
intuitive guideline to further optimize the plasmonic antenna for
single-molecule detection and the results make a promising route
to the development of photonic devices for the manipulation of
single-molecule spontaneous emission.
Keywords Nanoantennas . Single molecule . Fluorescence
enhancement . Emission directivity . Plasmonic gratings

Introduction
Optical nanoantennas, based on metallic structures, provide an
efficient way to detect the weak fluorescence signal emitted by a
single molecule. Up to now, various types of metallic nanostructures [1–8] have already been reported to tailor the excitation and emission processes, yet few of them can simultaneously
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realize bright emission intensity and narrow directivity. In recent
years, optical nanoantennas with plasmonic gratings have received considerable interest for their outstanding abilities to
enhance the fluorescence intensity and narrow the emission
directivity [9]. This leads to a wide range of fluorescencebased applications in molecule sensing and spectroscopy [10],
semiconductor lasers [11], photoelectric devices [12, 13], and
quantum communication.
A series of experimental and theoretical studies have
been carried out to explore the slit (hole)–groove antennas’
characteristics, such as the physical mechanisms of extraordinary transmission phenomena and analytical theories for
beaming light [9, 14–16]. All these properties are of practical significance to improve the effectiveness of singlemolecule detection. A few groups have already reported
fluorescence emission enhancement from molecules or
quantum emitters located within the plasmonic nanoapertures or nanoslits surrounded by certain numbers of metal
gratings. Aouani et al. have recently presented that remarkable fluorescence enhancement factor up to 120-fold with
narrow radiation pattern in a cone of ±15° was obtained with
an optimized bull’s eyes structure [17]. The dependence of
fluorescence enhancement on the number of corrugations N
was also explored in ref. [18], which indicated a kind of
enhancement saturation effect when increasing the number
of corrugations. The excitation and emission gains in the
total fluorescence process are quantified using the singlemolecule fluorescence correlation spectroscopy method
[17–20]. Moreover, there has been growing interest around
directional control on the emission. The slit (hole)-to-firstgroove distance (g) is crucial to flexibly tune the fluorescence directivity [21–23]. However, a full cognition on how
the slit–groove antenna influences the single-molecule fluorescence behavior is still lacking. Many efforts are needed to
further complete the physical picture of the interaction between a single molecule and a slit–groove antenna.
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Here, we focus on a configuration consisting of a
single subwavelength slit flanked by periodic grooves
milled in a thick gold film. We theoretically investigate
the single-molecule spontaneous emission with the slit–
groove structure, taking into account the excitation field
enhancement, modified quantum efficiency, collection
efficiency, and position dependence. Firstly, we optimize
the far-field radiation patterns of the antenna, which are
obtained by near-to-far-field (NTFF) transformation
analysis. Then, field enhancement, quantum efficiency,
and radiation pattern are calculated to analyze the fluorescence enhancement by employing a two-dimensional
(2D) finite-difference time-domain (FDTD) method. The
position dependence of a single oriented dipole in the
slit cavity is also explored for experimental requirements. Our work explicitly clarifies how the different
parameters of the slit–groove structures affect the fluorescence process, and our results are in satisfactory
agreement with the experimental phenomena as reported
previously.

Simulation Model
Figure 1 shows a schematic of an antenna structure investigated in our simulations, consisting of a nanoscale slit
surrounded by six grooves symmetrically on both sides.
Gold was chosen as the antenna material for its better
performance in the visible range than aluminum [24]. The
experimental dielectric constant was obtained from ref. [25]
and was molded by employing a Drude–Lorentz dispersion
relation. The whole slit is filled with water (with dielectric
constant ε=1.77), as well as the upper half space, whereas
the substrate medium is considered to be silica (with dielectric constant ε=2.25). As depicted in Fig. 1, the excitation is
normally incident from upside of the metal with linearly
polarized plane wave at 633 nm. Additionally, an oriented
electrical dipole emitter is placed in the center of the slit
with emission wavelength of 670 nm. In experimental
terms, it corresponds to a widely used fluorescent molecule
called cyanine 5 (Cy5) dye with maximum absorption/emission peaks around 650/670 nm. It is noted that
our simulation results are performed by using a 2D
numerical FDTD method, which has been extensively
tested and applied in the calculation of plasmonic metallic nanostructures [21, 23, 26, 27]. In all cases, we
adopted perfectly matched layer absorption boundary
conditions and the mesh pitch is set to be 1 nm (unless
otherwise stated). For the purpose of discussion, we
have to specify here all the antenna’s geometric parameters: number of grooves N, groove periodicity G, slitto-first-groove distance g, groove depth d, groove width
a, slit thickness H, and width W (as indicated in Fig. 1).
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Results and Discussions
To seek an optimized antenna structure for large enhancement factor and narrow directivity, optimization of bull’s
eyes structures for transmission enhancement, which has
been comprehensively explored in [28], could be useful.
But, as a directive antenna, we were more concerned about
the angular distribution of single-molecule fluorescent emission. Hence, we performed NTFF transformation [21, 29,
30], which is demonstrated explicitly in the Supporting
Information, to explore how the geometric features influence the radiation patterns. For convenience, we set the slitto-first-groove distance g equal to groove periodicity G and
number of grooves N was fixed to 6, and the parameters are
close to the enhancement saturation condition [18, 28]. We
summarize the geometric parameters (see Fig. 7 of the
Supporting Information): N, G (g), and d are crucial to the
momentum matching for field enhancement and beaming
light, whereas H and W mainly contribute to the quantum
efficiency enhancement. Interestingly, we also find that the
groove width a close to half the periodicity G is ideal, which
is in agreement with the previous study [28]. After many
attempts, the optimized geometric parameters for our simulation are obtained as follows: G=g=390 nm, H=260 nm,
W=80 nm, a=G/2=195 nm, d=30 nm, and N=6.
As we know, the fluorescence process can be considered
approximately as two processes in theory: the excitation
process and the emission process. Both the fluorescence
enhancement factor and emission directivity are crucial
characteristics of nanoantennas for enhanced molecular
fluorescence detection. Here, we are interested in how the
slit–groove antenna affects the fluorescence behaviors of a
single molecule. Undoubtedly, the metal gratings play an
important role in the fluorescence enhancement process. For
comparison, we simulate two cases: a single slit without
gratings and a single slit surrounded by finite numbers of
gratings. We placed an oriented dipole in the center of a slit,
which is referred to as an emitter of two-level system with
ground state jg > and excited state je > . Thus, the
fluorescence enhancement can be written as [17, 26, 31]:
Sf
I k η
¼  
S f 0 I 0 k 0 η0

ð1Þ

where Sf and Sf 0 are fluorescence signals detected from an
emitter with and without
. plasmonic antennas, respectively;
the factor I =I0 ¼ j Ej2 jE0 j2 represents a local field enhancement to quantify the excitation gain, whereas the factors k =k0 and η=η0 are the modifications of collection
efficiency and quantum efficiency to quantify the emission
gain. Based on the Poynting’s theory for spontaneous emission enhancement [27], we estimated the excitation and
emission gains contributing to the total fluorescence
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Fig. 1 Schematic of a symmetrical slit–groove structure milled in a
gold film. An electrical dipole emitter, oriented in the x-direction, is
placed in the center of the slit. The structure is illuminated with ppolarized planar continuous light at normal incidence. Optimized

geometric parameters are obtained to produce a collimated beam normal to the metal surface (G=g=390 nm, H=260 nm, W=80 nm, a=G/
2=195 nm, d=30 nm, and N=6)

enhancement and explored different roles of the metal gratings acting in the excitation and emission processes.
To simulate the excitation process, we calculated the
local electromagnetic field distributions in the vicinity of a
slit, as shown in Fig. 2. The p-polarized illumination light at
a wavelength of 633 nm is incident from above. Figure 2a, b
is the time-averaged field distributions for a single slit
without gratings and with symmetric gratings, respectively.
As we can see, large local field enhancement is obtained by
introducing the metal gratings. Specially, the field intensities
at the slit center and four corners are much higher, which is
ascribed to the slit cavity modes determined by parameters
H and W. The corresponding field enhancements with respect to the free space along Z=0 and X=0 are also shown in

Fig. 2c, d. The metal gratings play a crucial role in the
excitation field enhancement process. As we know, light
cannot directly excite surface plasmon polaritons (SPPs)
due to momentum mismatch. One of the main contributions
of the side grooves is to provide necessary momentum
matching to induce SPP modes [23]. Therefore, light can
couple to the metal gratings (acting as an input surface)
effectively when incident from above the metal/water interface. The induced SPPs then transfer along the metal surface
and converge in the slit. This would also result in a remarkably sharp peak in the transmission or absorption spectrum,
as presented in Fig. 8 of the Supporting Information. Moreover, two coupling mechanisms have been proposed previously [14, 32]: slit waveguide modes and induced SPP

Fig. 2 Field distributions and
field enhancements in the slit
nanostructures. Time-averaged
field distributions for a a single
slit without gratings and b a slit
with symmetric gratings. For
comparison, a and b share the
same color bar. Corresponding
field enhancements relative to
the free space along the c Z=0
and d X=0 in the x–z plane
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resonances. We find that much larger field enhancement factor
can be achieved when the resonance peaks of the SPPs and slit
waveguide are consistent with each other. We also observed
that the resonance peak of the absorption spectrum is primarily
determined by the metal gratings. By tuning the parameters (G,
d, H, and W), it is possible to obtain the maximum field
enhancement factor. However, the full width at half maximum
of the absorption spectrum is only around 50 nm, as shown in
Fig. 8 of the Supporting Information. This indicates that it is
difficult to obtain optimal field enhancement factor and narrow
directivity simultaneously because of large stocks shift of photoluminescence, which we detail hereafter. Hence, there should
be a tradeoff between excitation and emission processes. We set
the absorption peak of the slit–grooves at a wavelength of
∼650 nm to obtain relatively satisfactory field enhancement
and emission directivity.
To characterize the emission process, at first, Fig. 3a
presents typical far-field radiation patterns for antennas with
and without gratings. From the antenna theory, directivity is
a well-known physical quantity to measure the ability
of
R
beaming light, which is defined as DðθÞ ¼ pPðθÞ PðθÞdθ
[17, 21]. We performed the NTFF transformation to calculate the angular radiation power density PðθÞ and normalized
it by integrating over all emission directions. As we can
see in Fig. 3a, dipole emission from a single slit without gratings diffracts over a wide range of angle, which
leads to a low collection efficiency and carries no
information for the directions. Yet for the case of antenna with gratings, we observed a collimated beam
normal to the metal surface with a half width at half
maximum of ±10°. The beaming light is mainly due to
a constructive interference between two components:
direct transmission component from the slit and induced
SPPs from the grooves [15, 22, 32].
In the emission process, the grooves (acting as an output
surface) mainly contribute to the amplitude and phase lag of
SPPs. Hence, we can control the emission direction by designing the grooves structure, which makes it favorable for
applications in filters or sorters for fluorescence detection
[23]. To give an intuitive view, we also provide normalized
Fig. 3 a Calculated far-field
directivities of a single dipole
source (l=670 nm) located inside the center of slit cavity (as
well as the free space) radiated
to the upper half space. b Normalized angular radiation pattern in the x–z plane of a dipole
emission from a slit–groove
structure (red solid line), compared to a dipole emission from
the interface of water/SiO2
(black line) and emission from
air (blue dashed line)
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angular radiation patterns in the polar diagram of a dipole
emission from three cases: the slit–groove structure, water/
SiO2 interface, and homogeneous medium of air, as shown in
Fig. 3b. It is noted that dipole emission to the upper half space
is 50 % when placed in air (blue dashed line). Yet the radiated
power is more likely to emit in the denser medium when
placed close to a dielectric interface (black line), which is in
agreement with the recent report about a planar dielectric
antenna to realize near-unity collection efficiency [33]. Interestingly, we find that the total power emission to the upper half
space is slightly larger than the lower half space (about 1.4fold) with the introduction of plasmonic nanostructure (red
line). We attribute it to different SPPs resonance of the metal/
dielectric interface. To quantify the collection efficiency in our
simulation, we adopt a 0.5-NA water immersion objective
with a detection limit of ±22° around the optic axis. Let us
emphasize that the collimated beam with half width at half
maximum of ±5° can be reached on the condition of optimal
momentum matching for emission wavelength of 670 nm (see
Fig. 7 of the Supporting Information). However, as mentioned
previously, a large field enhancement factor actually comes at
the expense of broad directivity. Nevertheless, the half width
at half maximum of ±10° is still sufficient for the 0.5-NA
water immersion objective with a collection efficiency of
77.2 %, compared to 40.7 % for a single slit without gratings.
Considering the modification of quantum efficiency in
the emission process, we further study how the slit–groove
structure affects the decay rate of a single molecule in the
slit. Simulation results are summarized in Fig. 4 for nanostructures with and without gratings. As is well-known, the
quantum efficiency would be modified when an emitter is
placed in the vicinity of metallic nanostructures, which can
be expressed as [26]:


1  η0 ð w Þ η0 ð w Þ
ηðwÞ ¼ η0 ðwÞ=
þ
F ðw Þ
ηa ð w Þ


ð2Þ

Here, η0 ðwÞ is the quantum efficiency in free space.
Generally, we have the Purcell factor F ¼ Γ rad Γ 0rad ¼
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Fig. 4 a Purcell factor F, b
normalized total decay rate, c
antenna efficiency ηa, and d
quantum efficiency η as a
function of wavelength for the
slit nanostructures with gratings
(solid line) and without gratings
(dashed line), respectively. The
gray dash–dot–dot line in d
represents the normalized
spectrum of Cy5 dye in free
solution

 0
(Fig. 4a) and the antenna efficiency ηa ¼ Γ rad =Γ tot
Prad Prad
¼ Prad =Ptot (Fig.
 0 4c),
 where the radiative decay rate Γ rad
ðPrad Þ or Γ 0rad Prad
represents the energy radiated to the far
field with or without metallic antennas. Additionally, the
total decay rate Γ tot ðPtot Þ represents all the energy emitted
by a dipole, which is inversely proportional to the lifetime of a
single molecule. For antenna structures without or with gratings, they behave similar to each other, as shown in Fig. 4.
This indicates that the decay rates in the emission process are
indeed modified by the slit cavity mainly and that is to say the
Purcell enhancement primarily depends on the mode volume
of the plasmonic slit cavity. It can be concluded that the
grooves only affect the angular distributions strongly, but
contribute little to the total radiated power (Fig. 4b). The
results evidence previous reports [17, 18, 21] that the slit
cavity determines the total decay rate or lifetime of a fluorescence molecule and primarily influences the quantum efficiency enhancement (Fig. 4d). A reference normalized spectrum
of Cy5 dye in free solution is also presented for comparison
and the intrinsic quantum efficiency η0 ðwÞ of Cy5 dye at l∼
670 nm is set around 0.3 assumedly. We observe considerable
quantum efficiency enhancements as well as small changes of
spectrum shape in the presence of metallic antennas as shown
in Fig. 4. Our results again are in good agreement with
previous experimental studies [14, 17, 21].
Hereto, the excitation and emission gains discussed previously are summarized in Table 1 according to Eq. 1. Note
that the dipole is placed in the center of the slit and we focus
on the emission wavelength at 670 nm with intrinsic quantum efficiency η0 ~ 0:3. For the slit–groove structure, we

observe a significantly greater fluorescence enhancement
factor of about 79.3 (relative to the free space). As we can
see, the local excitation field enhancement factor plays a
crucial role in the fluorescence enhancement. Additionally,
the collection efficiency, taking advantage of the beaming
effect, is twice as much as the single slit structure without
gratings, while the quantum efficiency enhancements are
almost unchanged for slits with or without the gratings.
Furthermore, we plot the fluorescence enhancement as a
function of initial quantum efficiency η0 in solution, as
demonstrated in Fig. 5. In the case of structure with gratings,
the fluorescence enhancement factor depends strongly on
the initial quantum efficiency and increases greatly with the
decrease of η0 . For instance, the fluorescence enhancement
factor increases from 79.3 to 154.4, while the initial quantum efficiency decreases from 0.3 to 0.13. The values appear quite similar to the performance of a bull’ eyes
structure reported in [17]. To make clear this phenomenon,
we observe a saturation effect of the modified quantum
efficiency at 670 nm when increasing the initial quantum
efficiency η0 (inset in Fig. 5), which seems to be a reasonable explanation. As the fluorescence enhancement is
Table 1 Contributions of excitation and emission gains to the total
fluorescent enhancement

Without gratings
With gratings

I/I0

k/k0

η/η0 (η0 ∼0.3)

Sf/Sf0

3.2
27.5

0.87
1.65

1.68
1.75

4.7
79.3

874


Fig. 5 Fluorescence enhancement Sf Sf 0 as a function of the initial
quantum efficiency η0. η0 is the quantum efficiency in solution without
plasmonic antennas at 670 nm. Inset evolution of modified quantum
efficiency η (l∼670 nm) versus the initial quantum efficiency η0
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Results are summarized in Fig. 6, showing that the fluorescence enhancement relies strongly on the dipole position.
Figure 6a displays that the fluorescence enhancements of a
dipole located in the central section of the slit (A, E) are the
strongest, the outside edge (D) comes second, while the fluorescence enhancement of position C is slightly larger than
position B. We point out that the coupling effects are largely
determined by the field distribution (inset). To confirm this
notion, we observe the far-field angular emission patterns
(Fig. 6b) and quantum efficiencies (Fig. 6c) with different
dipole positions. We find that dipole positions make very little
difference to the emission directivities, but matter a lot to the
power densities (inset of Fig. 6b). Except for the central
section of the slit, the quantum efficiencies of the dipoles
located in other places do not get obviously improved in
comparison to the reference spectrum of Cy5 dye in free
solution because of weak coupling to the antenna.

Conclusions
proportional to the quantum efficiency enhancement, the
higher initial quantum efficiency usually results in the lower
fluorescence enhancement.
In practice, it is not trivial to perform single-molecule
detection in a subwavelength slit. The molecules with dilute
concentration could be in solution diffusing freely in and out
of the slit or fixed in a matrix on the surface with random
orientations. For this reason, we select five representative
dipole positions (A, B, C, D, and E) to further study the
coupling of a single molecule with this slit–groove structure.

We theoretically explore the interaction of a single molecule
with a slit–groove antenna in 2D FDTD simulations. The
optimized structure for large fluorescence enhancement factor and narrow directivity is obtained by employing far-field
radiation patterns calculated by NTFF transformation. We
systematically quantify the excitation and emission gains in
the total fluorescent enhancement. Simulation results confirm that the metal gratings strongly affect the local field
enhancement and far-field angular distribution, yet affect

Fig. 6 Position dependence of fluorescence characteristics for a dipole source placed in an optimized slit–groove antenna: a total fluorescence
enhancement Sf Sf 0 , b far-field directivities, and c quantum efficiency
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little on the total radiative rates. In other words, the lifetime
of a single molecule is primarily determined by the slit
cavity. We would like to stress here that the excitation and
emission processes are strongly interlinked, which limits the
flexibility to control the fluorescence emission to some
extent. Although much effort is still needed to further optimize the antenna structure in three dimensions, our results
give an instructive insight into the plasmonic-enhanced
fluorescence based on the slit–groove structure.
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