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We present a plasmonic whispering gallery nanoantenna doped with an ATTO680 dye that shows

cavity-modified spontaneous emission. The plasmonic ring antenna consists of a circular groove

cavity in a single-crystal Au surface that sustains resonances with different azimuthal and radial

mode order. We observe spectral reshaping of the dye emission that can be tuned over a broad

band by varying the cavity resonance conditions. VC 2011 American Institute of Physics.

[doi:10.1063/1.3665622]

Optical nanoantennas can be used to control the cou-

pling of an emitter to the far field, thereby tuning the angular

distribution1–4 and polarization5,6 of the emission. As a result

of the emitter-antenna coupling, the spontaneous emission

spectrum and decay rate of the emitter can be strongly

modified,1,7–9 and consequently, its emission spectrum is

reshaped dependent on the antenna resonances. The coupling

of an antenna to an emitter is strong when the emitter is posi-

tioned at the region in which the resonant field of the antenna

is high. Nanoantennas often consist of single metal particles,

such as spheres8,10 or rods,11,12 but they can also consist of

dimer geometries13–17 or particle arrays.18–21 In these anten-

nas, the field is maximum in very small hotspots. Conse-

quently, maximizing the coupling of an emitter to these

antennas relies on careful positioning of the emitter into

these high-field hotspots.

Here, we introduce a ring cavity in a planar Au surface,

consisting of a circular V-groove, as an optical nanoantenna

geometry that allows for coupling of emitters to the cavity

resonances over a large cavity volume inside the groove. The

circular groove sustains surface plasmon resonances that are

due to groove-bound surface plasmon polaritons that are

confined between the two closely spaced groove sidewalls.22

Resonances occur when the circumference of the ring equals

an integer number m of plasmon wavelengths. The lowest-

order azimuthal resonance in these plasmonic ring cavities

occurs if the ring circumference equals a single plasmon

wavelength kp. As we have shown previously,23 these plas-

mon ring cavities also support many high-order azimuthal

modes for increasing diameter. In addition, for deeper

grooves, higher-order radial modes (indicated by n) are

observed that correspond to an increase in the number of

antinodes in the radial direction of the cavity.

The resonant field in the V-groove is “squeezed”

between the sidewalls,24 analogous to the plasmon in a

metal-insulator-metal geometry.25 Despite the tight confine-

ment of the groove plasmon, the V-grooves are open at the

top and allow the cavity modes to be accessed from the out-

side. Emitters can, thus, be incorporated into the high-field

region, making this cavity an ideal geometry to study the

interaction between emitters and antenna resonances. In this

paper, we show how the fluorescence of dye molecules

inside the groove of the plasmonic ring antenna is strongly

affected by the tunable cavity resonances.

Arrays of plasmonic ring antennas were fabricated using

focused-ion-beam (FIB) milling. The antennas consist of a

circular groove milled into a smooth Au surface. A represen-

tative structure and its cross-section are shown in Figure 1.

The V-shaped grooves are approximately 100 nm wide at the

top with a depth d ranging from 25 to 500 nm. Ring radii r
are in the range 100–300 nm. The substrate, consisting of

large (�10 lm) crystal domains, was obtained by thermal

evaporation and template stripping off a mica substrate.

Arrays composed of multiple rings are made within a single

crystal domain allowing for smooth FIB milling that does

not suffer from differences in milling rate between crystal

grains. A rectangular array of 20� 17 rings with a 2 lm pitch

was milled. At each column, the depth is increased; for each

row, the radius is increased.

Ring cavities were coated by a polymer layer that was

doped with ATTO680 dye molecules. The layer was

obtained by spin coating a solution of 3� 10�5 M dye and

5 wt. % poly-vinyl butyral (PVB) in ethyl-lactate onto the

Au substrate.7 The resulting layer thickness is 10–50 nm as

can be seen in Fig. 1(b). The bottom half of the groove void

of the plasmon cavities is infilled with PVB with the excep-

tion of small air inclusions at the bottom.

White-light scattering measurements were taken using a

60�NA¼ 0.9 objective which focused white light from an

incandescent lamp source onto the sample surface. Scattered

light was collected by the same objective and, using a beam

splitter, projected onto a 9 lm core diameter fiber guiding

the light into a spectrometer equipped with a thermo-

FIG. 1. Scanning electron micrographs of plasmonic ring antenna with ra-

dius r¼ 300 nm and groove depth d¼ 500 nm. (b) FIB-milled cross-section

through a ring antenna infilled with a dye-doped PVB polymer layer. Scale

bars: 200 nm.a)Electronic mail: vesseur@amolf.nl.

0003-6951/2011/99(23)/231112/3/$30.00 VC 2011 American Institute of Physics99, 231112-1

APPLIED PHYSICS LETTERS 99, 231112 (2011)

Downloaded 09 Dec 2011 to 192.87.153.140. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.3665622
http://dx.doi.org/10.1063/1.3665622


electrically cooled CCD array detector. Spectra were divided

by the scattering spectrum of unstructured Au to obtain the

relative reflection.

Scanning confocal optical microscopy was performed

using the same setup. A 5 mW diode laser emitting at

640 nm was used as an excitation source and filtered through

a 650 nm shortpass filter; in the detection path, a 700 nm

longpass filter was used.

As an additional method to probe the antenna resonances,

we measured cathodoluminescence (CL) spectra of the ring

cavities. This technique involves the excitation of a single

ring cavity using an electron beam. The spectrum that is sub-

sequently emitted carries the signature of the cavity resonan-

ces. The signal is corrected for system response (more details

about CL spectroscopy are described elsewhere23).

Before studying the interaction between the antenna

resonances and the dye molecules, we probe the ring cavities

using white light scattering and CL spectroscopy.

Figure 2 shows white-light scattering and CL emission

spectra of a representative r¼ 225 nm, d¼ 50 nm ring. Before

infilling, the ring resonance is at 700 nm, as can be seen in the

CL spectrum (black). The scattering spectrum (red) shows a

dip around this wavelength due to coupling of the incident

light to the m¼ 1 resonance. The scattering spectrum results

from the interference between scattered light from the antenna

and light that is directly reflected from the planar sample sur-

face, giving rise to a Fano lineshape.4 Since the CL spectrum

is not affected by such interference effects, there is an offset

between the minimum in the scattering spectrum and the max-

imum in the CL spectrum.

As a result of infilling the groove void with a polymer

layer, the resonances undergo a red shift.26 After infilling,

the scattering measurement shows a dip at 750 nm (blue

curve), showing that the resonance has indeed shifted to a

longer wavelength. A change in the shape of the scattering

spectrum is also observed upon infilling, which is attributed

to a change in the interference conditions due to the presence

of the PVB layer on the Au surface. The observed red shift is

smaller than what would be expected assuming full infiltra-

tion of the V-groove with the polymer (npolymer¼ 1.49). We

attribute this to the presence of air voids at the bottom of the

groove, which effectively lower the index, and the fact that a

significant fraction of the resonant field extends above the

polymer film.

The ATTO680 fluorescent dye used in these experi-

ments has a quantum efficiency of �30% with a broad lumi-

nescence above 700 nm and a maximum absorption at

680 nm. Figure 3 shows the emission spectrum (labeled

“reference”) of ATTO680 molecules embedded in a 10-nm

layer of PVB on a flat Au substrate. The spectrum recorded

from ATTO680 dye molecules inside the r¼ 225 nm,

d¼ 50 nm ring cavity (same as Fig. 2) is also shown in Fig.

3. This spectrum is clearly different from the reference and

shows an enhancement of the fluorescence in the central part

of the spectrum. The fluorescence enhancement spectrum,

obtained by the division of the cavity spectrum by the refer-

ence spectrum, is also plotted in Fig. 3. We observe an

enhancement of the fluorescence over a broad range around

750 nm. The fluorescence enhancement at 750 nm is more

than 5 times higher than at the edges of the spectrum, sug-

gesting an enhancement of the radiative rate at this wave-

length that is at least a factor 5. The fluorescence

enhancement spectrum is also plotted in Fig. 2. Clearly, the

fluorescence is enhanced right at the cavity resonance.

Taking advantage of the large tunability of plasmon cav-

ity resonance, we now make a systematic comparison of the

fluorescence enhancement for different cavity geometries.

Figure 4 shows a confocal microscopy scan of an array of

cavities with different depth and diameter. In the confocal

scan, the fluorescence spectrum was recorded for every pixel

in a rectangular grid. In this figure, only the emission at

710 nm and 800 nm is shown (spectral bandwidth 10 nm).

Each bright dot in the figure corresponds to an individual

ring cavity. Data are normalized to the fluorescence from a

planar part of the substrate. The cavities have a diameter that

increases from left to right; the groove depth increases from

bottom to top. Clearly, the fluorescence enhancement

FIG. 2. (Color) Resonance spectra of a single ring antenna (r¼ 225 nm,

d¼ 50 nm) before and after infilling with dye-containing polymer. Black

curve: cathodoluminescence spectrum, showing a clear resonant peak. Red

curve: relative white-light reflection spectrum showing a Fano line shape at

the resonance wavelength. As a result of a polymer layer covering the

antenna, the white-light reflection spectrum red shifts (blue curve). Green

curve: fluorescence enhancement of dye molecules incorporated in the poly-

mer layer.

FIG. 3. (Color) Normalized fluorescence spectrum of ATTO 680 dye em-

bedded in PVB inside a r¼ 225 nm, d¼ 50 nm plasmon ring cavity (red). A

reference spectrum from dye in a 10 nm polymer layer on unstructured Au is

also shown (black). The fluorescence enhancement in the ring cavity is

shown by the green curve (kpump¼ 640 nm).
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strongly depends on cavity geometry. The bright cavities

appear as bands in the image. This is due to the fact that dif-

ferent combinations of depth and diameter yield the same

resonant wavelength. The figure clearly shows that the fluo-

rescence is enhanced in ring cavities over a broad range of

cavity sizes and shapes, due to their cavity resonance. These

bands are both observed at 710 and 800 nm but at different

cavity geometries. Exploiting the tunability of the ring

resonances, the fluorescence enhancement can be engineered

throughout the entire emission band of the ATTO680 mole-

cules. Comparison of the data in Fig. 4 with white-light scat-

tering data (not shown) shows that the bright fluorescence

bands correspond to resonances, with m¼ 1 and n¼ 1,2,3.,

that all have a dipolar character. Most cavities in the array

have depth d> 100 nm. In these deep structures, the reso-

nance spectrum is dominated by several higher-order

n-modes. These modes efficiently couple to free-space light.

Finally, we note that resonance effects near the 640-nm

laser excitation wavelength do not play a role in the intensity

enhancements observed.

In conclusion, we have demonstrated that plasmonic

ring cavities can be used to reshape the emission of dye mol-

ecules over a broad spectral band. Due to its large mode vol-

ume, a single plasmonic ring cavity causes enhanced

spontaneous emission for a large number of dye molecules.

Due to the tunability of the cavity resonances, the antenna’s

emission pattern is highly tunable. Moreover, the directional

emission can be strongly controlled.4 When infiltrated with a

high-gain medium, these cavities may also serve as

extremely small plasmon lasers.
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FIG. 4. (Color) Confocal microscopy scan of

ATTO680 fluorescence in an array of 17� 20 ring

cavities. The rings have groove depths ranging from

25 nm (bottom) to 500 nm (top) and radii of 100 nm

(left)–300 nm (right). Excitation was at 640 nm. Plot-

ted in these scans is the fluorescence in a 10-nm band

around (a) 710 nm and (b) 800 nm. Data are normal-

ized to fluorescence of the planar part of the Au sub-

strate. Scale bar: 10 lm.
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