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L
ocalized plasmon resonances in small
metallic nanostructures have at-
tracted large interest in the scientific

community for over a century because of
their strong interaction with visible light.1,2

Initially, studies focused mainly on colloidal
particles but more recently, along with the
development of the field of nanoplasmon-
ics, more insight and control has been
gained on localized plasmon resonances in
well-controlled structures fabricated using
top-down nanotechnology.3,4 It is well-
known that the electromagnetic field in
the vicinity of a nanoparticle is enhanced
at the plasmon resonance. This enhanced
near field can be used to increase the sensi-
tivity of various spectroscopic techniques,
such as Raman scattering or infrared ab-
sorption spectroscopy.5�7 Moreover, the
scattering and absorption cross sections of
nanoparticles are enhanced at the plasmon
resonance, which can be used to increase
the efficiency of solar cells,8 or possibly cure
cancer utilizing thermal effects.9 As the
spectral position of the plasmon resonance
depends on the refractive index of the me-
dium surrounding the nanoparticle, nano-

plasmonic structures can also be utilized as
highly integrated optical sensors.10

All the above-mentioned applications
use the fact that the plasmon resonance de-
pends directly on the morphology and size
of the nanoparticle. Various geometries
have been proposed and fabricated to
match the requirements of the application,
ranging from spheres,1,11 rods,11 or
rings12,13 to more complex structures such
as nanoeggs or nanostars.14,15 Control over
the spectral position of the plasmon reso-
nance in such single nanostructures is gen-
erally very good. However, control over the
line shape of the resonance has not yet re-
ceived as much attention, although many
applications would benefit from for ex-
ample nanostructures with sharp plasmon
resonances, that is, a higher quality factor.
For instance, Sherry and co-workers have in-
troduced the concept of a figure of merit
(FOM) to characterize the sensitivity of a
plasmonic sensor:16 this FOM is inversely
proportional to the width of the resonance.
Another example is the “spaser”:17 the pro-
duction of a coherent output of surface
plasmons or photons in plasmonic nano-
cavities, which will also require a high qual-
ity factor.

The main decay channels contributing
to the line width of a plasmon resonance
are nonradiative decay of the coherent elec-
tron oscillations in internal channels (inter/
intra-band transitions of the electrons, inter-
action with phonons, etc.), and radiative
decay.18,19 For small particles (diameter
�� �res), nonradiative processes are
dominating.11,19 For larger particles (diam-
eter � �res), radiative damping dominates.20

To manipulate the radiative damping, one
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ABSTRACT Subradiant and superradiant plasmon modes in concentric ring/disk nanocavities are

experimentally observed. The subradiance is obtained through an overall reduction of the total dipole moment

of the hybridized mode due to antisymmetric coupling of the dipole moments of the parent plasmons. Multiple

Fano resonances appear within the superradiant continuum when structural symmetry is broken via a nanometric

displacement of the disk, due to coupling with higher order ring modes. Both subradiant modes and Fano

resonances exhibit substantial reductions in line width compared to the parent plasmon resonances, opening up

possibilities in optical and near IR sensing via plasmon line shape design.
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can exploit the concept of plasmon hybridization21 to

study coherent coupling between closely spaced nano-

structures. For example, it has been predicted theoreti-

cally that concentric ring/disk cavities (CRDC) will ex-

hibit sub- and superradiant modes due to hybridization

of the fundamental dipolar modes of the two constitu-

ents,22 and that Fano resonances can arise due to the

interaction with higher order modes, when the struc-

tural symmetry is broken.23 Coherent effects in plas-

monic nanocavities and particularly Fano resonances

have recently received a large amount of

attention.23�32 The Fano resonance can evolve into a

classical analogue of electromagnetically induced trans-

parency (EIT) when the energy levels of the interacting

resonances coincide.30,33,34

In this letter we focus on a first experimental charac-

terization of sub- and superradiant plasmonic modes,

as well as Fano resonances, in ring/disk nanocavities.

Using confocal spectroscopy of single cavities, we ex-

perimentally demonstrate that a CRDC exhibits both

subradiant and superradiant dipolar modes, as sug-

gested by earlier simulations.22 Moreover, by displac-

ing the disk from the center of the ring in a nonconcen-

tric ring/disk cavity (NCRDC) we observe the coherent

interaction between the bright dipolar resonances of

the disk and the dark multipolar resonances of the ring,

which generates Fano resonances. We also comment

on the sensing capacities of these structures. The ex-

perimental results are well supported by finite-

difference time-domain (FDTD) simulations, which shed

light on the nature of the underlying resonances.

RESULTS AND DISCUSSION
Figure 1 presents a hybridization diagram outlining

how the sub- and superradiant dipolar modes arise

from the associated parent plasmon modes in a CRDC

with outer ring diameter Dout � 250 nm, inner ring di-

ameter Din � 100 nm, disk diameter Ddisk � 75 nm and

thickness 50 nm. Figure 1a shows the experimentally

measured extinction and Figure 1b the corresponding

curves obtained via FDTD. The extinction of the ring

alone (black curve) exhibits a peak in the near-infrared,

corresponding to a dipolar mode, as shown by the

charge plot in the inset. If a disk with a diameter Ddisk

slightly smaller than Din is inserted at the center of the

ring, its dipolar mode (red curve) hybridizes with the di-

polar ring modes as indicated by the dotted lines, giv-

ing rise to the observed extinction spectrum of a CRDC

(blue curves). The dipolar mode at higher energies ex-

hibits an increased line width and has acquired a super-

radiant character due to a parallel coupling between

the dipolar modes of the parent disk and ring plasmons.

Conversely, in the low energy mode, an antiparallel ori-

entation of the parent dipole moments leads to a re-

duced net dipole moment. This subradiant character is

reflected in the spectrally sharper line width with

smaller radiative losses. This interpretation is well sup-

ported by the surface charge plots at the associated

resonance energies, depicted in the insets.

To experimentally obtain the true resonance line

width, problems induced by chromatic aberrations at

low energies had to be circumvented. We therefore per-

formed separate measurements, employing illumina-

tion by short wavelength intervals at a time (not

shown). These measurements show experimental full

width at half-maximum linewidths of 680 � 50 meV for

the ring dipole, and 330 � 50 meV for the subradiant

mode of a CRDC with an estimated gap of 6 nm. For

these device parameters, simulations have indicated

linewidths of 350 � 10 meV for the ring and 130 � 10

meV for the CRDC. One will note that in this study, the

simulated linewidths are systematically lower than the

Figure 1. Hybridization diagram for a concentric ring/disk cavity (CRDC). (a) Experimental extinction measurements of single
structures, a disk (red), CRDC (blue) and ring (black). Dout � 250 nm, Din � 100 nm, Ddisk � 75 nm. The insets show scanning
electron microscopy (SEM) images of the structures, with a scale bar of 100 nm. (b) Simulated extinction curves for the struc-
tures of panel a for Dout � 250 nm, Din � 100 nm, Ddisk � 92 nm and a thickness of 60 nm. The insets show the charge den-
sities for the respective resonances, blue (respectively red) indicating negative (respectively positive) charges.
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experimental linewidths. We attribute this to the fact
that in the simulations, the dielectric constant used to
simulate the gold is a bulk dielectric constant. The fab-
ricated structures present a high surface over volume
ratio, which deviates from a bulk approximation. More-
over, the walls of the structures are rough, because of
the fabrication process used here. This can be observed
on the SEM images presented in this report. For this rea-
son, the gap size is not constant within one device,
causing some inhomogenous broadening within one
nanostructure. Those two effects contribute to the in-
crease of the losses in the structures, leading to line-
widths larger in the experiment than in the simulations.

This concentric arrangement allows for a formi-
dable control over the plasmon resonance position
and width of the structure. Indeed, as it is the case for
any plasmonic resonator, one can select the spectral
position of the resonances by changing its dimensions.
This is illustrated on Figure 2: panel a (respectively c)
presents the experimental extinction cross sections for
cavities built out of a ring with dimensions Dout � 250
nm, Din � 100 nm (respectively Dout � 220 nm, Din � 75
nm). The corresponding FDTD simulations are shown
in panels b and d. One can observe that the 30 nm re-
duction in the diameter of the ring leads to a 100 nm
blue-shift of the resonances. In addition, the line width
tuning, for a specific ring, of the corresponding CRDC
can be achieved by varying the gap between ring and
disk. The smaller the gap is, the stronger is the interac-
tion between ring and disk modes, leading also to an in-
crease in the spectral separation of the sub- and super-
radiant modes. Figure 2 panels a and b illustrate this
effect for the same ring as in Figure 1. In the experimen-
tal structures (SEM images shown in Figure 2e�g; mea-

sured extinction spectra in Figure 2a), the target gap is
changed by steps of 2.5 nm. The gap obtained at the
end of the fabrication process is difficult to estimate, as
shown on the SEM images. In the simulations (Figure
2b), the gaps are 8, 6, and 4 nm. Both measured and
simulated extinctions clearly show how the subradiant
mode shifts toward the red and narrows as the gap is
reduced, with widths of 190 � 10, 140 � 10, and 90 �

10 meV for gaps of 8, 6, and 4 nm, respectively. This ad-
ditional degree of freedom for the plasmon resonance
can be of interest for many applications. We will discuss
two of them, surface enhanced raman scattering (SERS)
and sensing, in a later part of this report.

Another route to produce pronounced sharp fea-
tures in plasmon resonances is the use of dark modes.
Those modes take their name from the fact that the
symmetry of their charge distribution forbids a direct
coupling to photons in the nonretarded case. Their ra-
diative losses are therefore highly reduced, leading to
an intrinsically sharper line shape compared to bright
modes. Indirect excitation of dark modes can be en-
abled via the breaking of the structural symmetry of
the unit, as we will now show. This way, a bright mode
of a cavity can exert a moment on a dark mode and
hence excite it. The spectrum of the hybridized struc-
ture then shows a Fano resonance, i.e. an interference
pattern between the bright and dark mode: a dip is cre-
ated in the broad bright resonance.

Figure 3 shows this effect for a specific NCRDC made
out of a ring with the parameters Dout � 350 nm and
Din � 200 nm and a disk of diameter Ddisk � 150 nm, and
Figure 4 presents the charge plots associated with the
different resonances involved in this NCRDC, both fig-
ures sharing the same color conventions. Figure 3 pan-

Figure 2. Evolution of the CRDC extinction with varying gap size, and ring size. (a) Measured extinction spectra of single
structures. The black, red, and blue curves show the extinction of the particular ring, disk, and CRDC presented in Figure 1,
corresponding to the image in panel g with Ddisk � 75 nm. The orange and green curves show the extinction for smaller disk
sizes, shown in the SEM images in panels e and f. (b) Simulated extinction cross sections, with ring-disk gap of 8, 6, and 4
nm for the orange, green, and blue curves, respectively. (c) Measured extinction spectra for a smaller ring with dimensions
Dout � 220 nm, Din � 75 nm (gray curve, SEM image shown in panel i) and a corresponding CRDC with a disk of Ddisk � 66 nm
inserted into that ring (light blue curve, SEM image h.). (d) Simulated extinction cross sections for the cavities of panel c.
(e�i) SEM images of CRDCs and ring. Scale bars: 100 nm.
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els a and b show extinction spectra obtained from mea-

surements and simulations, respectively, with different

degrees of symmetry breaking. Figure 3 panels c, d, and

e show representative SEM images of the ring, CRDC,

and NCRDC. As apparent from the extinction spectrum

obtained using oblique incidence (gray dotted line in

Figure 3b), the ring cavity exhibits a series of higher or-

der, dark modes at energies within the superradiant

continuum, which are not directly excited at normal in-

cidence (gray solid line). The insets in 4a present the

charge distributions associated with those high order

modes, illustrating their symmetry: the lowest wave-

length peak is an octupole mode, and the peak just be-

low 800 nm is a quadrupole mode.

When the symmetry of the CRDC is broken by dis-

placing the disk from the center of the ring (cf. Figure

3e and Figure 4c), these dark ring modes can interact

with the superradiant mode. Hence, a change in line

shape occurs from that of the concentric case (red

curve) to a situation where dips in extinction are appar-

ent, with a depth increasing with increasing offset of

the disk from the ring center (Figure 3, orange and

green curves). The interaction gets even stronger when

the disk starts to touch the ring (blue curve). The experi-

mental trend follows very well the simulations, apart

from a slight red-shift of a few tens of nanometers. The

Fano resonance represents a narrow spectral transmis-

sion band within the broad continuum with a line width

around 150 � 20 meV, which is less than half of the

370 � 20 meV line width of the disk alone. One can note

from the charge plots in 4c that, at the wavelengths cor-

responding to the Fano interferences, the charge distri-

bution in the disk is not purely dipolar anymore. A qua-

drupolar component appears, induced by the charge

symmetry in the ring.

Apart from fundamental interest in these coherent

processes, which utilizes plasmonic nanostructures as

model systems for classical oscillator physics, the radia-

tive line width tuning they enable can be applied in

various situations. We will discuss two of them: SERS en-

hancement and plasmonic sensing. In SERS, the en-

hancement of the Raman signal of an analyte is linked

to the field intensity at the position of this analyte,35 or

Figure 3. Fano resonances in nonconcentric ring/disk cavi-
ties (NCRDC). (a) Measured extinction spectra of single cavi-
ties with various degrees of broken structural symmetry.
Black, disk with Ddisk � 150 nm; gray, ring with Dout � 350
nm and Din � 200 nm; red, concentric combination of both;
orange, green, and blue, nonconcentric arrangements with
increasing offsets. (b) Corresponding simulated extinction
cross sections. Color code identical to panel a, but gray (re-
spectively, dotted gray): ring illuminated at normal (respec-
tively, grazing) incidence. Orange, green, and blue curves
are for structures with gaps of 12, 8, and �4 nm, respec-
tively. Spectra have been offset for clarity, the dotted lines
giving their baselines. (c�e) SEM images of the correspond-
ing ring (gray curves), CRDC (red curves), and NCRDC
(orange curves). Scale bars: 100 nm.

Figure 4. Charge plots and extinction cross sections for
cavities formed by combining a disk of Ddisk � 150 nm and
a ring with Dout � 350 nm and Din � 200 nm. For each charge
plot, blue (respectively, red) indicates a negative (respec-
tively, positive) charge value. (a) Extinction cross sections of
a ring only, illumination at normal incidence (gray) or graz-
ing incidence (dotted gray). The insets display the charge
distribution in the ring. (b) Disk (black), ring (gray), and CRDC
(red). Insets (left to right): dipole mode of the disk, superra-
diant and subradiant modes of the CRDC. (c) Ring at grazing
incidence (dotted gray), CRDC (red), and NCRDC (green)
with a gap of 8 nm. Insets (left to right): Fano resonance
from the octupole mode of the ring, Fano resonance from
the quadrupole, and subradiant mode, all in the NCRDC.
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more specifically, in the case of a plasmonic cavity, to
the ratio between the quality factor of the cavity Q and
the effective mode volume Veff of the field at the posi-
tion of the analyte.36 To illustrate how CRDC and
NCRDC can be of use in this context, let us consider
the case of cavities made out of a disk with Ddisk

� 150 nm and a ring with Dout � 350 nm and
Din � 200 nm. These dimensions correspond to
those of the structures discussed in Figure 3 and
Figure 4. Figure 5 shows how the electric field is
confined in the gaps between ring and disk, and
that such structures can lead to enhancements of
more than 2 orders of magnitude in the case
where the symmetry is broken. From the values
of the field, one can extract the effective mode
volume experienced by an analyte sitting at the
position of highest field in those cavities, or at the
center of the gap. Table 1 summarizes the effec-
tive mode volume normalized to (�/2)3, V̄eff, the
quality factor Q of the resonance, and the ratio of
these two values Q/V̄eff. The details of the calcula-
tion of the effective mode volume can be found
in the Methods section. The quality factors are
obtained by fitting the simulated extinction
curves to Lorentzian functions to estimate the
full width half-maximum of the resonance.

As one can see from the table, for all the situations,
the field is confined on scales much smaller than what
is possible in a normal diffraction-limited cavity. More-
over, V̄eff is several times smaller for all the cavities in-
volving a ring compared to a simple disk. Eventually,
breaking the symmetry allows for nearly 1 order of mag-
nitude increase in the ratio Q/V̄eff from the CRDC to
the NCRDC, and more than 1 order of magnitude com-
pared to the bare ring. Those last figures are represen-
tative of the enhancement gain expected in SERS. Note
that the discussion here is focused on cavities present-
ing dimensions which are accessible for fabrication: the
gap in the NCRDC is 8 nm, and 25 nm in the CRDC. Re-
ducing the gap size would accordingly reduce the effec-
tive mode volume.

We finish our discussion by a preliminary sensing
study where the whole structure is immersed in liquid.
Figure 6a shows how the resonance of the structure de-
scribed in Figure 1a (blue curves) behaves in media
with different refractive indices. The experiment has
been conducted by creating a small “cell” with the sub-
strate and a second glass slide, separated by optical
fibres, as sketched in panel c. Water is introduced in
the cell after treating the sample in an O2 plasma
cleaner (50 W, 3 min) to improve wetting of the sur-
face, and the spectra are acquired (blue curve in 4a).
They are then compared with the spectra for the cell

Figure 5. Field plots (|E�|) at the indicated resonances for cavities made
out of a combination of a disk with Ddisk � 150 nm and a ring with
Dout � 350 nm and Din � 200 nm, extracted from FDTD simulations.
In the case of the NCRDC, the gap is 8 nm. The cut plane is parallel to
the interface substrate/cavity, three mesh cells above the interface.
The white number indicates the maximum field enhancement. The col-
orscale used is logarithmic, ranging from a field of 1 (no enhance-
ment) to the maximum value.

TABLE 1. Normalized Effective Mode Volume (V̄eff �
Veff/(�/2)3) for Different Modes of Cavities Made from a
Disk with Ddisk � 150 nm and a Ring with Dout � 350 nm
and Din � 200 nm (NCRDC Has a Gap of 8 nm)

mode V̄eff Q Q/V̄eff

ring dipole 2.7 � 10�2 4.2 1.6 � 102

disk dipole 4.3 � 10�2 4.7 1.1 � 102

CRDC subradiant 1.2 � 10�2 5.1 4.3 � 102

NCRDC subradiant 1.8 � 10�3 5.2 2.9 � 103

Figure 6. Sensing with a CRDC. (a) Experimental extinction spectra
for the cavity (dimensions Dout � 250 nm, Din � 100 nm, and Ddisk �
75 nm) in air (red) and water (blue). (b) Simulated spectra for a simi-
lar cavity (Dout � 248 nm, Din � 100 nm, and Ddisk � 88 nm). Red,
in air; green, in water, with the gap completely filled; and blue, in
water with 3/4 of the gap filled. (c) Sketches of the sensing cell: op-
tical fibres (diameter � 200 �m) separate the sample from a cap-
ping glass coverslip.
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filled with air (red curves). In the experiment a red-shift
of 90 � 10 nm of the low-energy peak is observed (i.e.,
510 meV RIU�1), which would correspond to a FOM37 of
1.6. Turning our attention to the corresponding simula-
tions (Figure 6b), we observe that the expected shift
should be 175 nm for a similar refractive index change
(600 meV RIU�1, FOM of 3, red curve to green curve).
The discrepancy can be explained by the fact that most
of the sensing capabilities of the cavities lie in the
gap,22,23 where the water wetting is very poor. This re-
duces the observed shift compared to total filling. For
instance, a simulation accounting for a filling of only 3/4

of the gap height seems to reproduce very well the ex-
perimental shift (Figure 6b, green curve). Although
higher FOMs for single nanostructures have indeed
been reported in the literature (up to 5.4 for silver nano-
particles with resonances in the visible part of the
spectrum,38,37 or 3.8 in a gold planar metamaterial in
the IR39), our approach allows for radiative loss and

hence FOM engineering throughout the whole near-IR
and, via scaling, also the mid-IR part of the spectrum,
where resonances of single nanostructures show large
radiative damping due to their physical size. Further op-
timization of cavity fabrication should allow to create
structures with higher FOMs.23

CONCLUSIONS
We have reported experimental demonstrations of

hybridized subradiant, superradiant, and Fano-type
modes in ring/disk plasmonic nanocavities. For the sub-
radiant mode, the line width is reduced by more than
a factor of 2 compared to the parent ring and disk
modes. By breaking the symmetry of the structure nar-
row Fano resonances are induced. Our investigations
show that radiative lifetime tuning of hybridized nano-
cavity modes is a promising path for the development
of plasmonic substrates for chemical sensing, biosens-
ing, and SERS.

METHODS
Gold nanocavities were fabricated on thin glass slides (	0.15

mm thick) coated with 10 nm ITO. After sputtering a nominally
50 nm Au/4 nm Ag film an etch mask was created by electron-
beam lithography using a negative-tone hydrogen silsesquiox-
ane (HSQ) resist coating. By means of Xe ion milling the mask
was then transferred into the Au layer resulting in the final cavi-
ties. The residual etch mask layer on top of the particles behaves
optically as silicon dioxide and is not removed. Moreover, as a
consequence of the etching process, the particles’ sidewalls are
slanted with an angle of approximately 20 degrees. To enable
single particle spectroscopy, the cavities are arranged on a grid
with a pitch of 4 
m, so that only one cavity lies in the focal re-
gion of the confocal microscope.

Electromagnetic modeling was performed using the FDTD
method. The dielectric response of the metal was fitted to the ex-
perimentally determined dielectric permittivity using a combina-
tion of Drude and Lorentz oscillator terms.40 This fit has excel-
lent agreement with the dielectric permittivity of the particular
Au films obtained in our fabrication process from 600 nm on-
ward, as confirmed via ellipsometry. The effect of the glass sub-
strate (refractive index of 1.5) on the resonances has been taken
into account in the simulations and leads to a red-shift with re-
spect to extinction calculations in vacuum. Also the slanted side-
walls are taken into account, the effect of the capping resist
layer is not. All the charge plots are calculated at the top sur-
face of the structures.

We define the effective mode volume Veff by analogy with
the effective mode lengths discussed in ref 36. To do so, we use
uE, the electromagnetic energy density at the point of coordinate
r. For lossy metals,

where �(�) � �1(�) 
 i�2(�) is the complex dielectric function
of a Drude model with damping �. Then

where r0 is the position of an analyte. In the case of a ring or a
disk, r0 is two mesh cells (4 nm) away from the structure, in the
direction giving the highest field. In the case of CRDC, r0 is in the
gap, 4 nm away from the disk, in the direction of the incident po-
larization. In the case of NCRDC, r0 is at the center of the gap.

Those positions are chosen to avoid unphysical field values due
to stair casing effect.

The confocal acquisition of the spectra is described in detail
elsewhere.30 Briefly, the radiation of a white light supercontin-
uum is polarized and then focused on the sample with a 10�
microscope objective. The light transmitted through the sample
is collected by a 50� IR-corrected microscope objective and spa-
tially filtered by the entrance of an optical fiber in order to select
only the signal coming from the focal region. The signal is then
guided via the fiber to the detectors, a silicon CCD and APD for
energies higher than 1.6 eV, and InGaAs below.
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