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ABSTRACT Clusters of plasmonic nanoparticles and nanostructures support Fano resonances. Here we show that this spectral feature,
produced by the interference between bright and dark modes of the nanoparticle cluster, is strongly dependent upon both geometry
and local dielectric environment. This permits a highly sensitive tunability of the Fano dip in both wavelength and amplitude by
varying cluster dimensions, geometry, and relative size of the individual nanocluster components. Plasmonic nanoclusters show an
unprecedented sensitivity to dielectric environment with a local surface plasmon resonance figure of merit of 5.7, the highest yet
reported for localized surface plasmon resonance sensing in a finite nanostructure.
KEYWORDS Plasmon, Fano resonance, nanocluster, coherent phenomena, localized surface plasmon resonance (LSPR), sensing,
figure of merit (FoM)

T

provide a higher sensitivity optical response than uncoupled
plasmonic systems.
Here we examine how the coherent properties of a
nanoscale plasmonic cluster are affected by cluster size,
geometry, and local dielectric environment. Our study
focuses primarily on the seven-member “heptamer” cluster.
We examine the important case of how local changes in
dielectric environment modify the frequency of the FR of
the cluster. Heptamers have been predicted to have extremely large spectral shifts of their FR induced by changes
in the surrounding refractive index.29 In this paper we show
that, as predicted, the FR in heptamers exhibits an unusually
large shift with changes in refractive index; in fact, this
structure exhibits the largest localized surface plasmon
resonance (LSPR) response of any known nanostructure,
assessed in terms of the figure of merit (FoM) of the cluster
aggregate.33,34
The plasmonic structures investigated in this letter were
fabricated by electron beam lithography and are composed
of 30 nm thick Au disks on a 1 nm Ti adhesion layer,
evaporated onto a Si substrate coated with a 100 nm thick
silicon dioxide layer. The dielectric permittivity of the substrate is therefore similar to a typical glass substrate.
In Figure 1, we show the scattering spectra of three
heptamers of increasing size. As can be seen from the SEM
images of the clusters in the top panels, the dimensions of
the particle radii are increased while the gap sizes are kept
constant at ∼15 nm (Figure 1A-C (i)). The scattering
spectrum of each cluster was collected using dark-field
microspectroscopy (Figure 1A-C (ii)). (The microscope used
was a Zeiss Axiovert 200 MAT, the CCD was a Princeton
Instruments Pixis 400 BR, and the spectrograph was an
Acton 2156i imaging spectrograph.) The specific microscope

he coupling between metallic nanoparticles in aggregates supports collective electronic oscillations,
known as surface plasmons, of the entire structure;
this is a topic of intense current interest.1 Each type of
nanoparticle cluster, such as a nanoparticle dimer,2-4
trimer,5-7 quadrumer,8,9 tetramer,10 and so forth,11-15
exhibits its own unique set of collective plasmon modes
arising from the interaction between the plasmons supported by each nanoparticle in the cluster. These collective
plasmon modes can be excited at distinct energies that
depend on the relative phase of the plasmon oscillations in
the individual nanoparticles of the complex. Since surface
plasmons are well described as classical oscillators with
resonances at optical frequencies, interacting nanoparticles
are in essence systems of coupled oscillators, supporting a
rich array of phenomena, such as electromagnetically induced transparency (EIT) and Fano resonances (FRs).16-23
Geometries ranging from mismatched nanoparticle pairs,3
“dolmen” structures,24 coupled ring-disk systems,25-27
heptamers,1,28-30 and layered nanoparticles31 have all been
shown to support EIT and FRs. Because the coherent coupled
oscillator response is essentially an interference phenomenon dependent upon the relative phase of the constituent
oscillators, it is highly sensitive to perturbations such as
symmetry breaking, local variations in geometry, and dielectric environment.25,29,32 This inherent sensitivity has
spurred interest in coupled structures, which promise to
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interference are (1) a bonding bright (superradiant) mode
where the dipolar plasmons of all nanoparticles oscillate in
phase and in the same direction, and (2) an antibonding dark
(subradiant) mode, where the dipolar moment of the center
particle opposes the dipole moment of the surrounding ring.
In the quasistatic, nonretarded limit, the dark mode possesses nearly no net dipole moment and does not easily
couple to light. In the retarded limit, the bright mode
becomes superradiant, while the dark mode remains subradiant. Also in this limit, the weak coupling mediated by
the plasmonic near-field introduces an interaction between
the sub- and superradiant modes, inducing a FR in the
superradiant continuum at the energy of the subradiant
mode. Because of its D6h symmetry, the optical properties
of the cluster, including its FR, are isotropic, that is, independent of the orientation of the in-plane polarization of light
incident on the structure.
Figure 1 shows the evolution of the scattering spectrum
of a heptamer as the cluster is scaled up from the nearquasistatic to the fully retarded limit. The Fano minimum is
strongly dispersive toward lower energies with increasing
cluster size, and the Fano line shape becomes broadened.
The smallest heptamer (A) exhibits a relatively narrow
plasmon resonance near 700 nm, which is the bright superradiant bonding E1u mode. Since the overall structure size
is small, this mode does not radiate strongly and is quite
narrow. A very weak FR appears in the theoretical spectrum
and appears only as a weak modulation (at nominally 690
nm) in the experimental spectrum of the cluster. For the
intermediate size heptamer in (B), the bright mode is red
shifted to approximately 750 nm and significantly broadened due to the increased radiation damping. The FR at 750
nm is now very pronounced. For the largest heptamer (C),
the superradiant mode shifts to nominally 900 nm and is
dramatically broadened. A strong FR is induced at 900 nm.
For a heptamer this large, the subradiant mode radiates
slightly, resulting in a slight broadening of the line width of
the FR. Interestingly, the subradiant mode appears to redshift slightly more strongly than the superradiant mode with
increasing size of the heptamers. This effect likely occurs
because the antibonding subradiant mode contains a significant admixture of higher order modes, while the superradiant is mostly dipolar in nature. Since the gap size is kept
constant, larger diameter disks result in stronger plasmonic
interactions between the individual disks and consequently
stronger hybridization. Because of this stronger hybridization of the higher order modes, the subradiant mode redshifts more than the superradiant mode for increasing
heptamer size in the present size range.
In Figure 2, an example of the effect of symmetry
breaking on the optical spectrum of the heptamer is shown.
One of the peripheral particles of a heptamer is removed,
resulting in an incomplete ring of nanostructures surrounding the center particle. The optical response of this reduced
symmetry structure is no longer isotropic. To study the

FIGURE 1. Size dependence of the scattering spectrum of a heptamer: (A) 85 nm diameter constituent particles; (B) 128 nm
diameter particles; (C) 170 nm diameter particles. In all cases, the
gap sizes between the particles in the heptamers were nominally
∼15 nm. (i) SEM images obtained using an FEI Quanta 400 SEM; (ii)
experimentally obtained dark-field scattering spectra, obtained with
unpolarized light, of each individual cluster shown in (i); (iii) FDTD
calculations of the dark-field spectral response of the same structure.

objective used was critical to our ability to observe the FR.
For all of the data reported here, the objective characteristics
were angle of incidence ) ∼50° from the surface normal,
numerical aperture (NA) ) 0.4. The FRs were not as pronounced when using objectives with higher incidence angles
or numerical apertures. Because these structures are not in
the quasistatic limit, retardation effects are present when
light is incident from large angles with respect to the
substrate normal. In this case, the retardation effects allow
direct excitation of the subradiant mode,25 effectively limiting the interference effect that causes the Fano resonance.
This Fano interference effect is described below in detail.
Theoretical scattering spectra for these structures were
obtained using the finite-difference time-domain (FDTD)
method (Figure 1A-C (iii)). The dielectric function used to
model Au was obtained from the experimental data of
Johnson and Christy (JC).35 The clusters were simulated on
an infinite dielectric substrate with ε ) 2.04 to represent the
experimental supporting substrate and illuminated with
oblique incident light. The back scattered light in the simulation was recorded over a conical solid angle corresponding
to the numerical aperture of the objective lens used in the
experiment.
The optical properties of symmetric plasmonic heptamers
composed of spherical and cylindrical nanoparticles have
been analyzed and described in several recent publications.1,28-30 The symmetry group of the heptamer is D6h.
Using the plasmon hybridization concept, the plasmon
modes can be classified according to their irreducible representations. The collective modes that can couple efficiently
to light are the E1u modes. The two relevant modes for Fano
© 2010 American Chemical Society
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a more complex behavior. For horizontal polarization (blue),
a clear FR appears at 700 nm, and for vertical polarization
(red), it appears at 740 nm. For other polarizations, the
scattering spectra exhibit a mixture of these two resonances.
A calculation of the induced charge densities of this
reduced-symmetry cluster reveals the microscopic origin of
the unusual split-FR observable in this structure (Figure 2D).
These calculations were performed using a commercial
(COMSOL) implementation of the Finite Element Method
(FEM). For both polarizations, the subradiant charge plots
were calculated at the wavelength of the Fano minimum
(Figure 2D, left) and the superradiant charge plots were
obtained for the maximum at the long-wavelength side of
the Fano dip (Figure 2D, right). The superradiant charge plots
clearly show that the dipolar components of all constituent
particles are oriented in the same direction, resulting in the
enhanced radiative damping and resultant broadening characteristic of superradiant modes. For the subradiant modes,
however, the charge plots are distinctly different. For horizontal polarization, the subradiant mode has a strong admixture of nanoparticle quadrupoles. This hybridization is
caused by the absence of a symmetry axis along the
polarization vector. For vertical polarization, the subradiant
mode is mostly a dipolar mode with the in-phase dipolar
contribution of the two center particles opposing the dipole
moment of the surrounding four particles, similar to the case
of the fully symmetric heptamer.
Fano resonances can be realized in other symmetric
clusters consisting of a center particle surrounded by a ring
of particles. The reason for the very pronounced FR in the
heptamer (Figure 1) is the almost perfect cancellation of the
total dipole moment of the ring of particles and the (out-ofphase) center particle in the subradiant mode. For a larger
ring, such as the homo-octamer shown in Figure 3A (i), the
dipole moment of the ring will become larger than that of
the center particle. For such a structure, the antibonding
mode will have a finite dipole moment and couple efficiently
to incident light. The conditions for a FR are thus not
satisfied. Neither the experimental nor the calculated spectra
in Figure 3A show a pronounced FR. However, by making
the diameter of the center particle larger, its dipole moment
increases. For a sufficiently large center particle, its dipole
moment can become equal to that of the surrounding ring.
For such a hetero-octamer consisting of particles of different
sizes, the antibonding mode becomes subradiant, and a
strong FR with a very deep minimum, approaching transparency, is induced around 800 nm as shown in Figure 3B.
Much of the current interest in FR in plasmonic system
stems from their potential as efficient LSPR sensors.32,33,36-38
The complex interference phenomena underlying the formation of FRs in coupled plasmonic systems are highly
sensitive to the dielectric environment in the junctions of the
overall structure. In addition, FRs are typically very narrow,
which allows for a more precise measurement of small peak
shifts induced by changes in the dielectric properties of the

FIGURE 2. Asymmetric heptamers. (A) SEM image of heptamer. The
disk diameters are 128 nm with ∼15 nm gaps. (B) Experimental
dark-field scattering spectra of the asymmetric heptamer, obtained
with unpolarized incident and polarization-analyzed scattered light.
Colored arrows show the polarization angle with respect to the
particle, as in the SEM image. Polarized spectra were collected at
30° angular increments. The black curve is unpolarized data. (C)
FDTD simulations corresponding to the experimental spectra in (B).
(D) Charge plots calculated using FEM for the subradiant (left) and
superradiant (right) modes for the two fundamental polarizations
of the structure depicted by the arrows.

polarization dependence of the spectral response of this
cluster, a rotating analyzer (Zeiss) is inserted in the collection
optics of the microscope. Thus, the nanoparticle is still
excited using unpolarized light, but the scattered light is
polarized just before collection. In Figure 2B,C, we show the
measured and calculated scattering spectra for different
polarization collection angles. As for the case of the isotropic,
complete heptamer, the spectrum is characterized by a
broad superradiant mode centered around 700 nm. However, with reduced symmetry the Fano interference displays
© 2010 American Chemical Society
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FIGURE 3. Scattering spectra of octamers. (A) Homo-octamer SEM
image (i), dark-field scattering spectrum (ii) and FDTD simulation
(iii). All particles have the same diameter )128 nm. This results in
a gap of ∼15 nm between the outer particles and a gap of ∼40 nm
between the inner particle and outer ring. (B) Hetero-octamer SEM
image (i), dark-field scattering spectrum (ii), and FDTD simulation
(iii). Here, the inner particle was enlarged such that all gaps were
the same size (∼15 nm). This resulted in an inner particle diameter
)175 nm and the outer particle diameter )128 nm. All fabrication
and data collection procedures are the same here as for Figure 1.
All data were obtained with unpolarized light.

nanostructure environment. The LSPR efficiency of a plasmonic nanoparticle is typically evaluated by its FoM, defined
as the ratio of the plasmon energy shift per refractive index
unit change in the surrounding medium, divided by the
width of the spectral peak.33 For asymmetric FRs, we define
the energy of the resonance as the midpoint between the
energy of first maximum and the energy of the minimum.
The width is defined as the energy difference between those
spectral features. This definition for the spectral width used
to calculate the FoM has been suggested before25 and is
required because the asymmetric line shape associated with
Fano resonances leads to an ill-defined full width at halfmaximum (fwhm), as is usually used in the case of ordinary,
or peaklike, plasmon resonances.33 Theoretical predictions
for FoM for individual plasmonic nanostructures range from
7 for coupled dipole-quadrupole antennas,32 8 for nonconcentric planar ring-disk cavities,25 to 11 for a symmetric
silver sphere heptamer.29 The recent experimental demonstration of a FoM of 3.8 for a coupled dipole-quadrupole
antennas32 show the tremendous potential for FR-based
LSPR sensing.
To investigate the LSPR sensitivity of the planar heptamer, we performed dark-field scattering spectroscopy
on individual heptamers embedded in various dielectric
media: methanol (n ) 1.326),39 butanol (n ) 1.397),39
index matching oil (n ) 1.506, Cargille Laboratories
© 2010 American Chemical Society

FIGURE 4. LSPR sensing in heptamers. (A) LSPR sensing for heptamer
of same dimensions as reported in Figure 1. Four polarized scattering
spectra are shown for different media (air, black), (methanol, green),
(butanol, blue), (immersion oil, orange). The values for the refractive
indices of each medium are shown in the figure. (B) FDTD simulations corresponding to the experiment. (C) Linear plot of the LSPR
shifts of the FR vs refractive index of the embedding medium.

internal documentation). For each medium, the entire
substrate was first rinsed in that medium and then fully
immersed in the medium in a glass-bottom Petri dish (Ted
Pella). The scattering spectra were obtained from the
immersed samples. Figure 4 shows a very pronounced
redshift of the FR with increasing refractive index of the
surrounding medium. In air ambient, the FR appears at
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750 nm, and in immersion oil with a refractive index n )
1.5, the FR is shifted to 900 nm. To quantify the LSPR
sensitivity, we obtain the slope of the best-fit line (linear
regression with a slope )0.53) for the energy of the FR
as a function of surrounding dielectric permittivity, and
divide by the Fano line width (0.093 eV). The resulting
FoM is 5.7, which to our knowledge is the highest LSPR
FoM reported so far for an individual finite nanostructure.
The FoM calculated from the theoretical simulations
(Figure 4B) is slightly smaller (5.1). From this we can infer
that the nanostructures were likely completely coated by
each solvent medium, if this was not the case, the
theoretical FoM would be larger than that obtained
experimentally.
While this current result indicates great promise for
significantly increasing LSPR sensitivities by focusing on
FRs, the full potential for FR-based LSPR sensing is clearly
not yet realized. In none of the structures studied in these
initial experiments has the LSPR FoM been optimized. By
using larger structures or structures with narrower gaps,
it is highly likely that an even larger FoM can be achieved.
Structures fabricated in silver instead of gold, should also
yield even larger FoM than those reported here, since the
lattice polarizability and electromagnetic screening of
silver is significantly smaller than for gold. An advantage
with lithographically fabricated clusters such as the present
structure is that the energies of the FRs can be tuned very
accurately by varying the ratio of the disk thickness to
cluster diameter.
In conclusion, we have shown that lithographically
fabricated nanoscale plasmonic clusters exhibit pronounced FRs, which depend strongly on both the geometry and the dielectric environment of the complex. By
changing the size of a heptamer, it is possible to tune the
FR to different wavelengths. By symmetry breaking, one
can further tune the wavelength of the FR and induce new
resonances. A very deep FR, approaching transparency
can be induced in an octamer cluster consisting of a center
particle surrounded by a ring of seven particles if the size
of the center particle is sufficiently large. We have also
shown experimentally that FRs of heptamer clusters
possess exceptional LSPR sensitivities. For a heptamer
consisting of seven particles of the same size, we measure
a FoM of 5.7. This unparalleled LSPR sensitivity, found in
a cluster fabricated by readily available nanofabrication
methods, is likely to stimulate increased interest and
applications in sensing and detection based on coherent
plasmonic phenomena.
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