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M
etal nanostructures have a number
of optical properties that are crucial
for their integration in a new gen-

eration of active nanophotonic devices.1�4

Plasmons, i.e., the collective oscillations
of electrons at the boundary between a
metal and a dielectric material, have already
shown their unique optical properties, such
as extreme light amplification in the near-
field,5 high sensitivity to the surrounding
environment,6�8 and subwavelength mode
volume.9,10 Despite all these properties, the
extremely weak plasmon nonlinearities put
an important limitation on the integration of
metallic nanostructures as active compo-
nents in nano-optical circuits.11�13 This lim-
itation can be overcome by combining the
optical properties of metals with those of
organic/inorganic materials, exploiting both
the small plasmonic mode volume and
the high excitonic nonlinearities. For this
reason, in the last years a great interest
was devoted to the study of interactions
between localized plasmons and nanoscale

components, including organic molecules.
Interesting phenomena have been demon-
strated in these kinds of systems, used in a
wide range of technological applications,
such as surface-enhanced Raman spectros-
copy,14 nanoscale lasers,15 plasmon-enhanced
light harvesting and photocatalysis,16 and
ultrasensitive chemical and biological
sensing.17 In view of these and other appli-
cations involving plasmon�molecule inter-
actions, the physics of the electromagnetic
(EM) coupling between a plasmonic mode
and an excitonic oscillating dipole deserves
to be deeply investigated. Usually the cou-
pling is such that only the spontaneous
emission rate of the emitters is modified,
the exciton and plasmon frequency remain-
ing unaltered (weak-coupling regime).18

However, it can also happen that the cou-
pling strength between the EM mode and
the exciton is stronger than absorption
and radiative losses. In this case the
energy levels of the whole system are also
modified (strong coupling regime), and the
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ABSTRACT In this paper, we report on the effect of metal oxidation

on strong coupling interactions between silver nanostructures and a

J-aggregated cyanine dye. We show that metal oxidation can sensibly

affect the plexcitonic system, inducing a change in the coupling strength.

In particular, we demonstrate that the presence of oxide prevents the

appearance of Rabi splitting in the extinction spectra for thick spacers. In

contrast, below a threshold percentage, the oxide layer results in an

higher coupling strength between the plasmon and the Frenkel exciton.

Contrary to common belief, a thin oxide layer seems thus to act, under certain conditions, as a coupling mediator between an emitter and a localized

surface plasmon excited in a metallic nanostructure. This suggests that metal oxidation can be exploited as a means to enhance light�matter interactions

in strong coupling applications.
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plasmon�exciton interaction results in the formation
of light�matter mixture energy states, called plexci-
tons.19 As a result, two newbranches arise in themodal
dispersion curves, characterized by an anticrossing be-
havior and separated by the so-called Rabi splitting.20

Recently, strong coupling has been reported for
surface plasmon polaritons21�25 and localized plas-
mons26�30 interacting with an ensemble of molecular
J-aggregates,26,27 dyes,28�30 or semiconductor nano-
crystals.25,31 In particular, Frenkel excitons in organic
semiconductors show very large oscillator strengths
even at room temperature. This results in a stronger
interaction of such excitons with EMmodes, compared
to their inorganic counterparts.32 Both arrays26,30,33

and single19,34 metal nanostructures have been stu-
died, and strong coupling has also been observed in
the presence of surface lattice resonances in ordered
nanoparticle arrays.35 Interestingly, it has been shown
that spatially coherent hybrid states emerge when a
set of molecular emitters and surface plasmons enter
the strong coupling regime.36,37 Finally, much experi-
mental38,39 and theoretical40 interest has also been
focused lately on the impact of the inclusion of a
passive spacer layer in the plasmon�exciton coupling
in hybrid J-aggregate and metal nanoparticle systems,
making possible a control of the electric field distribu-
tion and the plasmonic extinction.
Localized plasmons are typically exploited, at optical

frequencies, by using silver or gold nanoparticles.
In particular, silver presents remarkable properties,
which have been used in plasmonic designs featuring
large absorption cross section41 and yielding strong
near-field enhancement.42 Moreover silver, if com-
pared to gold, allows the realization of lower losses
and cheaper devices43 with resonances in the visible
spectral range. Unfortunately, however, silver is also
more prone to oxidation than gold. The presence of
oxide, in fact, strongly affects the plasmonic response
of silver nanoparticles, resulting in the red-shift of their
spectral resonances and the decrease of extinction
efficiency.44�46 Recently it has been demonstrated
that silver nanoparticle degradation can be highly
slowed down either by a thiol surface coating47 or
contacting them with cobalt nanoparticles.48

Here we investigate how metal oxide growth on
silver nanodisks, usually unavoidable in practical sys-
tems, affects their strong near-field interaction with
a molecular J-aggregated dye. Surprisingly, we find
that, in the regime of small oxidation, the presence of
Ag2O appears beneficial rather than detrimental, in the
increase of the plasmon�exciton coupling strength as
a function of the oxide percentage. This counterintui-
tive behavior is shown experimentally and interpreted
by two theoretical models that attribute such an
effect to modal volume decrease and plasmonic losses
reduction. The theoretical analysis is based on both
numerical simulations, performed in the framework of

the discrete dipole approximation (DDA), and an ana-
lytical model able to give a qualitative estimation
of the coupling strength trend as a function of the
nanoparticle oxidation degree. We believe that our
findings could open new avenues in a conscious and
advantageous exploitation of oxidation in practical
systems.

RESULTS AND DISCUSSION

Silver nanodisks (NDs) are defined by electron beam
lithography on a quartz substrate. Several squared
arrays of equally spaced 70 � 70 NDs are fabricated
with 40 nm height, diameters ranging from 50 to
190 nm, and a side-by-side interparticle distance twice
the ND diameter, so as to simultaneously minimize
near-field interactions between neighbor nanopartic-
les49 and maintain a constant ND fill factor. Figure 1a
shows the results of extinction measurements per-
formed on a confocal setup, as a function of the ND
diameter. The colors indicate the measured extinction
in linear scale from minimum (black) to maximum
(white). An extinction peak is clearly visible for each
array, whose spectral position shifts from 1.58 eV to
2.84 eV as the ND diameter decreases from 177 nm to
57 nm. The resonance spectral position can be fitted
with a linear function, plotted as a solid line in Figure 1a.
The sample is conserved in a vacuum chamber
(10 mbar) so as to slow down the metal oxidation
process, and it is measured in air, at room temperature.
In Figure 1b we show the plasmon energy, full width at
half-maximum (fwhm), and extinction peak value after
one, two, and five aging days in the vacuum chamber,
for an array of NDs with 116 nm diameter. It is evident
that the plasmon resonance broadens, undergoes a
red-shift, and decreases in the extinction efficiencywith
increasing time.
The plasmon�exciton coupled system is obtained

by spin coating a thin film of a J-aggregated cyanine
dye (5,50,6,60-tetrachloro-1,10-diethyl-3,30-di(4-sulfobutyl)-
benzimidazolocarbocyanine, or TDBC). By AFM mea-
surements on a scratched part of the sample, we
estimated a film thickness of 15 ( 5 nm. For such a
hybrid system a clear three-peak feature is observed in
the extinction spectra, as shown in Figure 1c. Here the
sharp extinction peak at 2.07 eV corresponds to absorp-
tion from the uncoupled J-aggregated TDBC. The other
two peaks in the spectra are characterized by a clear
anticrossing as a function of the ND diameter. This
behavior is characteristic of the strong coupling regime
and reveals the formation of two new mixed states, i.e.,
the upper (UP) and lower (LP) plexciton branches.
The measured extinction spectra, recorded at differ-

ent aging times, are fittedwith a two-coupled-oscillators
model, characterized by the Hamiltonian

H ¼ Epl(t, d) � iγpl(t, d) g(t)
g(t) Eexc � iγexc

� �
(1)
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Here Epl is the plasmon energy as a function of the
nanodisk diameter d, obtained through the linear fit of
the bare plasmon spectra for different aging times t, Eexc
is the uncoupled exciton energy (2.07 eV), and g is the
coupling strength, left as a free parameter, and equal to
half the Rabi splitting at the plasmon�exciton energy
crossingpoint (zero detuning condition).γexc andγpl are
the exciton and plasmon homogeneous line widths,
respectively. The former is equal to 32meV, as obtained
byfitting the experimental absorption spectra, while the
latter is evaluated from numerical simulations for a
single ND, as a function of the ND diameter. By solving
eq 1 and fitting the experimental energy dispersions in
Figure 1c and Figure S1, the coupling strength g was
extracted as a function of the aging time. Note that since
the oxidation process results in the red-shift of the
plasmonic resonances, the zero-detuning condition at
which the coupling strength is extracted also shifts
toward smaller ND diameter at increasing aging times.
The results are shown in Figure 1d. Surprisingly, we

found the coupling strength to increase from 190 meV
to 230meVduring thefirst 24hof aging,which indicates
a stronger plasmon�exciton interaction for anoxidation
factor, as discussed below, less than 6%. At longer aging
times, randomoxidation (see Figure S1) results in a large
inhomogeneity across the array of NDs, and the plas-
mon resonance broadens. As a result, even if the zero
detuning condition is still satisfied with smaller NDs,
the splitting visibility rapidly decreases after 24 h, and
the coupling strength cannot be extracted anymore
(see Figure S3).
To shed light on the oxidation process of silver

antennas, a numerical investigation is performed
within the DDA scheme, by using the ADDA code.50

Maxwell equations are solved for an isolated disk geo-
metry only. We neglect collective effects associated
with the diffractive coupling among different elements
of the disk arrangement. This is justified by the fact that
we are only interested in the coupling strength, which
is not influenced by diffraction effects and given the

Figure 1. (a) As fabricated silverNDextinctionmapas a function ofNDdiameter. The colors render themeasured extinction in
linear scale from minimum (black) to maximum (white), as shown in the color legend. The plasmon resonance red-shifts
with increasing ND diameter and can be well fitted by a linear function, shown as a solid line in the map. (b) Plasmon energy
(black circles), full width at half-maximum (red squares), and extinction peak value (green rhombus) as a function of aging
time for an array of NDs with 116 nm diameter, taken as reference. The same trend is measured for the other ND diameter
arrays. (c) Experimental extinction map of the as-fabricated plasmon�exciton coupled system, showing an anticrossing
behavior between the upper and lower plexciton branches. The dispersion is fitted with a two-coupled-oscillators model
(thick lines), byusing theplasmonenergydispersion calculated from thebareplasmonmeasurements and the exciton energy
at 2.07 eV (thin lines). (d) Coupling strength extracted from fitting the dispersion curves at all aging times. The error bars of
the extracted coupling strength increase with aging time as a consequence of the oxidation-driven plasmon broadening.
After 1 day aging the spectra broadening is so large that they cannot be fitted anymore.
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inherent spatially incoherent nature of the J-aggregate
emission across the experimental samples. Metal oxi-
dation is a random process that results in the irregular
growth of oxide around the metal nanostructures (see
Figure S1).51 For this reason, it is not possible to define
a precise geometry for the oxidized nanoparticles.
Therefore, Ag NDs lying on a SiO2 substrate are simu-
lated keeping a constant geometry and increasing
the oxide percentage inside the nanostructures by
using the Maxwell�Garnett approach,52 similarly to
what was recently done for other Ag and Al nano-
particles.53,54 The metal-oxide effective dielectric func-
tion is then obtained by solving the equation

εeff � εm
εeff þ 2εm

¼ F
εox � εm
εox þ 2εm

(2)

Here εm, εox, and εeffare themetal, oxide (thatweassumed
to be Ag2O, which ismore stable at room temperature55),
and effective metal-oxide dielectric functions, respec-
tively, and F is the oxide volume fraction to be calculated
(VAg2O/VDisk). The permittivities of Ag and Ag2O used in
our calculations are taken from experimental data.56,57

Simulations are performed by using a plane wave
polarized in the plane of the substrate as incident field.
The spectral positions of the simulated extinction
peaks are thus compared with the experimental ones,
and the oxide volume fraction inside the NDs at each
aging time is extracted. As shown in Figure 2 for a
116 nm diameter ND, percentages of 6%, 7%, and 8%
are found to match the experimental results at 24, 48,
and 120 h aging times, respectively. Note that the
measured spectra for oxidized NDs are broader than
the theoretical ones. This can be caused by structural
inhomogeneities across the experimental samples, not
reproduced in the single disk calculations, and clearly
shown in Figure S1. On the contrary, for as-fabricated
NDs the experimental peak is sharper than the theore-
tical one because of diffraction effects induced by
the array periodicity. In the inset a SEM image of
as-fabricated 190 nm diameter NDs is reported.
To numerically reproduce the plexcitonic features,

we include in the DDA simulation a TDBC layer cover-
ing the Ag ND lying on the infinite SiO2 substrate. In
this regardwe consider the complex dielectric function
of the J-aggregated dye to bemodeled by a Lorentzian
line shape:

εω ¼ ε¥ � f
ωexc

2

ω2 �ωexc
2 þ iγexcω

(3)

with the high-frequency component ε¥, the reduced
oscillator strength f, the exciton linewidth γexc, and the
transition energy pωexc taken from ref 26 and fixed to
ε¥ = 2.56, f = 0.41, γexc = 0.03 eV, and pωexc = 2.07 eV,
respectively. Through a systematic numerical investi-
gation, it is found that the experimental results are
nicely reproduced by including a 10 nm thick TDBC
layer covering the NDs. In particular, by assuming the

geometry shown in the sketch of Figure 3a, the agree-
ment between the experimental and numerical spec-
tra is satisfactory, as demonstrated in Figure 3a. Note
that the molecule extinction peak appears more
intense in the experimental measurements due to
the huge amount of uncoupled molecules in the
whole illuminated area, while simulations are, instead,
performed on a finite-sized target.
To analyze the effects of the oxide layer in terms of

plasmon�exciton coupling, the total decay rate of a
dipole Γ normalized to its free-space value, Γ0, is
computed by exciting variously oxidized NDs with
point-like dipole sources located 5 nm away from their
surface (corresponding to the middle of the TDBC
layer) and oscillating at the exciton energy (2.07 eV).
The oscillating dipoles are assumed to have two in-
plane orientations (Px and Py) and are moved along the
profile of the NDs in the regions covered by the TDBC,
as shown in the schematic drawing in Figure 3b. Here
we show that a slight oxidation of the metallic nano-
structure generates an enhancement of the total decay
rate perturbation Γ/Γ0 and thus of the normalized
photonic density F(ri, ωexc) at position ri occupied by
the dipoles and at excitation frequency ωexc.
By averaging on all the considered dipole geome-

tries, in terms of orientations (k) and position (i), we
calculate the mean value of the normalized photonic
density for each oxide volume fraction:

Fωexc
¼ 1

2N ∑
2

k¼ 1
∑
N

i¼ 1
Fk(ri ,ωexc) (4)

These values, reported in the inset of Figure 4a, reveal
that the presence of a small percentage of Ag2O induces
an increase in F, compared to the pure Ag case (F = 0).

Figure 2. Effect of oxidation on optical properties of silver
NDs. Comparison between the experimental (solid) and the
theoretical (dashed) extinctionpeak for a116nmdiameterND.
Simulated peaks were obtained by using a metal-oxide effec-
tive medium dielectric function calculated with the Maxwell�
Garnett approximation. By comparing the energy position of
the peaks, oxide volume percentages of 6%, 7%, and 8%were
found to fit the experimental data for 24, 48, and 120 h aging
times, respectively. In the inset, a SEM image of as-fabricated
190 nm diameter silver NDs is shown (scale bar: 200 nm).
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This can be explained by considering the change in-
duced in the effectivedielectric function of theNDby the
presence of the oxide and thus in the resonant behavior
that the dipole polarizability of the ND displays for a
fixed energy (2.07 eV). The change in the Ag dielectric
function induced by the presence of oxide, in fact,
results in reduced absorption losses in the metal at the
exciton frequency and hence in a lower plasmon damp-
ing. A test performed using the Fröhlich condition yields
a peak similar to the one in the inset of Figure 4a, shifted
at smaller F, this probably being due to retardation
effects beyond the quasi-static approximation (see Sup-
porting Information, Figure S3).
It can be shown that the calculation of the normal-

ized photonic density F(ri, ωexc), which involves
the rigorous solution of Maxwell equations in DDA,
can be correlated to the equivalent quantity in the
quantum model of light�matter interaction and thus
to the coupling parameter g through the simple
relation58,59

g(ri ,ωexc) ¼ (Γ0γpl(F(ri ,ωexc) � 1)=4)1=2 (5)

whereΓ0 = γexc is the excitonic spontaneous decay rate
in the absence of the metallic nanoparticle and γpl is
the plasmon homogeneous line width extracted from
theDDAextinction spectra obtained for each oxidation
factor F. The electromagnetic coupling between the
plasmon and the exciton is a local phenomenon to be
analyzed point-to-point. Anyway a mean value gh can
be extracted by considering an averaging procedure
similar to the one in eq 4. Themean values obtained for
g span from 0.17 eV at 0% of oxide to 0.215 eV at 20%,
as shown in Figure 4a. Note that, despite the arbitrary
choice of the distance between the emitter and the ND
(fixed to 5 nm), our calculations well reproduce

Figure 3. (a) Experimental (violet) and calculated (yellow)
extinction spectra for a TDBC covered, 116 nm diameter Ag
ND,with the geometry shown in the inset. The characteristic
three-peak feature of a strongly coupled system is clearly
visible, i.e., the lower and upper polariton branches and the
uncoupled exciton (LP, UP, and Exc, respectively). (b) Nor-
malized photonic density around variously oxidized silver
NDs. The nanoantenna (a 116 nmdiameter ND) is excited by
a point-like emitter located at 5 nm from the surface and
oscillating, with an energy of 2.07 eV, along the y (left) and x
(right) direction. The normalized photonic density is then
calculated as the total decay rate of the dipole normalized to
its free-space value, and it is reported as a function of the
emitterposition for the fourdegreesof oxidation, correspond-
ing to the aged samples in Figure 2 (0%, 6%, 7%, and 8%).

Figure 4. (a) Mean coupling strength as a function of the oxidation factor F, calculated within the DDA framework. Themean
values are extracted, for a low degree of oxidation, from the mean photonic density shown in the inset. This has been
calculated by fixing the emitter frequency to the TDBC emission maximum (2.07 eV) and its distance from the nanoparticle
surface to 5 nm. Simulations were performed for two in-plane orientations of the dipole surce (Px and Py) and for all the
positions, along the disk profile, occupied by TDBC. Reported values are the mean values. (b) Normalized coupling strength
reported as a functionof the oxide fraction ξ (bottom scale) or of the oxidation factor F (top scale), forh/a=0.08, calculatedby
applying amodifiedgeometry for the system reported in refs 60 and61. Threedifferent values of theparameter x are shown: x
= 0.1 (black line), 0.4 (red line), and 0.8 (blue line).
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• the value of the Rabi splitting extracted from
Figure 1c (2g = 0.38 eV), being ghF=0% = 0.17 eV;

• the increasing trend of the coupling strength
experimentally observed for this oxidation range
and reported in Figure 1d.

To gain more physical insight into this counterintui-
tive behavior, found both experimentally and numeri-
cally, we developed a simple analytical model, able
to qualitatively describe the coupling strength of the
oxidized system, by means of geometrical and oxide
electromagnetic screening effect considerations. Re-
cently, Delga et al.60,61 have shown that the coupling
strength gl between a quantum emitter (QE) and the
localized plasmonic mode of angular momentum l

supported by a metal nanosphere can be expressed
in analytical form in the quasi-static regime. Note that
although the quasi-static approximation does not allow
for an accurate description of the extinction character-
istics of hybrid organometallic systems whose size is
comparable to the incident wavelength,40,62 it has been
successfully applied to the treatment of high-order
plasmonic modes in different contexts,63 even beyond
the purely static regime through the so-called radiative
reaction concept.64,65 Taking this into account, in our
minimal model, built for qualitative purposes only, we
assume that the theory developed for nanometric sphe-
rical geometries in refs 60 and61 is valid for our∼100nm
sized NDs-on-a-substrate experimental samples. Impor-
tantly, these assumptions are only justified because, as
shown below, this model reproduces the general trend
dependence of the coupling strength on the oxidation
level observed in experiments and simulations. This way,
dropping all the terms except for the geometrical para-
meters, we supposed, to a first approximation, that the
coupling strength corresponding to the dipolar plasmon
mode in our plexcitonic system can be written as

gl¼ 1 �
1

a3 1þh

a

� �2þ4

0
BBBB@

1
CCCCA

1=2

¼ a3

(aþh)6

 !1=2

(6)

where a is the ND radius and h is the distance between
the J-aggregate position and the metal surface.
To apply this analytical model to our system, we

assume that the oxidation effectively reduces the size
of the nanoparticle by a fraction ξ (between 0 and 1,
where ξ = 0 means no oxidation, while ξ = 1 means
total oxidation) of the initial dimension a. In this way,
the nanostructure can be considered as an effective
core�shell metal-oxide system, with (1 � ξ)a and ξa
the metallic core and the oxide shell dimensions,
respectively. Moreover, in order to take into account
the optical response of the grown oxide, we introduce
an effective distance between the QE and the nano-
particle, which weights the oxide contribution with a
constant parameter x. That is, we replaced (aþ h) in the

denominator with [a(1 � ξ) þ h þ xξa]. Finally, as
already shown in the literature, a dielectric shell sur-
rounding a metal nanoparticle or flat surface intro-
duces a cutoff limit in the parallel wave-vectors that
can be excited in the system at a given frequency.66�68

In our NDs, we assume that this effect prevents the
excitation of higher order multipole (l > 1) plasmon
modes and that only the dipole l = 1 contributes to the
emitter�ND coupling. We thus write the total coupling
strength in our system as

g ξ,
h

a
, x

� �
�

(1� ξ)3

(1� ξ) þ h

a
þ xξ

� �6
0
BBBB@

1
CCCCA

1=2

� ~g (7)

In Figure 4b we plot ~g normalized to 1, as a function
of the oxide fraction ξ for three different values of the
parameter x (0.1, 0.4, and 0.8). The ratio h/a is assumed
to be fixed to 0.086 (being a= 58nmandh=5 nm) near
the detuning zero condition. As a result, the model
shows that for high values of x (x > 0.5), ~g is a mono-
tonically decreasing function, as we expected. For
lower values, on the other hand, ~g always converges
toward zero for a completely oxidized nanoparticle,
but with a nonmonotonic trend, thus suggesting that
moderate values of the parameter x (below 0.5) can
well describe our system. Note that we have built an
analytical minimal model for the coupling strength
dependence on the oxidation fraction, based on three
assumptions: the validity of the quasi-static picture,
the fact that the dipolar plasmonic mode governs
the exciton�plasmon coupling, and the negligible role
played by the metallic shape (spherical/cylindrical).
These approximations allow us not only to reproduce
qualitatively our experimental and numerical observa-
tions but also to gain physical insight into our findings.
These can now be explained in the following way. On
one hand an increase of the oxide fraction induces an
increase of the effective distance between the QE and
the metallic nanoantenna, which would simply result
in the decrease of the coupling strength (as shown by
the monotonic drops of the normalized coupling
strength, for high x values, in Figure 4b). On the other
hand, for small values of x (<0.5), this extra distance can
effectively be compensated by the penetration of the
plasmon into the oxide layermore than it would do in a
vacuum. At the same time, the oxidation results in a
reduction of the nanoparticle dimension, which, in
turn, leads to a smaller effective modal volume with a
consequently higher coupling to the molecular dipole.
The numerical and analytical models thus confirm,

from two different perspectives, that the effect of low
oxide fractions in silver nanostructures is not detri-
mental for the onset of the strong light�matter cou-
pling regime, but, on the contrary, it can actually help.
The presence of oxide, both as an impurity/host
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material inside the ND (numerical approach) and as an
external layer corroding the ND edges (analytical
approach) results, thus, in an effective increase of
the radiative decay channel of the localized plasmons
excited inside the metallic antennas.

CONCLUSIONS

In conclusion, this work shows that, below a
threshold volume fraction, silver oxide can act as a

coupling mediator between an emitter and a loca-
lized surface plasmon excited in a metallic nano-
structure, and thus it behaves as an intensifier of
light�matter interaction for strong coupling ap-
plications. The results shown here open a new sur-
prising scenario in which the presence of a small
quantity of oxide does not prevent the appearance
of Rabi splitting in extinction spectra, but instead
favors it.

METHODS
Sample Fabrication. Two-dimensional ND arrays were fabri-

cated by electron beam lithography on a glass substrate. After
cleaning the substrate in acetone and 2-propanol, a 250 nm
poly(methyl methacrylate) (PMMA) layer was spin coated on
glass at 6000 rpm and soft-baked at 180 �C for 3 min. Subse-
quently, a chrome layer 2 nm thick was thermally evaporated
to prevent charge effects. The arrays were written by a Raith
150 system at 22 pA beam current and 30 keV. After electron
exposure, the Cr layer was removed by a ceric ammonium
nitrate based wet etcher for 20 s and rinsed in water. The
exposed resist was development in MIBK:IPA solution in a 1:3
ratio for 3 min and rinsed in 2-propanol for 1 min. After thermal
evaporation of 40 nmof silver, a liftoff process was performed in
an mr-Rem 500 remover solution (Microresist Technology) and
rinsed in 2-propanol.

For the molecule interacting system, a 1 mg/mL solution of
TDBC in methanol was prepared and filtered. Then dichloro-
methanewas added in a 1:2 volume ratio. The resulting solution
was finally spin coated onto the whole sample at 2000 rpm.

Optical Characterization. Extinction spectra were measured on
a confocal setup. Light from a tungsten lamp was focused
on the sample with a condenser (NA < 0.1) and collected with
a 10� objective lens (NA 0.45). Transmitted light was then
spatially selected and focused on the slits of a monochromator
coupled to a CCD camera.

Numerical Simulations. Version 1.3 of the open-source code
ADDA developed by Yurkin and Hoekstra50 was used. The main
feature of ADDA is the ability to run on a multiprocessor system
by parallelizing a single DDA simulation. For what concerns the
choice of the interdipole distance or discretization parameter
dint (which in DDA represents the side of the elementary cube),
all the results were obtained by setting dint = 1 nm, which, for
the large targets analyzed here, was enough to ensure conver-
gence. The perturbations on the dipole total decay rate induced
by the plasmons were analyzed in the framework of the DDA,
and further details on the method can be found in ref 69.
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