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Giant Rabi splitting between localized mixed plasmon-exciton states in a two-dimensional array
of nanosize metallic disks in an organic semiconductor
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We study localized surface plasmons in strong coupling with excitons of organic semiconductors. The
plasmons are localized in lithographed silver nanodisks organized in square array. A giant Rabi splitting energy
of 450 meV is obtained, and typical behaviors of mixed states, i.e., anticrossing of their energies and crossing
of their linewidths, are observed. Three-dimensional finite-difference time-domain simulations and coupled
oscillator calculations are used to analyze and corroborate the experimental results.
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Tailoring the optical properties of systems such as semi-
conductor microcavities and metal/semiconductor hybrid
structures by acting on their environment is currently a sub-
ject of significant interest. Metallic nanoparticles are good
candidates for this purpose due to the strong localization of
the electromagnetic field within and in the proximity of the
nanoparticle; luminescence'? and Raman enhancement have
been evidenced and applied to high-efficiency light-emitting
diodes® and single particle Raman measurements,*> respec-
tively. When the emitters present high-oscillator strength, a
strong coupling regime between plasmons and excitons can
be reached, leading to the formation of mixed plasmon/
exciton states. An anticrossing in the dispersion relations is
then observed, the strength of the coupling being character-
ized by the Rabi splitting. This hybridization has been pre-
dicted theoretically for metallic nanoparticles interacting
with an emitter, where well-separated mixed states and a
clear anticrossing have been observed. From an experimental
point of view, the strong coupling regime has been demon-
strated for delocalized plasmons on planar metal surfaces
with a Rabi splitting energy of 300 meV,”-® on nanostructured
metal surfaces,”!” and on close packed nanorods.!" For lo-
calized surface plasmons (LSP) in metallic nanoparticles, Iu-
minescence enhancement has been observed in the weak
coupling regime,'? as well as coherent effects.'3 The forma-
tion of mixed LSP/exciton states with a Rabi splitting energy
of 120 meV has been demonstrated recently in solutions of
colloidal metallic nanoshells coupled to molecular exciton.'*
However the increase in the Rabi splitting energy compared
to 2D plasmons, resulting from the localization of the plas-
mon, has never been observed.

In this work, the interaction between metallic nanodisks
(NDs) organized in arrays by lithographic means and an or-
ganic semiconductor is studied. The main advantage of litho-
graphed structures is that the size of the NDs and their envi-
ronment (other disks and semiconductor) are well controlled,
thereby avoiding a large inhomogeneous broadening of the
plasmonic resonances, which could partially mask the
plasmon/exciton hybridization. Furthermore, the lithography
technique used is fully compatible with passive plasmonic
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devices, such as low-attenuation guides or plasmonic nano-
cavities developed recently. The obtained Rabi splitting en-
ergy is extremely large, 450 meV, arising from the combina-
tion of a large excitonic oscillator strength and a
considerable enhancement of the electromagnetic field due to
the LSPs. Systems where the Rabi splitting represents a sig-
nificant part of the transition energy'> are also of interest for
the creation of correlated photon pair sources.'®

The first part of this Brief Report deals with the ND fab-
rication and the characterization of the bare plasmon reso-
nances. The Ag NDs have been defined by e-beam lithogra-
phy on a glass substrate. A 60 nm thick silver film was
evaporated and then removed by the lift-off technique, hence
revealing the silver ND assemblies on the surface. Each as-
sembly consists of a 200 by 200 um array made of several
tens of thousands of NDs separated by 210 nm side to side.
Several arrays, with different ND diameters, were fabricated
in order to tune the LSP resonance energy. The ND sizes
range from 100 to 210 nm. Scanning electron microscope
(SEM) images of the NDs were taken to determine the mean
disk diameter and the ND size dispersion. A SEM image is
shown in Fig. 1 as well as a typical size dispersion of NDs
with a 140 nm mean diameter. The typical size dispersion is
*7 nm and the distance between the NDs is 210 nm side to
side. This distance has been chosen to cause a negligible
interaction between the localized plasmons of neighboring
NDs, in order to drastically limit the influence of the envi-
ronment on the coupling between the plasmon of a single
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FIG. 1. (a) SEM image of a NDs array. (b) Typical size distri-
bution of the ND diameters.
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FIG. 2. (Color online) (a) Transmission spectra of the bare NDs
for 111, 121, and 143 nm diameters. (b) Measured energy positions
of the LSPs resonances (white circles) as a function of the ND
diameter, superimposed on the transmission spectra obtained from
3D FDTD calculations (in color/grayscale). The inset presents the
calculated norm of the LSP electric field for a 140 nm ND.

disk and semiconductor excitons. Indeed, the interdisk cou-
pling becomes negligible when the disk diameter is smaller
than the separation distance.!” The influence of the array on
the coupling effect described in the following is therefore
negligible. Diffractive effects can also be observed in peri-
odic nanoparticle arrays, which can result in variations in the
plasmon dip depth without significant energy modification'®
or in the emergence of sharp peaks in the optical spectra.'®
However, to observe such peaks the nanoparticles have to be
imbedded in a homogeneous medium, as shown by Auguie et
al.,'® which is not the case in our experiments where the
nanodisks are surrounded by glass on one side and air or dye
on the other sides.

All the transmission experiments were done at room tem-
perature on circular regions of 50 wm diameter (probing
around 2 X 10* identical NDs). Figure 2(a) shows the trans-
mission spectra recorded for three arrays having three differ-
ent ND diameters. A pronounced dip is observed for each
array, associated to the ND LSP resonance. The plasmon
resonance energy, measured from the transmission minimum,
is plotted in Fig. 2(b) as a function of the disk diameter. It
shifts from 1.8 to 2.45 eV while its width remains quasicon-
stant, about 180 meV. This linewidth includes both a homo-
geneous and an inhomogeneous broadenings. The latter
mainly arises from the Gaussian ND size distribution and can
be deduced from the dispersion measured from the SEM im-
ages (=7 nm) and the size/energy relation extracted from
Fig. 2(b). This inhomogeneous broadening is estimated to 90
meV. Supposing that the total width is the quadratic addition
of the homogeneous and inhomogeneous widths (convolu-
tion of two Gaussian lines), the homogeneous broadening is
estimated to 155 meV. Transmission spectra were simulated
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FIG. 3. (Color online) (a) TDBC absorption measured in a re-
gion without NDs. (b) Transmission spectra of the TDBC-covered
samples for different ND diameters (111, 121, 143, and 164 nm).
The inset shows transmission spectra of two arrays with the same
ND diameter (132 nm), and interdisk distances of 190 nm (red/gray
line) and 210 nm (black line) with the same energy scale than the
main figure. (c) Measured energies of the transmission dips (white
circles) as a function of the ND diameter, superimposed on the
transmission spectra obtained from 3D FDTD calculations (in
color/grayscale).

with three-dimensional (3D) finite-difference time-domain
(FDTD) calculations using a freely available software
package.?® The silver dielectric constant was fitted to the
values reported by Johnson et al.?! using a Drude model with
an instantaneous dielectric function of 3.70, a plasma fre-
quency of 13740 10'? rad.s™! and a damping coefficient of
32.1X 10" rad.s™!. The calculated transmission spectra are
shown on color map as a function of the ND diameter in Fig.
2(b). An excellent agreement with the experimental data is
obtained. The calculated norm of the LSP electric field for a
140 nm diameter ND is presented in the Fig. 2(b) inset,
showing an intense confinement of the electric field around
the particle.

We now turn to the coupled exciton/plasmon system.
The active layer is a thin film of a cyanine dye J-aggregate
[5,5', 6,6'-tetrachloro-1,1’-diethyl-3,3’-di(4-sulfobutyl)-
benzimidazolo-carbocyanine, or TDBC] diluted in water and
spin coated onto the whole sample surface. The TDBC
monomers form linear chains, namely, J-aggregates. This or-
dering of the dye molecules creates a delocalization of the
excitation which induces a redshift and a narrowing of the
absorption band.?? Figure 3(a) presents the absorption spec-
trum of a TDBC layer deposited onto a blank glass substrate.
The pronounced maximum lying at about 2.11 eV, with a
linewidth of 52 meV, corresponds to the J-band absorption.

In a first series of experiments, the ND assemblies were

033303-2



BRIEF REPORTS

coated with a TDBC layer. Typical transmission spectra are
presented for four ND diameters in Fig. 3(b). Three well-
defined dips clearly appear in each spectrum. It should be
noted that, in the case of a weak interaction between the
plasmon and the J-aggregate exciton, only two dips would be
present, assigned to the dye absorption and the plasmon
mode. The presence of three dips is therefore a strong indi-
cation of the plasmon/exciton hybridization, which leads to
the formation of two distinct mixed states at energies differ-
ing from those of the bare plasmon and exciton. The center
peak is clearly related to the bare, uncoupled exciton, its
energy position (2.11 eV) corresponding to the J-aggregate
absorption maximum [Fig. 3(a)]. This peak is expected since
the NDs occupy only about 10% of the sample surface, leav-
ing a significant part of dye noninteracting with the LSP. The
energy positions of the two dips present on both energy sides
of the dye absorption have been reported as a function of the
ND diameter in Fig. 3(c). The two lines experience a blue
shift as the ND diameter is increased, as well as a clear
anticrossing, characteristic of the strong coupling regime be-
tween the plasmon and the exciton. These two transitions
correspond to the upper and lower-energy plasmon/exciton
mixed states (UMS and LMS, respectively). The resonance,
which occurs when separation in energy between both tran-
sitions is the smallest, is achieved for NDs with a diameter
around 143 nm. This energy separation, called Rabi splitting
energy, is very large (337 meV). In order to confirm these
results, transmission spectra have been calculated with the
3D FDTD method. The dispersion of the dye has been mod-
eled by a Lorentzian with an instantaneous dielectric con-
stant of 2.56 and a Lorentz oscillator of frequency 3206
X 10'? rad.s™, spectral  width 48.6X10'2 rad.s™! and
strength 0.4155. Based on a series of 3D FDTD calculations,
we have considered that a dye layer of thickness 12.5 nm has
been deposited onto the sample. The calculated spectra, dis-
played in color map in Fig. 3(c), are in very good agreement
with the measurements, reproducing with an excellent accu-
racy the anticrossing that is observed experimentally. The
inset of Fig. 3(b) presents the transmission spectra of two
arrays with the same ND diameter (132 nm) but different
interdisk distances (190 and 210 nm). The spectra have a
similar shape with the same dip energy positions giving a
confirmation that the distance between the disks does not
influence the plasmon exciton coupling, and that the impor-
tant parameter is the disk diameter.

Another confirmation of the occurrence of the plasmon-
exciton mixing can be found when analyzing both UMS and
LMS transition linewidths. They are plotted in Fig. 4(b), to-
gether with the bare plasmon and bare exciton absorption
linewidths (180 and 52 meV respectively) deduced from the
absorption spectra. As the ND diameter is increased, an in-
version in the mixed state linewidths occurs. This feature is
characteristic of the strong coupling regime, resulting from
the hybrid nature of the mixed states. It can be understood
considering a coupled oscillator model, with the following
plasmon-exciton Hamiltonian:

e (Epl(d) — iy A2 )
A/Z Eex(d) - iYex '

where d is the ND diameter, A the interaction energy (360
meV), E., the uncoupled exciton energy (2.11 eV), ., the
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FIG. 4. (a) Measured (squares) and calculated (solid lines)
mixed states energy positions as a function of the ND diameter. (b)
Measured (open circles and triangles) and calculated (solid lines)
mixed states linewidths. The dashed lines correspond to the bare
plasmon and exciton linewidths.

exciton linewidth (52 meV). E(d) is the bare plasmon en-
ergy, deduced from 3D FDTD calculations, and v, the plas-
mon homogeneous broadening (155 meV) extracted using
the procedure described above. The mixed state widths have
been calculated using the homogeneous linewidths of the
plasmon and the exciton, considering that the NDs are quasi-
isolated from their neighbors and are not sensitive to the size
dispersion. The inhomogeneous broadening appears because
several thousands of NDs were experimentally probed at the
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FIG. 5. (Color online) (a) Transmission spectra of the samples
covered with two TDBC layers recorded for three different ND
diameters (99, 111, and 133 nm). (b) Measured energies of the
transmission dips (white circles) as a function of the ND diameter,
superimposed on the transmission spectra obtained from 3D FDTD
calculations (in color/grayscale).
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same time and is quadratically added to the homogeneous
width obtained from the coupled oscillator model. As can be
seen in Fig. 4(a), this simple model reproduces well the ex-
perimental mixed state energies. The crossing of the mixed
state linewidths occurs at the resonance (calculated diameter
136 nm), in agreement with the experimental data [Fig.
4(b)], and consistent with an equal-weight mixing between
the plasmon and the exciton for this ND diameter.

In a second series of experiments, in order to check the
influence of the exciton absorption on the coupling strength,
an additional TDBC layer has been spin coated onto the pre-
vious one. The transmission spectra recorded for 99, 111, and
133 nm diameter NDs are presented in Fig. 5(a). The mixed
state energies are presented as a function of the ND diameter
in Fig. 5(b), together with the normalized transmission ob-
tained from 3D FDTD calculations in which a dye layer of
total thickness 22.5 nm has been considered. The main dif-
ference with the previous series of experiments is the larger
energy splitting between the two dispersion curves. This be-
havior is consistent with the increase in the dye layer
absorption.® The calculated and the experimental values are
again in excellent agreement. The Rabi splitting amounts to
450 meV, which is the highest value reported up to now. It
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should be noted that the UMS dips in Fig. 5(a) are less pro-
nounced than those in Fig. 3(b). This comes from the high-
energy tail of the TDBC absorption, which does not modify
the mixed state energy but reduces the dip depth in the trans-
mission spectra. This effect was already observed by Bon-
nand et al.® This behavior becomes readily apparent as the
aggregated dye layer thickness is increased.

To conclude, we have shown that mixed states can be
obtained for metallic NDs interacting with an organic semi-
conductor. The Rabi splitting energy obtained is very large
(450 meV, 20% of the transition energy). These systems may
serve as model for a large variety of filled nanoparticles, e.g.,
spheres or ellipsoids, with well-controlled conditions of en-
vironment and particle size. Furthermore, the compatibility
of our system with passive plasmonic devices opens the way
to the realization of complex architectures where the plas-
mon properties will be tailored not only by the metal nano-
structuration, but also by hybridization with an active mate-
rial.
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