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Abstract

When the electromagnetic modes supported by plasmonic-based cavities interact
strongly with molecules located within the cavity, new hybrid states known as plasmon-

exciton-polaritons (PEPs) are formed. The properties of PEPs, such as group velocity,
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effective mass and lifetime, depend on the dispersive and spectral characteristics of the
optical modes underlying the strong coupling. In this work, we focus on lattice modes
supported by rectangular arrays of plasmonic nanoparticles known as surface lattice
resonances (SLRs). We show that SLRs arising from different in-plane diffraction orders
in the lattice can couple with the molecular excitons leading to PEPs with distinct
dispersions, and thus different group velocities. These results illustrates the possibility

of tailoring the transport of PEPs through the design of lattices of plasmonic particles.
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The realization of strong light-matter coupling at room temperature using organic molecules
to exploit properties of exciton-polaritons has been the driving force of many theoretical and
experimental studies in recent years. Exciton-polaritons possess intriguing properties which
have been exploited for wide-ranging purposes: room temperature Bose-Einstein conden-

4

sation and polariton lasing,'* enhanced exciton transport®® and conductivity” in organic

8,9

semiconductors, modified electronic potential energy surfaces in molecular systems®” and

10,11 comprise a small set of associated research highlights

altered chemical reaction yields
across numerous disciplines.

In the realm of strong light-matter coupling, microcavities have historically been the
canonical system for studying exciton-polaritons!? by virtue of their intuitive design and ro-
bust cavity modes. In recent room temperature experiments the types of photonic structures
employed for strong-coupling have multiplied, ranging from single plasmonic nanoparticles, '?

1415 plasmonic hole arrays,® and nanoparticle arrays.'™!® The

to planar metallic surfaces,
hybrid quasi-particles resulting from the strong coupling of molecular excitons with modes
in plasmonic resonances, i.e., modes arising from the coherent oscillation of the electrons at

the interface between the metal and the surrounding dielectric, are called plasmon-exciton-



polaritons (PEPs).
The strength of microcavities lies in the high quality resonances associated with their well
defined cavity modes. Plasmonic structures, on the other hand, suffer from strong radiative

and non-radiative losses, !°

resulting in relatively broad linewidths. The improvement of the
resonance quality factor leads to increased lifetimes; a condition that makes the realization of
strongly coupled coherent states feasible. Nevertheless, the strong field enhancement within
a small mode volume at the vicinity of these structures have made the realization of strong
light-matter coupling possible.?’

Among the aforementioned plasmonic structures, it has been shown that periodic arrays
of plasmonic nanoparticles are suitable platforms for strong coupling experiments. 417:18,21-23
Plasmonic arrays offer the dual advantage of independent control over both the energy-
momentum dispersions, as well as the linewidths of collective resonances (surface lattice
resonance, SLRs) supported by the arrays.?* The modification of the dispersion is of central
relevance for the design of photonic systems enabling the precise control of the properties
of the exciton-polaritons, including group velocity and effective mass.'” Furthermore, these
systems benefit from an ease in positioning the organic molecules in the vicinity of the plas-
monic nanoparticles?® and the possibility for integration with planar photonic technologies
due to the open nature of the cavity.

In this article, we demonstrate strong coupling of excitons in organic molecules to SLRs
in anisotropic arrays of nanoparticles. By exploiting the coupling of excitons to different
orders of diffraction, we allow for the excitation of PEPs with different dispersions and group
velocities. This leads to an anisotropy in the properties of the generated PEPs which can
not take place in a conventional cavity, where cylindrical symmetry limits the dispersion. By
combining PEP dispersions with different propagation constants in different directions, it is
conceivable to design systems analogous to birefringent crystals for nonlinear polaritonics, or

provide directivity in the transport and propagation of exciton-polaritons for optoelectronic

applications.



Sample preparation

Arrays of nanoparticles were fabricated by substrate conformal imprint lithography onto
glass substrates (Corning FEagle 2000, n = 1.51). This technique, which is based on a
polydimethylsiloxane (PDMS) stamp to conformally imprint nanostructures, offers a great
potential for fabrication of nanostructures over large areas with high precision and repro-
ducibility.? In this study, we used silver as a metal with low loss in the visible range of the
electromagnetic spectrum. A scanning electron micrograph image of the fabricated structure
is displayed in the inset of Fig. 1. The array of the nanoparticles is a rectangular lattice
with lattice constants a, = 200 nm and a, = 380 nm along the short and long axes, respec-
tively. The height of the nanoparticles is 20 nm and the nominal length and width of the

nanoparticles are 70 nm and 50 nm, respectively.

Normalized absorption
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Figure 1: (a) Normalized absorption spectrum of the organic dye. (Inset) SEM image of the
array of silver nanoparticles. The scale bar is 200 nm.

One complication associated with silver nanoparticles is oxidation under ambient condi-
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tions, which can deteriorate their optical and plasmonic responses. To avoid this oxidation,
the nanoparticles are encapsulated with an 8 nm layer of SiO, and 20 nm of SizN, imme-
diately after the evaporation of the silver. These passivation layers lead to stable particles
with proper resistance against oxidation.

As an organic dye molecule, we use a rylene-based compound |N,N’-Bis(2,6-diisopropylphenyl)-
1,6,11,16-tetra(2,6 diisopropylphenoxy)-8,18-and-8,19-dibromoquater rylene-3,4:13,14-tetra-
carboximide|. The normalized absorption spectrum of this compound is shown in Fig. 1(a).
The ease of processability and high photostability are the main motivations for using this
molecule. The main electronic transition of this molecule is located at E;, = 2.237 eV, with
a linewidth (I',,) of approximately 0.090 eV at room temperature. The second peak at E,,
= 2.409 eV corresponds to a vibronic sublevel of the first electronic excited state.

To strongly couple the molecular excitons to the SLRs supported by the array, a layer
of PMMA containing the molecules with thickness of 120 4+ 20 nm was spin-coated on top
of the array. Small variations of the thickness within the error range does not influence
the optical properties SLRs. We dissolved the dye molecules and PMMA in chloroform and
stirred the solution at 60 °C for 1 hour. Two different samples were prepared with a weight

concentration of the organic molecules with respect to PMMA of 35 wt% and 50 wt%.

Surface lattice resonances in arrays of nanoparticles

To have a better insight in the electric field distribution of the resonances supported by the
metallic nanoparticles, we have performed Finite-Difference Time-Domain (FDTD) simula-
tions for the single particle as well as for an array of nanoparticles with the lattice parameters
described above. In all the simulations, the structure is illuminated at normal incidence with
a plane wave with the polarization vector oriented along the short axis of the nanoparticles.
In Fig. 2(a), the scattering cross section of the single particle with a resonance at E;gpr = 2.5

eV is plotted with a red curve. This resonance corresponds to the localized surface plasmon



resonance (LSPR) with a dipolar (A\/2) electric field distribution. The total electric field
intensities corresponding to the LSPR for the plane across the middle of the particle (top
view) and the cross sectional plane (side view) are shown in Figs. 2(b,c) in a logarithmic
scale. The LSPR creates a strong electric field enhancement at the vicinity of the nanoparti-
cles. However, the extension of the field to the surrounding medium is limited to few tens of
nanometers. This spatial confinement reduces the efficient coupling of the electromagnetic
field to a few of the molecules distributed in the PMMA layer.?® Furthermore, the strong
Ohmic and radiative losses associated with LSPRs leads to the broad linewidth and short
lifetime of these resonances.

The losses associated to LSPRs in individual particles can be significantly reduced by
creating a lattice of plasmonic nanoparticles in which the particles interact via coherent scat-
tering by means of the in-plane diffraction orders, known as Rayleigh Anomalies (RAs). %27
The RAs lead to the enhanced radiative coupling between LSPRs, resulting in a remarkable
modification of the linewidth and quality factor of the resonance. The resulting modes are
the aforementioned SLRs.?"?® In this case, the electric field on each particle is the sum of

the incident field plus the radiation from all other nanoparticles. The effective polarizability

of each nanoparticle in an infinite array is given by?®

.1
Oz—l/a—_S, (1>

where « is the polarizability of the single particle and S is the retarded dipole sum, which
contains the effect of all the other nanoparticles on the polarizability. The extinction cross

section of the array of coupled particles in terms of effective polarizability can be written as

Cext = AmkIm(a™). (2)

The simulated extinction of the array supporting the enhanced diffractive coupling be-

tween LSPR is shown in Fig. 2(a) as a blue curve. The extinction is defined as (1-7"/T}.r)



where T is the zeroth-order transmission, i.e., transmission in the forward direction from
the array, and 7.y is the transmission from the sample in the absence of the nanoparticles,
i.e., the transmission of the substrate. The appearance of a narrow peak in the extinction
of the periodic array of nanoparticles can be explained in terms of interplay between S and
1/a. The measured extinction at normal incidence is displayed in Fig. 2(a) as gray line.
The measurement is shifted vertically for clarity and it shows a good agreement with the
simulations. The small discrepancies between the simulated and measured extinction spectra
can be explained by the Gaussian beam illumination and finite sample size in the experi-
ment, compared to the plane wave illumination and infinite sample size for the simulations.
Moreover, small size variations between the simulated and measured nanoparticles could also

induce some discrepancies.
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Figure 2: (a) Measurement (gray line) and simulation (blue line) of the extinction for the
array of silver nanoparticles. (brown line) Simulation of scattering cross section of the single
particle illuminated by the plane wave. The extinction measurement is vertically displaced
by 0.5. Electric field intensity of a single particle at E = 2.5 eV at the plane passing through
(b) the middle height and (c) the cross section of the particle. Electric field intensity of the
particle within the rectangular lattice at E = 2.139 eV for the plane passing (d) through
the middle height and (e) the cross-section of the particle. Note that in all simulations, the
incident plane wave is polarized along the short axis of the nanoparticle (along y-direction
in panels (b,c)).



A significant reduction of the linewidth (enhanced quality factor) is observed for the array
of nanoparticles. Moreover, due to the photonic nature of the diffraction order giving rise to
the SLRs, these modes exhibit a more spatially extended electric field profile than LSPRs.
Given the fact that the lattice is formed by plasmonic nanoparticles with large polarizability,
the local electric field intensity of the modes is enhanced due to LSPRs. This effect can be
revealed through the comparison between the spatial distribution of electric field intensity
for a single nanoparticle Figs. 2(b,c) and the nanoparticle in the lattice Figs. 2(d,e). In
Figs. 2(d,e), we can see the simultaneous delocalization and enhancement of the electric
field intensity in the lattice. The spatial modification of the electromagnetic field and its
further extension into the regions far from the particle leads to an increase in the number of
molecules that can couple to the electromagnetic mode, resulting in an increased collective

coupling strength of the molecular excitons with the SLRs.

Strong coupling of excitons to SLRs

One of the signatures of strong light-matter coupling is the modification of the energy dis-
persion and the appearance of an anticrossing at the energy and momentum where the
dispersions of the lattice modes and molecular excitonic transition cross each other. To mea-
sure the strong coupling between the molecular excitons and the SLRs, we have implemented
angle-resolved measurements in order to measure the optical extinction as a function of the
angle of incidence, i.e., as a function of the wave vector parallel to the surface of the array.
These measurements retrieve the dispersive behavior of the resonances supported by the ar-
ray. The collective nature of the strong-coupling implies that the strength of the light-matter
interaction should increase by increasing the number of the excitons within the mode volume
of the cavity, leading to an enhanced anticrossing in the dispersion. The coupling strength

in the collective strong coupling is given by the Rabi energy
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" =2E.dVN | (3)

where E and d are the electromagnetic field amplitude and the transition dipole moment of
the exciton, respectively and N is the number of excitons coupled to the optical mode that
expresses the collective nature of strong coupling.?’

To strongly couple SLRs to molecular excitons, we spin-coated a layer of PMMA doped
with the dye molecules at 35 wt% and 50 wt%. In these experiments we select the periodicity
of the lattice such that the energy of the SLRs at zero momentum, i.e., k = 0, is lower than the
energy of the molecular excitonic transition (Fx,= 2.240 V). This condition corresponds to
negative detuning between the energies of the cavity mode and the excitonic transition. The
directions of the sample rotation to determine the SLRs from the extinction measurements
are shown in the left side of Fig. 3. In these measurements, the polarization of the incident
light is fixed along the short axis of the nanoparticles, i.e., the x-axis. The extinction
measurements are shown in Fig. 3, where (a), (b) and (c) correspond to the sample rotation
along the long nanoparticle axis, i.e., the y-axis, and (d), (e) and (f) along the x-axis.
Figures 3 (a) and (d) correspond to the extinction of a sample with a polymer layer of 120
nm but without the organic molecules. With these measurements we resolve the bare SLRs
resulting from the different orders of diffraction. The grating equation is used as follows to

correlate the extinction measurements with SLRs resulting from different RAs,

= ot G (4)

where l;:”i = 27” sin(f)u; and E”d = anef sliq are the parallel components of the incident and
diffracted wave vectors, respectively (g = (1, 4,) and 4; are the unitary vectors along the
diffracted and incident directions), € is the angle between the wave vector of the incident
beam and the direction normal to the surface of the sample, n.s¢ is the effective index defining

the phase velocity of the in-plane diffracted wave, i.e., the RAs, and G = [(27/a,)p, (27 /ay)q]



is the reciprocal lattice vector of the array with p and ¢ corresponding to the orders of
diffraction and a, and a, the lattice constants. In Fig. 3 (a), we observe the degenerate
SLRs along p= 0, q = %1, i.e., the (0, 1) order. The dispersion of the (0, £1) RAs is given
by

hic
Eo+1) = in—ff k2 4 (27/ay)? (5)

where a, = 380 nm and EH%’ = k,u, has only a component along the x-direction, i.e., the
sample is rotated along the y-direction. The measured full width at half maximum (FWHM)
of this SLR is 16 meV at k, = 0 mrad/nm. The FWHM of the SLR increases by increasing
k. due to the reduction of the detuning between the RAs and the LSPR (at £ = 2.458 eV),
which results into an enhanced plasmonic character of the SLR. Moreover, one should notice
that the dispersion of the SLR along k, and k, is quite different, a difference that also
extends to the linewidths. For this particular system, it seems that SLR along k, is more
damped than along k,. As the resonances in these systems have Fano lineshapes, one can also
describe the features of the resonance like linewidth by the strength of the coupling between
the discrete state ( RAs) and the continuum (LSPRs), which depends on the dispersion of
the RAs.

Figures 3 (b) and (c) correspond to the extinction of the samples with 35 wt% and
50 wt% dye concentration, respectively. In these figures, the energies of the excitonic and
vibronic transitions of the molecules are marked by black dashed lines at Ex, = 2.24 eV
and Fy, = 2.41 eV, respectively. A clear anti-crossing between the excitonic resonance
and the SLR can be observed. This anti-crossing gets more pronounced as the molecular
concentration is increased. In addition, the onset of hybridization between vibronic molecular
transitions and the SLR, which leads to the formation of the middle polariton is visible at
E =~ 2.41 eV, although the coupling strength is not large enough to give rise to a clear
splitting.

The other RAs that provide a new set of SLRs with entirely different dispersion compared
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Figure 3: Measurements of the extinction for the array of nanoparticles with SLR excited
along the (0,41) RAs while the array is covered with 120 nm (a,d) of undoped PMMA and

doped PMMA with (b,e) 35 wt% (c.,f) 50 wt% dye. (a-

c) SLRs and PEPs dispersions when

excited along the x-direction. (d-f) SLRs and PEPs dispersions along the y-direction. Black
dashed lines indicate the excitonic and vibronic transition of the dye.
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to the previous case are the RAs arising from the diffraction of Eui along the y-direction, i.e.,
EHZ‘ = kyt,. This situation corresponds in the experiments to rotate the sample along the

x-direction. In this case, the dispersion of the (0,+£1) diffraction orders are linear and given

by

hc
Eo+1) =F "

[ky +27/ay] . (6)
eff

This SLRs with linear dispersions are displayed in Fig. 3(d). Similar to the previous case,
the strong coupling of the SLRs with the molecular excitons, shown in Figs. 3 (e) and (f)
for 35 wt% and 50 wt% dye concentration, respectively, leads to their hybridization and the
formation of PEPs with an anticrossing at k, ~ 1.5 mrad/nm. As we show ahead, one im-
portant result of this simultaneous occurrence of PEPs with distinct dispersion anisotropy is
the modified PEP group velocity. An interesting feature that can be seen in the dispersion of
the strongly coupled linear SLRs to excitons is the dark nature (absence of extinction) of the
upper polariton band at k, = 0 mrad/nm. A similar response has been reported previously
and it is explained by the antisymmetric field and charge distributions across the nanoparti-
cles due to the optical retardation along their long axis.??3! These distributions lead to the
suppression of the net dipole moment and the absence of extinction. Recent experiments
showing exciton-polariton lasing in nanoparticles arrays have revealed the relevance of dark
modes for PEPs condensation.? We note also that the SLRs associated to the (£1,0) RAs
are not visible in the extinction measurements of Fig. 3. This absence is due to the shorter
lattice constant along the x-direction (a, = 200 nm), which shifts these resonances to higher
frequencies.

To determine the coupling strength and group velocities of PEPs along different direc-
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tions, We can fit the measurements to a few-level Hamiltonian given by:

Esir &y IS
H = th EXl 0 ) (7)
h 0 FExo

where Fgr g is the energy of the SLR, Ex; and Exs are the energies of the vibronic bands.
Here, we focus on the linear-response regime, such that the two dominant vibronic peaks can
be treated as separate independant resonances of the molecule. Moreover, h{2; and h{)y are
the Rabi energies describing the coupling between the SLR and the molecular transitions.
Note that in this model we treat the different SLRs independently from each other. By
diagonalizing this Hamiltonian, we can obtain the energy eigenvalues of the system. In
Figs. 4(a,b), the green solid lines correspond to the fitted dispersions to the measured lower
PEP bands for the sample with 50 wt% dye concentration. The red dots in these figures
represent the experimental values obtained from the measurements of Fig. 3(c,f). A good
agreement between the measured and calculated dispersions is achieved. However, there are
some discrepancies that can be related to the simplified nature of the model and the fact
that it does not take into account all the molecular energy sublevels and transitions that can
also couple to the SLRs. In addition, in the energy region where the upper polariton modes
are expected, there are a number of additional photonic modes in the system (e.g., guided
modes in the polymer layer). As we have not included these modes in the simple model we
use to obtain the lower polariton dispersion, the middle and upper polaritons of the model
Hamiltonian do not correspond well to the actual modes of the system. Therefore, we do
not discuss their dispersions in detail.

Using these fits we extract the value of ~120 meV for the Rabi energy of the (0,£1)
PEPs with 35 wt% dye concentration, which is greater than the linewidths of SLR (77 meV)
and the inhomogeneously broadened excitonic transition (90 meV). By increasing the dye

concentration to 50 wt% we observe that the Rabi splitting increases to ~170 meV for PEPs
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Figure 4: The dispersions of the lower polaritons (red dots) obtained from the extinction
maps for SLRs propagating along (a) y- and (b) x-direction. The solid green and yellow
lines represent the polaritons resulting from the analytical model based on the described
Hamiltonian. The black dashed line at Ex, = 2.24 ¢V (Ex, = 2.41 eV) represents the energy
of the excitonic (vibronic) transition in the molecules. The blue dashed line represents the
energy dispersion of SLRs in the absence of dye molecules.

To emphasize the anisotropy on the dispersion of the PEPs, we have reconstructed the
three-dimensional PEP dispersion in Fig. 5 (a). The dispersions are extracted from the
diagonalization of the few-level Hamiltonian given by Eq.(7). The photon fraction of the
PEPs is color-coded in Fig. 5(a). A close look into this figure shows that the curvature of
the dispersion surfaces is different along different directions. In comparison with microcavi-
ties that manifest cylindrical symmetry and isotropic dispersion, arrays of nanoparticles can
have very anisotropic dispersion. One immediate consequence of this anisotropic dispersion
is the different group velocity (v, = A~ (dE/dk)) of the polaritons along different directions.

This feature can be particularly interesting within the context of enhanced exciton-polariton
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transport in the strong coupling limit as a way to control the flow of exciton-polaritons.?%

The anisotropic nature of the PEPs will also enable to control the scattering of the exciton-
polaritons applicable for exciton-polariton condensation and parametric oscillation and am-
plification.*

In order to determine the PEPs group velocities along the x and y directions, we have
calculated the first derivate of the dispersion from the experimental extinction maxima. The
group velocities of the PEPs, normalized by the speed to light in vacuum, are shown in
Fig. 5 (b) as a function of the wave vector. In this figure, the red curve corresponds to
the group velocity of the lower PEP band along £,, while the blue curve shows the group
velocity along k,. The anisotropy in the dispersion leads to very different group velocities,
with a velocity ratio close to 10 for small values of the wave vector. While the close-to-linear
dispersion for k, leads to a large group velocity, the parabolic dispersion for &, leads to slow
PEPs. In addition to the different dispersions along different directions, the difference in
the curvature of the PEPs should lead to distinct effective masses and anisotropic transport
of exciton-polaritons. For SLRs arising from the diffraction along x-direction, the effective
mass can be calculated from the second derivative of the dispersion (m*= 4 x 107* m, at
k.= 0 mrad/nm, where m, is the electron mass). However, for SLRs along the y-direction,
the dispersions are linear and the effective mass of the relativistic particles needs to be taken

into account.

Conclusion

In conclusion, we have shown that planar arrays of metallic nanoparticles can provide a pow-
erful platform for creating the hybrid states of light and matter, plasmon-exciton-polaritons,
with distinct dispersions and enable to make a polaritonic medium with tailored anisotropy.
The quality of the fabricated arrays and their associated geometrical parameters lead to the

observation of Rabi splitting between the upper and lower PEPs with different polariton
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dispersions and group velocities. Such degree of control of the properties of PEPs can be
potentially applicable for the design of polariton based circuits with an anisotropic response
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