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In this work, we demonstrate polarization-dependent strong
coupling between surface plasmon polaritons (SPPs) and
excitons in the J-aggregates-attached aperture array. It is
shown that the excitons strongly couple with the
polarization-dependent SPPs, and Rabi splittings are conse-
quently observed. As a result, the polarization-dependent
polariton bands are generated in the system. Increasing
the incident angle, the polaritons disperse to higher energies
under transverse-electric illumination, while the polaritons
disperse to lower energies under transverse-magnetic illumi-
nation. Therefore, at different polarization incidence, we
experimentally achieve distinct polaritons with opposite
dispersion directions. In this way, tuning the polarization
of the incident light, we can excite different polaritons whose
energy propagates to different directions. Furthermore, by
retrieving the mixing fractions of the components in these
polariton bands, we find that the dispersion properties of
the polaritons are inherited from both the SPPs and the ex-
citons. Our investigation may inspire related studies on tun-
able photon—exciton interactions and achieve some potential
applications on active polariton devices. © 2017 Optical
Society of America

OCIS codes: (240.5420) Polaritons; (250.5403) Plasmonics; (160.4890)
Organic materials; (230.5440) Polarization-selective devices.
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Recently, interactions between photons and excitons have at-
tracted continuous interest, especially in the case of strong cou-
pling. Photon—exciton strong coupling takes place when the
energy exchange rate between them prevails over their damping
rates, generating quasi-particles called polaritons. The two hy-
brid polariton bands exhibit anti-crossing behavior in 4-space,
which is the Rabi splitting, and the Rabi splitting energy is re-
lated to the photon—exciton coupling energy. Strong coupling
with large coupling energy can be realized more easily when
Frenkel excitons in organic semiconductors are employed
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because of their higher binding energy, saturation density,
and oscillator strength. Such strong couplings have been dem-
onstrated in various systems, for example, in optical cavities
supporting cavity modes [1-9] and nanostructures supporting
surface plasmon polaritons (SPPs) [10-24], helping to guide
and manipulate polaritons at the nanoscale.

Beyond the fundamental interest, polaritons also provide the
building blocks for quantum information systems [25-27],
polariton condensation [28-30], and low-threshold nanolasers
[31,32], offering possibilities to realize all-optical circuits and
photonic quantum devices. There have already been some in-
teresting attempts on promising applications of polaritons. For
example, some researchers are approaching the quantum limit
[18,21], and some are trying to introduce multimode hybrid
polariton bands in one system [7-9,12,24,33]. There are also
some works exploring tunable platforms to control the polar-
itons” behavior. On the one hand, tunable photonic nanostruc-
tures are employed, such as polarization-dependent plexcitonic
crystals [15] and tunable hemispherical open-access microcav-
ities [34]. On the other hand, tunable photon—exciton strong
coupling based on an electric-sensitive transition metal dichal-
cogenide monolayer has been realized [33].

In this work, we offer another platform to actively tune the
strong coupling between excitons and SPPs by the polarization
of incident light. We attach /-aggregates on the top of a two-
dimensional aperture array, similar to the system in Ref. [13],
but we specifically set the aperture periods to be different
along the two axes. Thereafter, polarization-dependent SPPs
are excited in the array, and the excitons in the /-aggregates
can strongly couple with the SPPs, resulting in polarization-
dependent polaritons. Our work offers another degree of
freedom to control the energy propagation of polaritons, which
may inspire related studies about light—matter interactions and
achieve potential applications on tunable polariton devices.

First, we adjust the geometric parameters of the two-
dimensional aperture array using the commercial finite-difference
time-domain (FDTD) simulation software package (Lumerical
FDTD Solutions). As schematically described in Fig. 1(a), the
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Fig. 1. (a) Schematic description of the aperture array covered by
PVA film with /-aggregates; the inset gives the chemical formula of
TDBC used to form /-aggregates. (b) Calculated reflection spectrum
of the aperture array covered by pure PVA film under normal inci-
dence with different polarizations. (c) Black line shows the calculated
absorption spectrum of the PVA-TDBC film, fitting well with the
experimental results shown by the red line.

apertures are etched in a 120-nm-thick silver film on the silicon
substrate. The aperture radius is » = 40 nm, the period in the x
direction is P, =295 nm, and that in y direction is
P, = 370 nm. We then cover the aperture array by pure polyvinyl
alcohol (PVA) film, and calculate the reflection spectrum under
normal incidence In this system, the excited SPPs satisfy

N

bos = ko sin 9+ZG +]G where/e

spps is the wave vector

spps
of SPPs, /eo sin @ is the in-plane wave vector of incident light,
|G| =2x/P, and |G| =2x/P, are the amplitudes of

reciprocal lattice vectors, and 7, j are both integers [13,35-37].
So the wavelength of the reflection dip under normal incidence

Vestes/ (€4 + er)/

\/2/ P2+ j2/ P2, where €, and e are the permittivities of

follows the expression that Ag, =

PVA and the structured silver film, respectively. As indicated by
the arrows in Fig. 1(b), the resonant dip at 2.36 eV corresponds
to SPPs excited under x polarization, and the one at 1.99 eV
corresponds to SPPs excited under y polarization. As a result, differ-
ent SPP modes can be excited under different polarizations.

By attaching PVA film with /-aggregates onto the aperture
array to replace the pure PVA film, excitons can be introduced.
In our study, we use the organic dye TDBC to form the /-
aggregates, whose chemical formula is given as the inset in
Fig. 1(a). To fit the permittivity of the PVA-TDBC film,

we use the following single Lorentzian oscillator model [16]:

0} - 0 - iyw’

where €4, is the permittivity of pure PVA film, @, is the
oscillator frequency, y is the damping constant, and f is the
oscillator strength. To make a best fit to the experimentally
measured results, we find the fitted parameters to be
£ = 2.56, @y =3.2x10rad/s, y = 4 x 10'3 rad/s, and
f = 0.003. Employing these fitted parameters, the calculated
absorption spectrum is shown by the black line in Fig. 1(c), fit-
ting well with the experimental data [shown by the red line in
Fig. 1(c)], indicating that the excitons’ energy is around 2.11 eV.

Sweeping the incident angles under different polarizations,
the angle-resolved reflection spectra correspond to the
dispersion map of the SPP modes. In our study, the incident
plane is fixed to be the x-z plane. In this way, transverse-electric
(TE) illumination corresponds to the incident light keeping
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Fig. 2. (a) and (b) Show the calculated angle-resolved reflection
spectra under TE illumination, (c) and (d) show those under TM
illumination, where (a) and (c) correspond to the sample covered by
PVA film, and (b) and (d) correspond to the one covered by PVA-
TDBC film. The dashed black lines indicate the energy of excitons
in the /-aggregates.

its electric field polarized along the y axis, while transverse-
magnetic (TM) illumination corresponds to the incident light
with electric field polarized along the x axis.

Under TE illumination, the calculated angle-resolved reflec-
tion spectra of the aperture array covered by pure PVA film are
drawn in Fig. 2(a). As the incident angle increases, the SPP mode
disperses to higher energies. At about 15°, the energy of the re-
flection dip goes across the energy of the excitons, indicating a
strong coupling around this angle. Such a photon—exciton strong
coupling can be seen clearly in Fig. 2(b), which shows the calcu-
lated angle-resolved reflection spectra of the aperture array
covered by PVA-TDBC film. There is an obvious anti-crossing
behavior around 2.11 eV, which means two polariton bands
emerging because of the strong coupling. The two polariton
bands both disperse from lower energies to higher energies as
the incident angle increases, similar to the SPP mode. Under
TM illumination, the calculated angle-resolved reflection spectra
are shown in Fig. 2(c). As the incident angle increases, the SPP
mode disperses to lower energies. At about 11°, the energy of the
reflection dip intersects with the excitons’ energy, and strong cou-
pling around this angle is clearly observed in Fig. 2(d). Contrary
to the TE illumination, the two polariton bands here both dis-
perse from higher energies to lower energies, in accordance with
the behavior of the SPP mode.

The SPPs’ Bragg diffraction in the periodic aperture array
yields a folding of the SPPs’ dispersion curve [13], which leads to
the different dispersion directions shown in Figs. 2(a) and 2(c).
As a result, we can totally get two pairs of polariton bands with
different dispersion directions in this /-aggregates-covered aper-
ture array, and their presence can be tuned by the polarization of
incident light.

Employing the geometric parameters in simulation, we fab-
ricate the sample experimentally. The silver film is deposited on
the silicon substrate via magnetron sputtering, and then the
aperture array is etched in it by focus-ion-beam milling (FIB,
Helios Nanolab 600i). The scanning electronic microscope
(SEM) image of the sample is shown in Fig. 3(a). Covering
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Fig. 3. (a) SEM photo of the aperture array; (b) and (c) respectively

show the measured angle-resolved reflection spectra of the aperture
array covered by pure PVA film under TE and TM illumination with
a vertical offset for different incident angles, and the black dashed lines
trace their dispersions.

the sample with pure PVA film, we then measure the angle-
resolved reflection spectra by sweeping the incident angles.
Under normal incidence, the SPP mode excited by x polariza-
tion is around 2.02 eV, while that excited by y polarization is
around 2.27 eV. These energies have a little difference from the
calculated data, which may be caused by the deviations in fab-
rication process. Under TE illumination, as the results dis-
played in Fig. 3(b) show, the SPP mode disperses from
lower energies to higher energies, corresponding with the sim-
ulation results in Fig. 2(a). While under TM illumination, as
shown in Fig. 3(c), the dispersion direction of the SPPs re-
verses, and they disperse from higher energies to lower energies,
matching well with the data in Fig. 2(c).

To demonstrate the polarization-dependent SPPs—exciton
strong coupling, we cover the aperture array with PVA-TDBC
film, and then measure its angle-resolved reflection spectra under
different polarizations. Under TE illumination, we can see the
two polariton bands as traced by the black dashed lines in
Fig. 4(a). Both the lower polariton band (TE-LPB) and the upper
polariton band (TE-UPB) disperse from lower energies to higher
energies as the incident angle increases. Here, we enlarge the spec-
tra above 2.11 ¢V in order to see the TE-UPB more clearly.
Although the energy of the reflection dip at 15° is lower than
2.11 eV, there is still effective overlap between the SPP mode
and the excitons because these two modes are broad enough, lead-
ing to the strong coupling between them. Under TM illumina-
tion, on the contrary, the TM-LPB and TM-UPB traced by the
black dashed lines both disperse from higher energies to lower
energies as the incident angle increases. Converting these data
to two-dimensional angle-resolved reflection spectra, as shown
in Figs. 4(c) and 4(d), we can see the obvious anti-crossing phe-
nomena around the intersecting incident angles, like the behav-
iors respectively described in Figs. 2(b) and 2(d).

The strong coupling between the SPPs and excitons can be
expressed by the coupled harmonic oscillator equations as

E;I;P[E)(TM) AOTE(TM) /2 a;l;;(TM)
AQTETM) /) E G ETM)

ex

aTE(TM)
— E;,FE(TM) (9) < spp >, (2)

TE(TM)
dex

where E};,% (or Eg;,/[) represents the energy of the SPP mode

excited under TE (or TM) illumination, E,, represents the

ex
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Fig. 4. Measured reflection spectra of the sample covered by PVA-
TDBC film under (a) TE and (b) TM illumination with a vertical offset
for different incident angles. The black dashed lines trace the polariton
bands, and the red dashed lines indicate the exciton energy; (c) and
(d) respectively show the angle-resolved reflection spectra corresponding
to the results in (a) and (b). The white dashed lines indicate the fitted
results, and the black dashed lines indicate the excitons’ energy.

exciton energy, AQTE(™) s the coupling energy between the
corresponding SPP mode and excitons, E;E(Q) [or E;M(G)]
represents the energy of the emerged polariton mode,
31;];:, (or a}l};,/[) and a,, are the relative
weightings of SPPs and excitons in the polariton bands. From
the angle-resolved reflection spectra in Figs. 4(c) and 4(d), we
can find that the coupling energy under TE illumination is
AQ'™E = 200 meV, and that under TM illumination is
AQ™ = 250 meV. Due to the imperfection of the fabricated
sample and the parameter deviations between experiments and
simulations, the measured Rabi splitting energies are larger than
those in simulation. Using the measured Rabi splitting energies,
we can calculate the energies of the polariton bands employing
Eq. (2); the results are drawn by the white dashed lines in
Figs. 4(c) and 4(d), fitting well with the experimental data.
Besides fitting the polariton bands, we can also retrieve the
mixing fractions by using the experimental data to solve Eq. (2).
It is apparent, as displayed in Fig. 5, that every polariton mode is
a hybrid state consisting of SPP components and exciton com-
ponents. With the increase of incident angles, as shown in
Fig. 5(a), the mixing fraction of SPPs in TE-UPB increases
and that of excitons decreases; on the other hand, the mixing
fraction of SPPs in TE-LPB decreases and that of excitons

and the mixing fractions
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Fig. 5. Mixing fractions of the SPPs and excitons in the polariton
bands under (a) TE and (b) TM illumination.
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increases. On the contrary, under TM illumination, it is obvious
in Fig. 5(b) that the variation trends of the mixing fractions in
TM-UPB are similar to those in TE-LPB, while the mixing
fractions in TM-LPB change in the similar trends of those in
TE-UPB. These results can perfectly explain the dispersion
behaviors of the polariton bands. As the excitons are nondisper-
sive, all the polariton bands disperse in the same directions as the
SPPs but disperse more gently. Therefore, the variation trends of
the relative weightings of the SPPs and excitons in the polariton
bands help to understand their optical behaviors.

As we know, the group velocity of light can be expressed as
v, = dw/dk, representing the propagation velocity of energy.
Thereafter, the tangent line’s slope of every polariton band in
Figs. 4(c) and 4(d) is related to the group velocity of the polaritons.
In this way, the x components of the polaritons’ group velocities
under TE illumination are positive, i.e., z/g_F;C > 0, while those of

the polariton bands under TM illumination are negative, i.e.,
™

vy < 0, meaning that their energy propagation directions along
the x axis are opposite to each other. In this system, by tuning the
polarization of the incident light, we can get polaritons propagat-
ing to different directions, offering another degree of freedom to
control the polaritons’ energy propagation.

In summary, we have experimentally fabricated a two-
dimensional aperture array in silver film to support polarization-
dependent SPPs. Covering this array with /-aggregates, excitons
are easily introduced. Thereafter, polarization-dependent strong
couplings between SPPs and excitons are realized. Under TE
illumination, the polariton bands both disperse to the higher
energies as the incident angles increase. Contrarily, the polariton
bands both disperse to lower energies under TM illumination.
As a result, by tuning the polarization of incident light, we have
achieved different polariton bands with reverse dispersion, i.e.,
this platform supports different polaritons whose energies propa-
gate to different directions. Using the coupled harmonic oscil-
lator equations, we have fit the polariton bands and retrieved the
mixing fractions of SPPs and excitons in every band. The
dispersion behaviors of the polariton bands are explained by
the variation trends of the relative weightings of SPPs and exci-
tons. Our approach has offered a way to tune the polariton dis-
persions by the incident light polarization, showing another
degree of freedom to control the polariton propagation, which
may inspire related studies on tunable photon—exciton inter-
actions and achieve potential applications on tunable polariton
devices.
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