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In this work, we demonstrate experimentally the hybrid coupling among molecular excitons,
surface plasmon polaritons (SPPs), and Fabry-Perot (FP) mode in a nanostructured cavity, where a
J-aggregates doped PVA (polyvinyl alcohol) layer is inserted between a silver grating and a thick
silver film. By tuning the thickness of the doped PVA layer, the FP cavity mode efficiently couples
with the molecular excitons, forming two nearly dispersion-free modes. The dispersive SPPs inter-
act with these two modes while increasing the incident angle, leading to the formation of three
hybrid polariton bands. By retrieving the mixing fractions of the polariton band components from
the measured angular reflection spectra, we find all these three bands result from the strong cou-
pling among SPPs, FP mode, and excitons. This work may inspire related studies on hybrid light-
matter interactions, and achieve potential applications on multimode polariton lasers and optical
spectroscopy. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4949562]

Recently, controlling light-matter interactions by nano-
structures' 2° has attracted much attention, due to both funda-
mental and practical interest. Up to now, coupling between
photons and excitons has been extensively studied by many
groups, theoretically and experimentally, ranging from weak
coupling regime'* to strong coupling regime'*'? and even
ultrastrong coupling regime.'*"® In the weak coupling re-
gime, the damping rates of the photons and excitons prevails
over the energy exchange rate between them, and the line
shapes of the absorption or emission are modified. This may
have promising applications in the areas of solar cells and sen-
sors. On the other hand, in the strong and ultrastrong coupling
regimes where the energy exchange rate prevails over their
damping rates, hybrid optical modes with light-like and
matter-like components generate. In other words, strong cou-
pling leads to the formation of quasi-particles named polari-
tons, with small mass and easy to be optically controlled,
which can be used to explore some fundamental problems,
such as Bose-Einstein condensation” > and superfluid
related phenomena.*2° Also, it inspires the design of polari-
ton nanolasers.”’2° What's more, it offers possibilities to real-
ize all-optical circuits® and photonic quantum devices.”'

There are various systems used to study strong coupling,
such as optical microcavities,”** multilayered distributed
Bragg reflector (DBR),’*'"? and metallic nanostruc-
tures.®> 1971333 These systems offer diverse platforms sup-
porting cavity modes or surface plasmon polaritons (SPPs),
which can guide and manipulate light at nanoscale dimen-
sions. Meanwhile, semiconductor nanostructures and some
organic dyes inserted in these systems can offer excitons to
interact with light. In the previous work, some systems sup-
porting hybrid modes have also been reported.**® In these
systems, one cavity mode can couple with two kinds of
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excitons,34 one kind of excitons can couple with a series of
cavity modes,” or two kinds of plasmons can couple with
the same kind of excitons.*® Such hybrid systems introduce
interesting properties to strong coupling, such as tunability
and integration, extending their applications. Here, we offer
another choice to realize hybrid light-matter interactions,
simultaneously involving the interactions among SPPs,
Fabry-Perot (FP) cavity mode, and molecular excitons. We
design the organic-dye doped nanostructure by the simula-
tion software, and experimentally demonstrate the hybrid
strong coupling, which leads to three hybrid polariton bands.
Afterwards, we retrieve from the experimental data to get
the mixing fractions of SPPs, FP cavity mode, and excitons
in these hybrid bands, which helps to verify the origin of the
three bands. Our system involves two kinds of light compo-
nents to form hybrid polaritons, one with strong dispersion
(i.e., SPPs) and the other one nearly nondispersion (i.e., FP
mode), which may inspire related studies about hybrid light-
matter interactions and achieve potential applications on
multimode polariton lasers and optical spectroscopy.

We first consider a nanostructure with PVA (polyvinyl
alcohol), which is an ordinary dielectric layer, inserted
between a silver grating and a thick silver film, as illustrated
in the inset of Figure 1(a). The grating is used to introduce
SPPs,>’ and the inserted PVA layer helps to form a Fabry-
Perot (FP) cavity*® between the grating and the silver layer.
The period of the grating can be changed to tune the SPPs
energy, and the thickness of the PVA layer can be changed
to tune the FP mode energy. We design our grating with a
300 nm period and a 40 nm slit width. The thickness of the
PVA layer is 170 nm. Figure 1(a) shows the reflection spec-
trum calculated by the commercial finite-difference time-
domain (FDTD) simulation software package (Lumerical
FDTD Solutions). There are two reflection dips, correspond-
ing with two modes in this nanostructure. In order to explore
the origin and the feature of these modes, we monitor the
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FIG. 1. (a) The calculated reflection spectrum of the nanostructure with PVA inserted between a silver grating and a thick silver film. The inset gives a sche-
matic description of the nanostructure. The field distribution of Hy in the x-z plane (b) at the wavelength marked as SPPs and (c) at the wavelength marked as
FP. (d) The two-dimensional map of calculated reflection spectra under different incident angles.

distributions of the magnetic field component Hy in the x-z
plane at the two dips, as shown in Figs. 1(b) and 1(c), and
also calculate the reflection spectra under different incident
angles, as mapped in Fig. 1(d). Using the method in Ref. 32,
we find that the first dip around 520nm results from the
SPPs induced by the grating, which have strong dispersion.
On the other hand, the second one around 620 nm is almost
nondispersive. And in simulation, we find that this mode
shifts to longer wavelength as the thickness of PVA increas-
ing, together with the field distribution, both indicating an
FP mode. Moreover, when the incident angle is around 20°,
the SPPs mode strongly couples with the FP mode, resulting
in the anti-crossing in Fig. 1(d). Although the field distribu-
tions at these two dips look different, the light is strongly
trapped in the PVA layer for both modes, offering the possi-
bility of strong coupling.

We then replace the pure PVA layer with the
J-aggregates doped PVA layer, in order to introduce excitons,
as sketched in Figure 2(a). The used cyanine dye is TDBC

(5,6-Dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-sulfobutyl)-benzi-
midazol-2-ylidene]-propenyl]-1-ethyl-3-(4-sulfobutyl)-benzi-
midazolium hydroxide, inner salt, sodium salt), whose
chemical formula is given in the inset of Fig. 2(a). The experi-
mentally measured absorption spectrum and normalized pho-
toluminescence (PL) spectrum of the formed J-aggregates are
both given in Fig. 2(b), indicating the exciton energy to be
2.11eV (around 589 nm). This energy is close to the FP mode
energy, so there could be an effective coupling between the
FP mode and the molecular excitons. Here, we can reasonably
treat the FP mode in this system as nearly dispersion-free
mode. In this way, the interaction can be described by the
coupled equations as follows:

Efp
nQ/2

hQ/2 Olfp

Eex aex aex

where Ef, and E,, are the energies of FP mode and excitons,
hQ is the coupling energy between the FP mode and

PL intensity (a.u.)

FIG. 2. (a) A schematic description of
the J-aggregates doped nanostructure.

(a) c EzHﬁ Esz al (b%6
: @ e
C ’\\IW'I\T/CKCI

kl CH),  (CH) g
4 E SO;- S0,- Na& '-.3_0.4-

(%]

Q
<C 0.2

Jaggregates %30 560
- doped PVA

Wavelength (nm)

And the inset shows the chemical
formula of the TDBC used to form
J-aggregates. (b) The measured absorp-

600 640

—
(]
~

(d)

'

= PB> =l
c| FP_ .- T c
9 B R , 2
3 ‘hQ ™ exciton o
€ W PBi s )
= =

0,
SPP/s/.g

. tion spectrum (black line) and the
normalized photoluminescence (PL)

UBP. spectrum (red line) of the J-aggregates.
(c) Sketch of the interaction between
G PB, J-aggregates excitons and FP mode.
—————— £ _h_Q_ - = (d) Sketch of the interactions among
2 SPPs mode, PB; mode, and PB, mode.
ey e
Z PB;

k//



193111-3 Zhang et al.

excitons, E; is the energy of the hybrid mode, and the mixing
fractions |o<f,,|2 and |o.| represent the relative weightings of
FP mode and excitons in the hybrid mode. There are two
unique solutions for E; and thus there are two hybrid modes
emerging. Owing to the nearly nondispersion of the FP mode
and the nondispersion of the excitons, these hybrid modes
almost do not disperse with the in-plane wave vector. As
schematically shown in Fig. 2(c), we label these two modes
as PB, and PB,.

However, as the SPPs mode has a strong dispersion, it
would interact with the PB; and PB, modes successively
while we change the incident angles. Consequently, there
would be hybrid dispersive polariton bands. This hybrid cou-
pling can be approximately described by the coupled oscilla-
tor model, expressed as

ESP th/Z h92/2 Osp Osp
th/Z E1 0 o = Ep(()) o 5 (2)
th/Z 0 E; 0 2]

where Eg,, E, and E; are the energies of SPPs mode, PB,
mode, and PB, mode, 7Q; or 7, is the coupling energy
between SPPs mode and PB; or PB, mode, E,(0) represents
the dispersive energy of the hybrid polariton band, and the
mixing fractions |o, 2, oy |*, and |o|* are the relative weight-
ings of SPPs mode, PB; mode, and PB, mode in the polariton
band. There are three unique solutions for £, (6), which means
we can finally get three dispersive polariton bands in this
nanostructure. We name these hybrid polariton bands as lower
polariton band (LPB), middle polariton band (MPB), and
upper polariton band (UPB) to distinguish, as schematically
described in Fig. 2(d).

To verify the prediction above, we fabricate the samples
using the parameters used in simulation. After a 200 nm thick
silver film is deposited onto the glass substrate via magnetron
sputtering, a 170nm J-aggregates doped PVA layer is spun
onto it, and then an 80 nm silver film is deposited by magne-
tron sputtering. Finally, the gratings are fabricated on the top
silver film by focus-ion-beam milling (FIB, Helios Nanolab
6001). Figure 3(a) shows the top view and side view scanning
electronic microscope (SEM) image of the J-aggregates doped
sample. We measure the reflection spectra of this sample
under different incident angles and show some of them in
Fig. 3(b). At normal incidence, we can clearly see three dips
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in the spectrum, corresponding with the three modes, i.e.,
SPPs mode around 518 nm, PB; mode around 578 nm, and
PB, mode around 628 nm, respectively, as marked near the
red line in Fig. 3(b). As the incident angle increases, the SPPs
mode successively overlaps and couples strongly with the PB,
and PB, modes, leading to the emergence of three hybrid
polariton modes, tracked by the solid black lines in Fig. 3(b).
We can see these hybrid modes more clearly from the two-
dimensional map of the reflection spectra in Fig. 3(c), in
which we fit the polariton bands by using Eq. (2), shown as
black dashed lines. We can distinctly see three dispersive
polariton bands in this map, and the calculated lines fit well
with the experimental results. These polariton bands undergo
anti-crossing at the points where the SPPs mode overlaps
with PB; or PB, mode, with Rabi splitting energies of 7,
=110.6meV and 7Q, =122.5meV, respectively, indicating
the strong coupling between the SPPs mode and the PB; or
PB, mode. This phenomenon matches well with the one pre-
dicted in Fig. 2(d).

Using the experimental data, we can retrieve the relative
mixing fractions of SPPs mode, PB; mode, and PB, mode in
the three polariton bands, i.., |0, 2, ocl|2, and |oc2|2, which
are shown in Figs. 4(a)-4(c), respectively. As a matter of fact,
these polariton bands originally come from the interactions
among the three fundamental elements, SPPs, FP mode, and
excitons. In this way, we finally get the mixing fractions of
SPPs, FP mode, and excitons in these hybrid bands, and the
results are given in Figs. 4(d)—4(f). In Fig. 4(a), we find the
LPB mainly comes from the mixing of SPPs mode and PB,
mode. Experimentally, the LPB approaches but never touches
the PB; mode as the incident angle increasing (in Fig. 3(c)),
agreed with the increase of PB; mode mixing fraction. But, in
fact, LPB consists of three components as shown in Fig. 4(d).
In our nanostructure, the wavelength of FP mode is longer
than that of the excitons; therefore, although the mixing frac-
tions of the FP mode and excitons both increase as the inci-
dent angle increasing, the mixing fraction of excitons
eventually exceeds that of the FP mode at larger incident
angles. In Figs. 4(b) and 4(e) for MPB, the mixing fraction of
SPPs mode reaches the highest point at about 18°, matching
well with the intersection point of SPPs mode and MPB as
shown in Fig. 3(c). On the other hand, as the experimental
data in Fig. 3(c) shows, MPB leaves PB; and approaches PB,
with the incident angle increasing, leading to the decrease of

o 1(b)

Reflection

30°(¢)e90 0.84

Wavelength (nm)

o
>

520 560 600 640
Wavelength (nm)

FIG. 3. (a) Top view and side view SEM images of the J-aggregates doped sample. (b) The reflection spectra of the sample under different incident angles.
The solid black lines trace the three dispersive polariton bands, and the dotted black lines indicate the PB; mode and PB, mode. The SPPs mode under normal
incidence is also indicated. (c) The two-dimensional map of the reflection spectra while scanning the incident angle. The white dashed line indicates the SPPs
mode, the white dashed-and-dotted lines indicate the PB; and PB, modes, and the black dashed lines fit the three hybrid polariton modes.
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PB, mixing fraction and the increase of PB, mixing fraction
(as shown in Fig. 4(b)). In fact, with the increase of incident
angle, MPB goes across excitonic mode and FP mode succes-
sively, so in Fig. 4(e) we can find the mixing fraction of the
excitons decreases and that of the FP mode increases. As UPB
exists in the long wavelength region, it looks like that the
UPB mainly comes from the interaction of SPPs and PB,, as
shown in Fig. 4(c). As the incident angle increases, the UPB
leaves the PB, mode, resulting in the increase of SPPs mixing
fraction and the decrease of PB, mixing fraction. Essentially,
the UPB also comes from the interactions among the SPPs,
FP mode, and excitons, as described in Fig. 4(f). Because
UPB is closer to the FP mode rather than the excitons, the
mixing fraction of FP mode is larger. But as the incident angle
increases, UPB leaves the FP mode and excitonic mode, lead-
ing to the decrease of the two mixing fractions. In brief,
although the dispersion features of the three polariton bands
(LPB, MPB, and UPB) are different, these bands all originally
result from the hybrid interactions among SPPs, FP mode, and
excitons.

In our J-aggregates doped nanostructure, we simultane-
ously introduce SPPs, FP cavity mode, and molecular exci-
tons. We tune the energy of SPPs and FP mode to make sure
the three elements could efficiently couple with one another.
Such hybrid interactions lead to three polariton bands and

every hybrid band has three components. There are two
kinds of light components in these finally formed polariton
bands, which are SPPs with strong dispersion and the FP
mode nearly dispersion-free, respectively. So every hybrid
polariton band has strongly dispersive light component,
nearly nondispersive light component and matter component.
The only difference among the polariton bands is the differ-
ent mixing fractions of the basic components, resulting in
different dispersion features. What’s more, as the energies of
SPPs and FP mode can be easily tuned by the geometry pa-
rameters, our system can be used to offer hybrid interactions
with different kinds of excitons. Such hybrid interactions
may find interesting applications in multimode polariton
lasers and quantum optics.

In summary, we have proposed and experimentally dem-
onstrated an organic-dye-doped nanostructure to simultane-
ously introduce three fundamental elements, SPPs, FP cavity
mode, and excitons, in which hybrid light-matter interactions
take place. As a result, three hybrid polariton bands emerge.
All these polariton bands are composed of the three basic
components, i.e., SPPs with strongly dispersive photonic fea-
ture, FP mode with nearly nondispersive photonic feature,
and molecular excitons acting as matter. By retrieving from
the experimental data, we get the mixing fractions of SPPs,
FP cavity mode, and excitons in these hybrid bands, finding
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out the origin of the three bands. The experimental results
match well with the theoretical prediction, and the retrieved
data give a reasonable explanation of the experimental phe-
nomenon. This work may inspire related studies about hybrid
light-matter interactions and achieve some potential applica-
tions, such as plasmonic devices, multimode polariton lasers,
and optical spectroscopy.

This work was supported by the Ministry of Science and
Technology of China (Grant No. 2012CB921502), and the
National Natural Science Foundation of China (Grant Nos.
61475070, 11474157, 11321063, 51302268, and 91321312).
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