Lithuanian Journal of Physics
Vol. 64, No. 4, pp. 229-237 (2024)

ISSN 1648-8504 _eISSN 2424-3647
DO https://doi.org/10.3952/physics.2024.64.4.3

EMISSION INDUCED BY STRONG COUPLING BETWEEN
HYBRID TAMM-SURFACE PLASMON POLARITON MODE AND
RHODAMINE 6G DYE EXCITON

E. Buzavaité-Verteliené »*, V. Zickus %, J. Anulyté %, and Z. Balevicius °

* Department of Laser Technologies, Center for Physical Sciences and Technology, Saulétekio 3, 10257 Vilnius, Lithuania

® Faculty of Electronics, Vilnius Gediminas Technical University, Plytinés 25, 10105 Vilnius, Lithuania

Email: gigmas.balevicius@ftmc. I

Received 19 November 2024; accepted 20 November 2024

Total internal reflection ellipsometry (TIRE) and leakage microscopy were applied for the study of photonic-plas-
monic nanostructures supporting hybrid Tamm-surface plasmon modes and their strong coupling with Rhodamine
6G organic dye excitons. The optical response of TIRE has shown that Tamm and surface plasmon polaritons interact
strongly and the formed hybrid plasmonic mode alters resonances in the energy spectra. Moreover, both TPP (Tamm
plasmon polaritons) and SPP (surface plasmon polaritons) components in the hybrid mode are strongly coupled with
R6G-PMMA (poly(methyl methacrylate)) layers at the inner and outer interfaces of the 50 nm gold layer, respectively.
Leakage microscopy in the back focal plane optical configuration proves the energy transfer of excited emitters through
the 50 nm gold layer in the strong coupling regime. Polaritonic emission in the strong coupling has better coherence
properties than conventional spontaneous fluorescence emission from pure Rhodamine 6G organic dye molecules.
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1. Introduction

Strong coupling between plasmonic resonances
and various emitters such as excitons in organic
dyes or photochromic molecules or rare earth
metals allow one to transfer energy through tens
of nanometre thick metallic layers with decreased
metal losses []. The ability of metals to sup-
port plasmonic resonances gives the possibility to
overcome the diffraction limit and achieve a high
enhancement of electric field at the metal-dielec-
tric interface [H]. Such open cavity has an easy
access to the volume in which an emitter can be
placed. Plasmonic-photonic cavities that are able
to support energy exchange in the strong cou-
pling regime are promising for thresholdless na-
nolasers [H, |, ultra-sensitive optical sensing
], modification of chemical reaction rates [
] and quantum information processing [[13].
The strong coupling regime is achieved when en-
ergy exchange between the light-like mode (plas-
monic resonance) and the matter like emitters (or-
ganic dye molecules) occurs during the coherent

time []. In other words, in such a microscopic
system the energy exchange between plasmonic
resonance and excitons is faster than the damping
rate, and as a result, the hybrid plasmon-exciton
polaritonic state is generated [[L5].

Existence of hybrid modes has been shown be-
tween two different plasmonic excitations - sur-
face plasmon polaritons (SPP) and Tamm plas-
mon polaritons (TPP) []. The well-known SPP
is a propagated surface electromagnetic mode at
the interface of a thin (=50 nm) metal layer and
a dielectric. The SPP is a non-radiative electro-
magnetic mode and in order to excite the SPP
waves the glass prism or grating coupler are
usually used to match the in-plane wave vectors
of incident light and the plasma oscillation in
the metal [E]. It should be noted that SPP can be
excited only in the p polarization. Another type of
electromagnetic surface modes existing between
the metal and photonic crystals are the so-called
Tamm plasmon polariton []. TPPs are optical
states similar to the electron states proposed by
Tamm [@] that appear in the energy band gap on


mailto:/10.3952/physics.2024.64.4.3?subject=
mailto:zigmas.balevicius%40ftmc.lt?subject=

230 ISSN 1648-8504 eISSN 2424-3647

E. Buzavaité-Verteliené et al. / Lith. ]. Phys. 64, 229-237 (2024)

the crystal surface. In the case of the photonic crys-
tal, the distributed Bragg reflections (DBR) form
the forbidden photonic stop band [] for photons
that resembles the energy band gap of the real crys-
tal. Differently from the propagated SPP, the TPP
are non-propagating states and can be excited in p
and s polarizations. The TPP have an in-plane wave
vector which is less than the wave vector of light in
a vacuum, thus, a direct optical excitation of TPP is
possible, opposite to the SPP where the light wave
vector is always smaller than SPP [@]. When con-
ditions of energy and wave vectors are satisfied for
both resonances SPP and TPP, the hybrid TPP-SPP
mode excitations can be generated. Such matching
can be obtained whenever a glass prism or optical
objectives (or other couplers) are optically con-
nected with 1D PC (photonic crystal) on which
a thin metal layer is deposited on the top. In such
plasmonic-photonic structure, the TPP and SPP
resonances exist in a broad range of angles of light
incidence. If the dispersion relation curves have
a splitting, which is wider than the sum of the both
excitations widths, it indicates a strong coupling re-
gime between TPP and SPP and the energy spectra
of both plasmonic resonances are altered compared
with uncoupled ones [@]. It should be noted that
the alteration of the plasmonic resonances in wave-
length spectra also indicates the dynamics in time
domain at frequencies that correspond to the split-
ting in the hybrid polaritonic mode [@]. This leads
to the coherent exchange of energy between an
SPP-emitter and a TPP-emitter when an emitter
(organic dye molecules) is placed in close proxim-
ity of the metal layer where plasmonic resonance
takes place. Pump-probe or fluorescence lifetime
spectroscopy was used to investigate the dynam-
ics of SPP oscillations strongly coupled with oth-
er emitters [, @]. However, the decay times for
plasmon modes are about ~100 fs, and this means
that coherent energy exchange is even shorter [@,
@]. The excited energy transfer between molecules
through the distance can be achieved by Dexter
transfer [@] when two molecular wave functions
overlapped (=1 nm) or by Foster transfer [@, @]
as near-field resonant dipole-dipole interaction
(=10 nm). Both interactions are non-radiative;
however, the energy transfer distance is very short
compared with a simple radiative energy trans-
ter where distances are sufficient, but rather high
losses and a low efficiency do not allow a coherent

energy transfer. Meanwhile, plasmonic resonances
are electromagnetic states which can have microns
of propagation lengths in the VIS-NIR range and
can efliciently couple with various emitters, thus
being able to transfer energy coherently over tens
of nanometres in the strong coupling regime.

In this study, we show that the hybrid TPP-SPP
mode can efficiently transfer energy and emit in
free space through the 50 nm thick gold layer when
inner TPP and outer SPP plasmonic components
in the hybrid mode are strongly coupled between
each other and with two R6G-PMMA rhodamine
dye layers (20 nm thick) placed at both gold layer
interfaces.

2. Methods

Two different samples were prepared: (1) the sam-
ple without a plasmonic nanostructure (CS/R6G)
and (2) the hybrid TPP-SPP mode supporting
sample (CS/PC/R6G/Au/R6G). Both samples were
formed on a coverslip glass (CS) substrate. The first
sample was formed by spin coating (3000 rpm)
the prepared solution (3:1) of PMMA polymer and
Rhodamine 6G molecules dissolved in ethanol.
The concentration of PMMA was ¢ = 36.7 mg/L
and the Rhodamine 6G concentration was
¢ =25 mmol/L (¢, = 11.78 g/L). The second struc-
ture consisted of a photonic crystal (1D PC) made
of 5 alternating TiO, (60 nm) and SiO, (110 nm)
bilayers formed by ion beam sputtering on CS. Fur-
ther, the previously described R6G layer (20 nm)
was spin coated on PC, then the 50 nm Au layer
was sputtered (magnetron sputtering) and another
R6G layer (20 nm) was spin coated.

The fabricated samples were then character-
ized by the total internal reflection ellipsometry
(TIRE) method with an incorporated 45° prism
coupler in a range of 40-60° angles of incidence
(AOI). The TIRE method measures the reflection
intensity ratio between the p and s polarization
components (¥), and the phase difference between
them (A) and the ellipsometry setup can be seen
in Fig. , right, where the sample (with the prism
attached to it) is introduced into the optical path of
an ellipsometric system. The ellipsometer used for
measuring the optical response of the two samples
was the dual rotating compensator J. A. Woollam
RC2 model, where the light source is a Deuterium/
Tungsten lamp (210-1700 nm spectral range).
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Fig. 1. Total internal reflection fluorescence (TIRF) imaging for back focal plane (BFP) imaging (left) and total
internal reflection ellipsometry (right) measuring schemes. The TIRF setup consists of an objective (OB]),
a beam splitter (BS), two convex lenses (L1 and L2), a mirror (M) and an imaging camera (FLIR). The TIRE
scheme consists of a white light source (LS), a polarizer (P), two rotating compensators (C), an analyzer (A)
and a CCD detector (D). The substrate (CS) of samples 1 (CS/R6G) and 2 (CS/PC/R6G/Au/R6G) is attached

to the objective or prism via immersion oil.

Further, total internal reflection fluorescence
(TIRF) measurements were performed (Fig. ,
left) where the system was built for the back focal
plane (BFP) imaging. The excitation source was
a 520 nm nanosecond laser beam passing through
a beam splitter. A high numerical aperture ob-
jective lens (Nikon Apo TIRF 100x NA 1.45) is
used to excite the sample and collect fluorescence
at large angles (up to ~73°). The fluorescence is
collected with a forward-looking infrared (FLIR)
camera (BFLY-U3-23S6M-C monochromatic),
where a back focal plane image (BFP) is created
after passing through two lenses. The collected
light was filtered with a band-pass filter with
peak transmission at 600 nm to filter out the re-
flected laser light and transmit the emission of
a plasmonic-photonic nanostructure. In order to
achieve a TIR, the incident laser beam angle must
be larger than the critical angle where the inci-
dent light is coupled into an evanescent field at
the cover slip (CS) and ambient interface. The TIR
can be achieved by focusing the laser beam at
objectives BFP, allowing the BFP imaging of
fluorescence.

3. Results and discussions

In order to experimentally identify the strong
coupling regime in the investigated photonic-
plasmonic structures, most often the reflectance
spectra of energy vs the angle of incidence are
measured [@]. This allows one to transform such
data to the optical dispersion w(k). As mentioned
before, the excited plasmonic resonances were
sensitive to the polarization of incident light, thus,
the spectroscopic ellipsometry method was used
to measure the reflectance spectra of ellipsomet-
ric parameters W(A) (polarized light ratio of am-
plitudes) and A(A) (phase differences between p
and s polarizations) from which the p and s po-
larizations were further analyzed separately. For
the excitation of the SPP mode, an additional cou-
pler is necessary, so a glass prism was used and
the photonic-plasmonic structure (CS/PC/R6G/
Au/R6G) was attached to the prism base. Such op-
tical configuration in the total internal reflection
is usually called total internal reflection ellipsom-
etry (TIRE) [@, ]. This allows one to excite a hy-
brid TPP-SPP mode in an ellipsometric scheme
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and analyze in detail full polarization properties of
such plasmon-exciton polaritonic states. The optical
scheme of TIRE is presented in Fig. m (right). The re-
flection intensity of p polarization and s polarization
components (taken from TIRE measurements) is
shown in Fig. @(a, b). The measured TIRE spectra
(Fig. @(a)) clearly show the splitting of TPP-SPP hy-
brid mode in the wavelength range where R6G dye
has absorption lines (500-600 nm with a peak at
560 nm marked with a red dotted line). Meanwhile in
the s-polarized reflectance spectra, only the TPP ex-
citation coupled with R6G dye molecules (Fig. @(b))
can be seen in the map as the SPP mode is not gener-
ated in s polarization. This indicates that for the anal-
ysis of the hybrid TPP-SPP mode coupled with R6G
dye to distinguish a p-polarized reflectance compo-
nent is relevant.

In order to understand the behaviour of hybrid
plasmonic excitations, two plasmonic-photonic
structures PC/Au and PC/PMMA/Au/PMMA were
modelled with the CompleteEase software (used
with a J.A. Woollam RC2 spectroscopic ellipsom-
eter), which is based on Fresnel equations. The opti-
cal constants of the modelled layers were taken from
the used software database. For the TIRE configura-
tion, the simulated optical response of p-polarized
light shows the anti-crossing of TPP and SPP reso-
nances inside the forbidden photonic crystal band
gap for both 1D PC/Au layer (Fig. E(a)) and 1D
PC/PMMA/Au/PMMA (Fig. f(b)) modelled struc-

tures. These simulations were done in order to prove
the strong coupling between the TPP and SPP plas-
monic resonances and to determine the wavelength
shifts in spectra due to the additional two PMMA
layer. The SPP and TPP components are red shifted
by 73 and 18 nm, respectively (at 47° AOI), due to
the additional PMMA layers at both interfaces of
the gold layer. So, any other changes in optical re-
sponse were related with adding R6G dye molecules
into the PMMA layer. The experimental measure-
ments with R6G dye molecules in the PMMA ma-
trix were conducted in the range from 40-60° AOI
due to 45° of the BK7 glass prism.

As the spectroscopic ellipsometry simulations
and measurements proved the presence of strong
coupling as the splitting of the hybrid TPP-SPP
mode dispersion curves was observed, further
the same investigated samples were studied by
leakage microscopy in the back focal plane opti-
cal scheme (the measurement optical scheme pre-
sented in Fig. m, left). The optical configuration for
the excitation of the samples was the same as for
TIRE, the only difference was that the glass prism
was replaced by an optical objective (Nikon Apo
TIRF 100x with 1.45 NA). The emission BFP image
of both the pure CS/R6G and the strongly coupled
hybrid TPP-SPP mode with the R6G (CS/PC/R6G/
Au/R6G) samples pumped with a 520 nm nanosec-
ond laser can be seen in Fig. H(a, b), respectively.
Further, the cross section of the image (a red dotted

Fig. 2. Measured p polarization (a) and s polarization (b) reflection dependence on the angle of incidence in
the CS/PC/R6G/Au/R6G structure supporting the hybrid TPP-SPP mode. A red dotted line marks the R6G

absorption peak at 560 nm.
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Fig. 3. Modelled p polarization reflection intensity of TPP-SPP supporting structures: (a) PC/Au and (b) PC/
PMMA/Au/PMMA. Red dashed lines mark the SPP and TPP components in the PC/Au structure and a green
dotted line marks the critical angle ().

(c) (d)

k Ik, k /k,

Fig. 4. Back focal plane images (a, b) of the two samples: (a) CS/R6G and (b) CS/PC/R6G/Au/R6G; the cross
section of the BFP images at the red dotted line of (a) and (b), shown in (c) and (d), respectively.
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line in Fig. H(a, b)) was taken to determine the in-
tensity distribution over the wavevector k space.
The cross section for CS/R6G and CS/PC/R6G/
Au/R6G samples can be seen in Fig. H(c, d), re-
spectively. As previously, the reference sample was
the pure R6G layer in the PMMA matrix depos-
ited on the coverslip.

For the pure R6G/PMMA layer, the fluores-
cence emission is obtained above the critical
angle when total internal reflection phenomena
are achieved. From the camera view (Fig. H(a)),
a bright ring at the edge of the CS/R6G sample
image can be clearly seen. This corresponds to
Rhodamine 6G in the PMMA matrix emission
with the highest intensity distribution at the edge
of the ring (Fig. H(c)). Meanwhile, in the strongly
coupled sample (Fig. H(b)), the outer bright ring
corresponds to the SPP component in the hy-
brid mode and the dark ring is the critical angle
for such structure. It should be noted that from
the camera view the emission of TPP component
is almost unnoticeable, but the cross-section of
the image (Fig. H(d)) clearly indicates weaker
emission from the TPP component in the hybrid
mode. The feature of R6G organic dye molecules
is that their absorption and emission bands over-
lap due to the monomer and aggregate struc-
ture [, @] which depends on the concentration
of dye molecules in the volume. The absorption
and emission have double peaks, and such dou-
ble structures can be modified and enhanced
with high concentrations of molecules due to
formed aggregates. Anti-crossing with peaks of
both absorption lines is possible [@], indicat-
ing the formation of hybrid plasmonic modes
with multiple couplings with molecule excitons.
This is the case of our studies where the TPP
and SPP components in the hybrid mode are
strongly coupled with nearby R6G dye layers at
the inner (TPP) and outer (SPP) metal/dielectric
interfaces. Moreover, the tuning of emission in-
tensities is possible by changing the metal thick-
ness and the concentration of R6G molecules in
the layer. If the metal layer thickness increases,
the amount of transferred energy decreases, so
in this case, we found the optimal gold layer
thickness (=50 nm) for such hybrid plasmonic-
photonic nanostructure. Such gold layer thick-
ness was optimal for both plasmonic resonances
to efficiently excite and couple with each other,

moreover, the penetration depth at 1/e is about
25-30 nm for visible wavelengths. The hybrid
TPP-SPP mode has an antisymmetric (TPP)
and a symmetric (SPP) component. Increasing
the metal layer thickness leads to weakening and
broadening of the SPP, whereas the antisymmet-
ric TPP becomes narrower. Because of that, our
designed nanostructure was optimized to trans-
fer coherent energy through the metal layer to
the outer interface (SPP) and emit radiation into
free space.

4. Summary

The present experimental studies have shown
the strong coupling regime in the hybrid TPP-
SPP mode and energy exchange between TP-R6G
polariton and SP-R6G polariton components.
The evidence of the energy transfer is the ob-
servation of stronger emission through the SPP
component by exciting the dye molecule layer
of TP-R6G from the substrate side. The main
difference from the conventional spontaneous
fluorescence emission of pure R6G dye is that
this emission occurs due to strongly coupled ex-
tended coherent states emerging from the hybrid
TPP-SPP mode and the R6G dye molecule ex-
citon coupling. Thus, such polaritonic emission
exhibits better spatial and temporal coherence
properties. The hybrid plasmon-exciton polari-
tonic states could act as energy channels from
matter-like (non-coherent) substances to light-
like (coherent) modes.

The polarization-based optical methods such
as spectroscopic ellipsometry are advanced opti-
cal methods with the ability to analyze in detail
the strong coupling effect. The leakage microsco-
py method in the back focal plane is a useful tool
to excite and handle plasmonic-photonic nano-
structures able to radiate coherent emission from
the dimensions less than the diffraction limit.
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STIPRIOSIOS SAVEIKOS REZIMO NULEMTA SPINDULIUOTE TARP HIBRIDINIU
TAMMO-PAVIRSINIU PLAZMONU POLIARITONU IR RODAMINO 6G
MOLEKULIU EKSITONO
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Santrauka

Fotoniniy-plazmoniniy nanostruktiry, palaikanciy
hibridinius Tammo-pavir$inius plazmoninius suzadi-
nimus ir jy stipriaja saveikg su rodamino 6G organiniy
dazy eksitonais, tyrimui taikyta visisko vidaus atspin-
dzio elipsometrija (TIRE) ir optiné mikroskopija visi$ko
vidaus atspindzio konfigaracijoje. Optinis TIRE atsakas
parodé, kad Tammo ir pavir$iaus plazmono poliaritonai
stipriai sgveikauja, o hibridinis plazmoninis suzadini-
mas lémé rezonansy pokytj energijos spektre. Be to, tiek
TPP, tiek SPP sandai hibridinéje busenoje yra stipriosios

sgveikos rezime su R6G-PMMA sluoksniais, atitinkamai
esanciais 50 nm aukso sluoksnio vidinéje ir i$orinéje sg-
sajose. Visisko vidaus atspindzio mikroskopija galinio
fokuso plokstumos optinéje konfigiiracijoje jrodo su-
zadinty emiteriy energijos perdavimg per 50 nm aukso
sluoksnj, kai sistema yra stipriosios saveikos rezime. Po-
liaritoninis spinduliavimas stipriosios sgveikos rezime
pasizymi geresnémis koherentiskumo savybémis, paly-
ginti su jprastiniu gryny rodamino 6G organiniy dazy
molekuliy spontaniniu fluorescencijos spinduliavimu.



