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Abstract: Kinetic parameters of a six-level model are obtained by matching the experimental data
for a fluorescent dye to study loss-compensation in the surface plasmon-polariton propagating along
a silver film covered with a gain layer.

OCIS codes: (240.6680) Surface plasmons; (250.5403) Plasmonics; (240.6690) Surface waves;

1. Introduction

One major limitation in plasmonic-based systems is the large damping due to losses in metals. Overcoming these
losses has been an active research subject [1, 2]. A promising solution is incorporating optical gain material into the
dielectric part of a nanoplasmonic system [2]. Design and optimization of nanolasers and spasers [3-5] is yet another
application area, where combining optical gain inclusions with plasmonic elements becomes imperative.

Among the wide variety of optical gain materials, organic dyes are known for their broad spectra covering normally
up to several hundreds of nanometers making them attractive for wavelength tunability. The development and
optimization of active nanoplasmonic devices should be supported and facilitated by accurate theoretical models and
numerical techniques that can adequately describe the interaction between light and organic dyes. Accurate numerical
simulations of lasing dynamics of organic dyes in time-domain are currently built on a semi-classical model. In the
model the atomic system is treated quantum mechanically and electromagnetic wave is treated classically. These gain
material models relying on single- and two-electron four-level rate equations for electron populations have proven to
be efficient in handling a wide range of gain materials [6,7]. However, some organic dyes can exhibit non-negligible
split transitions requiring more advanced and accurate material models.

In this work, a six-level single-electron system is used to fit the parameters of Thermo-Scientific Green fluorescent
dye in a polystyrene film obtained from a pump-probe experiment. The six-level kinetic model takes into account split
transitions, which play an increasingly significant role in more complex gain materials allowing lasing to occur at
multiple wavelengths. The optical gain introduced by the “Firefli* Fluorescent Green” dye (Thermo-Scientific,
Waltham, MA, USA) is then used to compensate for surface plasmon polariton (SPP) losses in a Kretschmann-Raether
configuration, Fig. 2, similar to that reported experimentally in [2]. Enhancement of the reflectivity signal is observed
to be as high as 525% for concentration of the dye molecules of 2x10%° cm,

2. Analysis and results

Light-matter interaction in optical gain media is modeled using a semi-classical model in which atom is treated
quantum-mechanically and electromagnetic wave is treated classically. The atom in our analysis is modeled by a six-
level single-electron system allowing electronic transitions between the levels shown in Fig. 1. The system is described
by a set of rate equations that quantify the transitions between different sublevels. Rate equations are then coupled to
the standard FDTD method [6] via auxiliary differential equations (ADE) [8]. For the Thermo-Scientific Green
fluorescent dye, the wavelengths corresponding to energy differences between different atomic levels shown in Fig.
1 are as follow: Aso = 438 nm, A4 = 466 Nm, A3, = 513 nm, and As1 = 486 nm. The dye is pumped at 438 nm from the
backside of the prism while the probe is incident through a glass prism as in Fig.2. The pulse width for the pump
signal is 1 ps and the probe signal is 10 fs. The probe signal is delayed by 5 ps from the pump. In our Kretschmann-
Raether configuration with a 50-nm silver film, the SPP resonance condition at 513 nm corresponds to an incidence
angle of 46.5° which is represented by the dip in the reflectivity curve as shown in Fig. 3. Dielectric functions of the
silica prism and the silver film are taken form Palik [9]. A 2-D FDTD analysis is carried out for the experimental setup
(Fig. 2) with and without the pumping signal. The results are shown in Fig. 3: the solid black line represents reflectivity
without pumping (no gain), the dashed red line corresponds to reflectivity in the presence of gain with dye molecule
density Ng = 2x10%° cm™ and the solid blue line indicates the presence of gain with dye molecule density Ng = 2x10%°
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cm, Relative enhancement in reflectivity is 180% with a concentration of dye molecules of 2x10%° cm and around
525% with concentration of dye molecules of 2x10% cm . These results suggest that a complete suppression of the
SPP losses is achievable in our study with correct concentration of dye molecules.
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Fig. 1. Jablonski diagram of the six-level atomic system with stimulated transitions and relaxations.
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Fig. 2. Schematic of SPP excitation in the Kretschmann-Raether Fig. 3. Reflectivity with respect to incident angle (8) with and without
configuration. gain at different concentrations of dye molecules.

3. Summary

A six-level single-election kinetic model (in which additional split transitions are fully accounted for) is employed to
simulate the stimulated emission of organic dye molecules. Time domain modeling of the gain-assisted SPP adjacent
to a polystyrene layer mixed with the “Firefli* Fluorescent Green” dye (Thermo-Scientific, Waltham, MA, USA) has
been performed. Up to 525% and 180% enhancement in reflectivity is observed for dye concentrations of 2x10%° and
2x10'° cm® respectively. Our simulations are in good agreement with the published experimental results considering
SPP propagation with amplification in a similar geometry [2], where 280% enhancement in reflectivity was observed
with a different dye (R6G) in the PMMA film for a dye concentration of 1.26x10° ¢cm 3. The proposed modeling
approach stimulates further experimentally fitted numerical studies of quantum emitters coupled with plasmonic
nanostructures, such as spasers, plasmonic nanolasers, and plasmonic waveguide amplifiers.
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