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Abstract:  We demonstrate the near-field coupling and energy transfer
between photoexcited dye molecules and guided modes in layers of strongly
absorbing dielectrics. The dye molecules decay by exciting long-range
guided modes (LRGMSs) in a thin layer of chalcogenide glass. These modes
can exist in spite of the very large absorption of the material forming the
layer. The LRGMs are detected by coupling then out to free space radiation
through a prism in the Krestschmann configuration. By calculating the
dissipated power of a dipole, representing a dye molecule, in the vicinity
of the absorbing thin film, we show that there is a large probability of
decay exciting LRGMs. This probability can reach 35% for perpendicularly
oriented dipoles. The demonstration of the excitation of LRGMs in thin
films of absorbing dielectrics by near-field coupling of excited molecules
opens the possibility to compensate for the losses in the propagation of
these modes.
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1. Introduction

Long-rangeguided modes (LRGMs) are surface modes guided along thin layers embedded in
dielectrics. A thoroughly studied type of LRGMs are long-range surface plasmon polaritons
(LRSPPs) supported by metallic layers. On a metallic thin film, the surface plasmon polaritons
supported by the two interfaces can couple, giving rise to coupled polaritons with a symmet-
ric and antisymmetric field distribution with respect to the middle plane of the layer. These
polaritons are known as short-range and long-range surface plasmon polaritons, respectively.
The reduction of the energy density inside the absorbing layer for the LRSPPs, gives rise to a
decrease in the optical loss and a long propagation length [1]. The confinement of the electro-
magnetic field of LRSPPs close to the surface of the layer and their long propagation length
explain the large number of applications which have been proposed for these modes [1]: We can
cite the guiding of light in integrated optical circuits [1], colour filters [2], imaging systems [3]

or optical sensors [4].

In 1978, Kovacs showed that LRGMs can be also supported by thin films of highly absorbing
metals [5]. Yanget al. generalized the concept of LRGMs to strongly absorbing dielectrics [6],
i.e., dielectrics with an imaginary component of the permittivity much larger than their real
component. A general classification of LRGMs in thin layers with different values of the per-
mittivity was presented in Ref. [7] . Similarly to LRSPPs, LRGMs originates from the coupling
of surfaces waves supported on each interface of a thin film. This coupling reduces the en-
ergy density inside the thin film and provides the long-range propagation characteristics of
these modes [7-9]. Even though the characteristics of LRGMs in terms of confinement and
propagation are not as good as those of LRSPPs, LRGMs in strongly absorbing thin layers
can propagate 10’s to 100’s of vacuum wavelengths along the layer, while still being confined
within a wavelength to the surface [10].

For the development of applications, sources of surface modes and LRSPPs are required.
First demonstrations of electrical sources of plasmonic waves have been shown recently
[11,12]. Also, the compensation of the optical loss of these modes during their propagation
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by stimulated emission would lift the major limitation that hampers their applicability. This
explains the growing interest on this topic [13—18]. For these reasons, the interaction between
plasmonic surface waves and emitters is an important field of research, which has been studied
both from the classical [19, 20] and quantum point of views [21]. This research started with the
investigation of the acceleration of emission of emitters close to metallic mirrors by excitation
of surface plasmon polaritons [19, 20]. The interaction between LRGMs supported by very
lossy thin films with emitters still needs to be explored.

In this article, we demonstrate the excitation of LRGMs in a layer of chalcogenide glass by
near field coupling of photoexcited dye molecules. The chalcogenide glass is a strongly absorb-
ing dielectric, with an imaginary component of the permittivity larger than its real component
over the whole visible spectrum. Electrodynamic calculations of the dissipated power by clas-
sical dipoles placed at a certain distance to the layer reproduce the measurements. We find that
a significant fraction of the power goes on the excitation of LRGMs. Our measurements repre-
sent the first step towards loss compensation on the propagation of long-range modes in lossy
dielectrics.

2. Experimental demonstration of LRGMs emission

The thin film supporting LRGMs was prepared as follows: The substrate of the sample is a
SCHOTT F2 glass plate. We sputtered a layer of nitrided silicon oxyde (SiON) on this sub-
strate with a thickness of 300 nm. The refractive index of this material is close to the refractive
index of poly(methyl methacrylate) (PMMA) (1l.48), used as matrix for the dye. A layer of
chalcogenide glass G£ShygTer (GST) with a thickness of 25 nm was sputtered in its amor-
phous phase on top of the SION. This layer is the lossy thin film that supports the guided mode.
The complex permittivity of GST was obtained from ellipsometry measurements and it is dis-
played in Fig 1(a). We sputtered a 100 nm thick layer of SiON on top of the GST layer. The role
of this layer is to prevent the quenching of the dye emission due to the vicinity of the lossy thin
film. On top of the SiION layer, we deposited by spin-coating a layer of PMMA with a thick-
ness of 90 nm, doped with dye molecules (Lumogen F Red 305, BASF). The concentration
of the dye molecules in the PMMA layer is22x 10~°M. These dye molecules have a broad
absorption band (500 600 nm) and their emission spectrum extend from 580 to 750 nm, with

a maximum at 613 nm. We spin-coated a second layer of PMMA with a thickness of 500 nm,
but without dye molecules. This layer reduces the disturbance of the air/fPMMA interface on
the excitation and propagation of the LRGM.

A SCHOTT-F2 glass prism was used to couple out the LRGMs to free space radiation that
could be detected. The prism was brought into optical contact with the substrate of the sam-
ple with a refractive index matching liquid (Cargille, n=1.62). The LRGMs excited by the dye
molecules propagate along the GST film, decaying evanescently into the SION and PMMA lay-
ers. Due to the higher index of refraction of F2 glass, the evanescent field couples to free space
radiation through the prism (Kretschmann configuration). The setup used for the experiments is
depicted in Fig 1(b). We pumped the dye by illuminating the sample from the PMMA side with
the beam of a supercontinuum light source, using a band-pass filtet-G&@) to narrow the
pump spectrum. The fluorescence was measured with a fiber coupled spectrometer that could
be automatically rotated around the sample in the side of the prism. A polarizer placed between
the prism and the spectrometer was used to select the polarization before detection. We normal-
ized the measurements by dividing the fluorescence by a reference obtained at the same angle
and wavelength and in the same Kretschmann configuration. The reference sample consists of
a F2 substrate with the same layered structure as in the sample, except for the absence of the
GST layer.

To control the quality of the sample, as well as the existence of LRGMs supported by the
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Fig. 1. (a) Schematic representation of the field intensity distribution of a LRGM around
athin layer of a strongly absorbing material. (b) Real (solid line) and imaginary compo-
nents(dash line) of the permitttivity of GgShygTe;. (¢) Schematic representation of the
setup. From the top to the bottom of the structure: F2 prism, F2 substrate optically matched
to the prism through refractive index matching liquid (not shown), dielectric layer of SiON
(300 nm), Gg7SbygTe; thin film (25 nm), SION (100 nm), PMMA layer with dye (90 nm)

and PMMA layer (500 nm). For the fluorescence measurements, the dye molecules are
pumped from the bottom with a supercontinuum light source and the emission is collected
from the side of the prism. For the specular reflectance measurements, the beam from a
halogen lamp is incident onto the sample through the prism.

GST film, we have performed attenuated total internal reflection measurements. A collimated
beam from a halogen lamp was used to illuminate the sample from the prism and the specular
reflection was detected (see Fig. 1(b)). The sample and detector (fiber-coupled spectrometer)
were rotated with computer controllél- 26 rotation stages. Figure 2(a) shows the specular
reflectance measured forpa polarized incident beam. The critical angle for total internal re-
flection at the F2-SiON interface is 86The evanescently transmitted amplitude at angles larger
than the critical angle can resonantly couple to LRGMs in the GST film. This coupling leads

to a reduction of the total internal reflection that can be observed around 68. 2(a). We

also see a dip in the reflectance arount, &hich comes from a Fabry&8pot resonance into the

PMMA layer. Figure 2(b) displays the reflectance measured for s- polarized incident light. The
LRGM resonance is not present for this polarization, given that this mode is only supported for

p- polarization [6, 7, 10]. The resonance at angles lower than8ue to a Fabry-&ot res-

onance into the PMMA layer. Figures 2(c) and (d) display the specular reflectance calculated
with the transfer matrix method f@- ands- polarization, respectively. For these calculations

we have used the values of the refractive indices of the layers determined separately with ellip-
sometry measurements (not shown here). The thicknesses of the different layers have been used
as fitting parameters to obtain a good agreement between the calculation and the measurements.
The values of the thicknesses obtained from the fits are£E®nm, 24+ 2 nm, and 69650

nm for the SION, GST and SiON plus PMMA layers, respectively. These values agree with the
nominal thicknesses used for the sample fabrication.
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Fig. 2. (a) and (b) are the measured specular reflectance spectra, normalized to the refer-
enceas a function of the angle on incidence of the multilayered structune fands- po-
larizations, respectively. (c) and (d) are the calculated reflectange oy ands- (d) polar-
izations. The upper insets are the specular reflectance measuremert6ad nm. Permit-

tivity of each layer at 650 nnmegst = 8.23224- 20.528i,eppmma = 2.2103,e50, = 2.1947

andego = 2.6055.

The fluorescence normalized to the reference are depicted in Figs.p3 fay ands- (b)
polarizations. Fop- polarization, we obtain a band of enhanced fluorescence at the same angle
of emission at which the minimum of specular reflectance, corresponding to the excitation of
LRGM, is measured. The enhancement of the fluorescence is the result of the energy transfer of
the photoexcited dye molecules to the guided modes and the subsequent outcoupling of these
modes into radiation by the the prism. It is interesting to note that there is no enhancement of
fluorescence through the FabresBt resonance. It is thus more probable for the dye to decay
into LRGM. As expected, the band of enhanced emission associated to LRGM is not present in
the fluorescence measurements-pblarized light (Fig. 3(b)). For this polarization, the guided
mode in the PMMA layer leads to a small enhancement of fluorescence for angles lower than
63°. The weak band of enhanced fluorescence at angles larger thereributed to a parasite
reflection in the setup.
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Fig. 3. (a) and (b) are the measured fluorescence spectra of the dye molecules of the multi-
layeredstructure as a function of the angle of emissiongoands- polarizations respec-

tively. (c) and (d) are the calculated fluorescence spectrp-fands- polarizations. The

upper insets correspond to the fluorescence emissidbn-a650 nm.

Although spontaneous emission is a quantum mechanical phenomenon, it is possible to ac-
curately calculate the fluorescence of emitters by using classical electrodynamic theory. In par-
ticular, fluorescence calculations of emitters close to or inside planar multilayer structures have
been studied thoroughly [20,22], beginning with Sommerfeld’s pioneer works [23]. These cal-
culations consist in expanding the field emitted by an harmonic oscillating dipole in cylindrical
coordinates (Sommerfeld expansion) and to calculate the field in the whole system by means
of the Fresnel reflection and transmission coefficients. Knowing the field at the dipole position,
it is then possible to deduce its dissipated power, as well as fluorescence radiation pattern [22].

Figures 3(c) and (d) display the calculation of the normalized emission pattern correspond-
ing to our experiment fop- ands- polarizations, respectively. The emission is calculated for
an emitter randomly oriented in the PMMA layer. The fluorescence is normalized in the same
way as the measurements of Figs. 3(a) and (b), i.e., by dividing the emission pattern to a ref-
erence without the GST film. The thicknesses and refractive indices of the different layers are
the same as the values used for the calculation of the reflectance. In the experiment, the dye
molecules are spread in a layer of 90 nm of PMMA, while in the calculations we only consider
the radiated power of dipoles placed in the middle of the layer containing the dye. We get an
excellent qualitative agreement between measurements and calculations. The calculption for
polarization shows the presence of the band of enhanced emission corresponding to the exci-
tation and outcoupling of LRGMs. This band is absent in the calculation of the emission for
s-polarized light. The difference between experiments and calculations on the absolute value
of the normalized emission can be attributed to the different intensity in the experiments of the
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pump beam in the PMMA layer between the sample with the GST thin film and the reference
samplelt is worth noting that the ratio between the maximgpefinds- polarizations agrees
remarkably well between measurements and calculations.

3. Decay probability calculations of emitters in the vicinity of absorbing thin films

We have also calculated the dissipated power or the decay probability of an emitter close to the
GST thin film surrounded by PMMA (without prism). The dipole have several channels into
which it can dissipate its energy: By emitting into free space radiation, by coupling to LRGMs

or by absorption through lossy surface waves in the GST layer [24]. To determine the decay
probability in each of these channels, we integrate the field components at the emitter’s position
over the out-of-plane wave vector. In this way, we obtain the field as a function of the in-plane
wave numbek| = 2/\—"sin6, where® is the angle defined with respect to the sample normal.
Integration of the total decay probability in different rangeg oéllows to determine the prob-

ability of decay into the different channels. Rgr< kon (whereko is the vacuum wave number

andn the refractive index of the dielectric surrounding the GST layer), the dissipated power
goes into radiation. Larger values kf correspond to evanescent field components. LRGMs
have values ok close tokon. For larger values ok, the dissipated power goes into lossy
surface waves. Figure 4(a) shows the decay probabilities to the different decay channels as a
function of the distance between the dipole and the GST thin film. For this calculation, we con-
sider an isotropically oriented emitter with a quantum efficiency of unity. The wavelength of
the calculation is 600 nm. When the dipole is far from the GST layer, the dye has a probability
of 100% to decay by emitting radiation. The decay probability into LRGMs and lossy surface
waves increases as the distance to the layer is reduced. For a distance smaller than 80 nm, the
absorption associated to lossy surface waves is the dominant decay channel. This dominant de-
cay into lossy surface waves at small distances gives rise to a maximum decay probability into
LRGMs of 12% at a distance of 120 nm to the layer. For dipoles oriented perpendicularly to the
interfaces, this probability is larger, reaching 35% for the same distance (see Fig. 4(b)). This
larger probability is due to the fact that for the perpendicular orientation, the dipole emits pref-
erentially p-polarized light, whereas for isotropically or parallel orientation, a fraction of the
radiated power goes int® polarization, which can not participate in the excitation of LRGMs.

We point out that this calculation has been obtained for a GST thin film of 25nm. A different
thickness would change the confinement of the mode and so its coupling with the dipole, which
would lead to a change of the decay probability. This change would also affect the other decay
channels.”
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(a) Isotropically oriented dipole (b) Perpendicularly oriented dipole
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Fig. 4. Decay probability for an isotropically (a) and perpendicularly (b) oriented dipole as
afunction of the distance of the dipole to the GST thin film. The wavelength is 600 nm and
the thickness of the layer is 25 nm. The curves represent the three different decay channels.

4. Conclusion

In conclusion, we have investigated the emission of photoexcited dye molecules in the vicinity
of strongly absorbing thin films of chalcogenide (GST) glass. The excited molecules have a
large probability (a maximum of 12% and 35% for randomly and perpendicularly oriented

dipoles, respectively) of decaying transferring its energy to long-range guided modes (LRGMs).
These modes are supported by the thin layer, in spite of the very large absorption of GST. Our
demonstration of near-field coupling and energy transfer from dye molecules to guided modes

in layers of strongly absorbing dielectrics constitutes the first step towards the compensation of
losses in these modes.
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