Energy Transfer for Leaky Surface Plasmon Polaritons in Gold Nanostripes
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Abstract: The properties of the leaky surface plasmon polariton (SPP) modes in gold nanostripes
were investigated using scattered light microscopy. Both bare gold nanostripes and stripes coated
with a thin polymer film containing a near-infrared absorbing dye were examined. Real-space
microscopy images were employed to determine the SPP propagation length, while Fourier space
images provided measurements of the wavevector. Frequency versus wavevector dispersion
curves were generated by performing experiments at different excitation wavelengths, and the
slopes of these curves yielded the SPP group velocities. For the bare nanostripes the group
velocity was determined to be v, = (0.92 £+ 0.05)c, and for the dye-coated nanostripes it was
Vg = (0.85 + 0.06)cy, where ¢, is the speed of light. The SPP lifetimes were estimated by
combining the group velocity and propagation length measurements. The results show that the
lifetime of the gold SPPs is significantly reduced when the nanostripes are coated with the dye.
At the peak of the dye absorption curve the change in the SPP dephasing rate induced by the dye-
polymer film was found to be 0.07 fs~1. Finite element simulations show that the increased
dephasing is due to a combination of energy transfer from the SPP modes to the dye, as well as
increased radiation damping due to changes in the dielectric environment of the nanostructures.
These findings provide insights into the energy transfer processes in plasmonic systems, which

can be leveraged to optimize the design of plasmonic devices for applications in sensing, imaging

and nanophotonic circuits.
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1. Introduction:

Propagating Surface Plasmon Polaritons (SPPs) are guided electromagnetic waves that
move along the interface between a metal and a dielectric.1? The unique properties of SPPs,
such as their ability to confine light below the diffraction limit,® enhance electromagnetic fields*
and move over long distances,” have made them a subject of extensive research in nano-
photonics and plasmonics.®’” This includes the development of advanced optoelectronic devices,
such as sensors,® solar cells,® and light-emitting devices.!®!! When semiconductor or molecular
systems are in close contact with plasmonic nanostructures plasmon-exciton coupling can occur,
for both propagating SPPs and localized surface plasmon resonances (LSPRs) of particles.1?16
Plasmon-exciton interactions can be categorized into weak and strong coupling regimes, and the
coupling strength is characterized by the Rabi frequency for energy exchange between the
plasmons and excitons.!? 1617

In the strong coupling regime, where the Rabi frequency is larger than the dephasing rates
of the system, the interaction leads to the formation of hybrid states known as plexitons,!3 that
are separated in the frequency domain. Conversely, in the weak coupling regime the two hybrid
states are not resolved, and the electromagnetic modes and wave functions of plasmons and
excitons are, to first order, the same as the non-interacting states.’®> However, energy transfer
still occurs between the plasmons and excitons, which can substantially impact the properties of
the system, such as modifying the plasmon lifetime.'®1° Field enhancements and Purcell effects
also occur even for the weakly coupled systems, which affect the absorption cross-sections and
radiative rates, respectively, of the semiconductor or molecular systems coupled to the
plasmons.?%22 The major factor that determines whether a system is in the strong or weak
coupling regime is the strength of the optical transitions of the semiconductor/molecular
system.?3

The majority of the plasmon-exciton coupling experiments reported to date have been
for LSPRs.231% For example, the way adsorbed molecular and semiconductor species affect the
LSPR linewidth of nanoparticles has been examined by several groups.1®1% 2426 The motivation

for many of these studies is to understand plasmon enhanced catalysis, which typically involves

electron transfer events rather than energy transfer.?’ In cases where energy transfer has been



identified as the broadening mechanism,?> changes in linewidth as high as ~100 meV have been
identified, with efficiencies up to 50%.1%1° This indicates that energy transfer can be very fast,
even when there is only weak coupling between the optical transitions of the dye and the particle
LSPR. Energy transfer between propagating SPPs and adsorbed dye molecules has been less
studied. Previous work includes imaging experiments to measure the SPP propagation lengths.?®
30 However, these measurements did not report rates/timescales for energy transfer.

In this paper coupling between propagating SPPs in lithographically fabricated gold
nanostripes and the optical transitions of a near-IR dye is investigated. Lithographically
fabricated rather than chemically synthesized metal nanostructures were used for several
reasons, including control over dimensions and high reproducibility between structures.3133 This
allows us to average data over different structures and, thus, increase the accuracy of the
measurements. Interrogating structures with well-defined dimensions also allows meaningful
comparisons to finite element simulations.33® However, a disadvantage is that the dielectric
constants of Au nanostructures created by nanolithography are generally inferior (more lossy)
that the single crystal structures that can be made by wet chemical methods.?* Strong plasmon-
exciton coupling is not observed for our system. However, significant changes in the propagation
length of the SPPs occurs upon coating the nanostripes with the dye. By comparing dye coated
and uncoated nanostructures we are able to determine the timescale for SPP dephasing induced
by the dye film.3® The increase in SPP dephasing from the dye film follows the absorption
spectrum of the dye, indicating energy transfer between plasmons and excitons.®1° However,
finite element simulations show that both energy transfer to the dye and increased radiation
losses due to changes in the dielectric environment of the nanostripes affect SPP dephasing. This
is a somewhat unexpected result, that is important for understanding how plasmonic structures

can be engineered to enhance light-matter interactions in practical applications.

2. Methods:

Fabrication of Gold Nanostripes: Gold nanostripes on #1.5 borosilicate glass substrates

were fabricated using standard electron-beam lithography, metal deposition, and liftoff



procedures. The stripes were designed to be 3 um wide and 100 um long. In the fabrication
process a 3 nm titanium adhesion layer was first deposited, followed by a 50 nm gold layer using
electron-beam evaporation. To examine plasmon-molecule interactions, a near-IR Croconaine dye
in a polyvinyl alcohol (PVA) solution was spin-coated onto the substrates.?> The thickness of the
PVA layer was estimated to be approximately 25 nm with a refractive index of 1.5 by ellipsometry
measurements (Gaertner L117 Ellipsometer). Experiments were conducted on both uncoated
nanostripes, nanostripes coated with the dye-PVA thin film, and nanostripes coated with a PVA
thin film without dye. Examining the different structures allows quantitative information to be
obtained about energy transfer to the dye.

Optical Measurements: The samples were placed on an inverted optical microscope
(Olympus IX-71). A diagram of the experimental setup is presented in Figure S1 of the Supporting
Information. The nanostripes were optically excited with the output of a Ti:Sapphire oscillator
(Coherent, Chameleon Ultra Il) that operated in the 700-1000 nm wavelength range. The laser
beam was tightly focused through the glass substrate using a high numerical aperture (NA) oil-
immersion objective lens (Olympus UPlanFL N, 100x, NA = 1.3). SPPs were launched by
positioning the end of the nanostripe in the laser focus with a motorized stage (Mad City Labs
MCL-uS).2%37 The laser polarization was adjusted to be parallel to the long axis of the structures.
Scattered light from the sample was collected with the focusing objective and directed to a CMOS
camera (Basler Powerpack Microscopy Camera, Pulse 5.0 MP). Specifically, a 4-f optical
configuration was used to image the back focal plane of the objective onto the camera, thus,
mapping the in-plane wave-vector distribution of the scattered light into a conjugate Fourier
plane.3840 Real-space images were captured by placing a lens in front of the camera at its focal
distance.313% 3840 Ap aperture in the conjugate object plane of the microscope was used to block
directly scattered light from the excitation beam. The Fourier space and real space images were
used to measure the SPP wavevector (kspp) and propagation length (Lgpp), respectively.
Measurements were taken from at least three different nanostripes to determine average values
and confidence limits for kgpp and Lgpp. The absorption spectrum of the near-IR croconaine dye-

PVA film was recorded with a Jasco UV-670 UV-vis spectrophotometer.



Finite Element Simulations: Finite element simulations of the nanostripe SPP modes were
performed in COMSOL Multiphysics (v. 5.3) using a two-dimensional mode analysis calculation.**
42 In this two-dimensional model the nanostripes are reduced to rectangles with a height of 50
nm and width of 3 um. Note that the two-dimensional simulations effectively assume infinitely
long nanostripes. This is appropriate when the length of the nanostripe is much longer than the
SPP propagation length, which is the case for our system. A 3 nm Ti adhesion layer was included
between the nanostripes and the glass substrate in the simulation to match the experimental
system. Values for the refractive indices of Au and Ti were taken from COMSOL’s library of
materials, which uses the refractive index data for Au from Ref. [*3]. The refractive index of the
glass was set ton = 1.45 (the value from COMSOL for silica glass). The finite element simulations
yield the complex effective mode index for the system n,¢r — i a/ky, where the real part gives
the SPP wavevector kgpp = n,rrko, and the imaginary part is related to the propagation length
by Lgpp = 1/2a. 3133384042 More details about the simulations, including additional plots of SPP
dispersion curves and Lgpp versus wavelength, are presented in the Supporting Information. Note
that more recent Au refractive index data is available than that in Ref. [*}]. Comparison between
the different data sets shows that sample preparation has a significant effect on the dielectric
constants.3* Thus, for our nanofabricated samples it is not clear which data set is the best to
use.3* 4 However, the main point of the simulations in this paper is to investigate the effect of
dye coating on the SPP lifetime. This analysis involves subtracting results for bare and coated

structures, so that the exact choice of dielectric constant data is not expected to be a significant.

3. Results and Discussion:

Before discussing the experimental data, it is useful to visualize the SPP modes in the
system. Figure 1 shows plots of the norm of the electric field for the different SPP modes of a
nanostripe. In this figure the horizontal line represents the interface, with glass on the bottom
and air on top, and rectangle is the nanostripe. Two types of modes occur: leaky modes where
the field is at the metal-air interface (Figs. 1(a) and (b)), and bound modes where the field is

localized at the metal-glass interface (Figs. 1(c) and (d)).3% 3®* The wavevectors of the bound



modes are too large for these modes to be observed in regular far-field optical microscopy
experiments — the value of n,s; for the mode must be less than the NA of the objective for
scattered light to be collected by the microscope. However, the wavevectors for the leaky modes
are only slightly larger than the light line, and these modes can be imaged by using a high NA oil

immersion objective.

(a) negs= 1.021 (b) ney = 1.008

(C) neﬁ'= 1538 (C) neff= 1.524

Figure 1: Mode plots of the first- and second-order leaky SPP modes (panels (a) and (b)), and the
first- and second-order bound SPP modes (panels (c) and (d)). The wavelength was 0.75 um and
the effective indices of the modes are given in the figure. Higher order modes exist, but they are
not typically observed in experiments. The horizontal line in these images represents the
interface between glass (bottom) and air (top). A thin Ti wetting layer is included in the

simulations, but it can’t be discerned in these plots.

Figure 2(a) shows a transmitted light image of a lithographically fabricated Au nanostripe
used in the experiments. The nanostripes have a uniform width and are slightly rounded at the
ends. Figure 2(b) shows the real-space image of propagating SPPs in the nanostripe obtained by
focusing 0.73 um light at the end of the structure. Scattered light from the leaky SPP mode is
observed at the edges of the nanostripe, with the intensity gradually decreasing down the length
of the nanostripe due to resistive heating (creation of excited electrons through SPP dephasing)
and radiation losses.3! Figure 2(c) shows a line profile of the scattered light along one of the

edges. Fitting to an exponential decay gives a propagation length of 9.7 um for this nanostripe.



The structure in the real space-image arises from interference between the reflected light from
the laser beam and the scattered light from the leaky SPP mode.3! The propagation lengths
reported below were the average of at least three nanostripes, and the errors were determined

from the standard deviations.
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Figure 2: (a) Transmitted light image of a Au nanostripe. (b) Real-space image of the leaky SPP
mode in a 3 um wide Au nanostripe obtained with 0.73 um excitation. (c) Line profile of the
scattered light taken from one of the edges of the stripe in the real-space image, along with an

exponential fit (an offset has been added to account for the background scattered light).

Figure 3(a) shows an example Fourier space image of the leaky SPP mode for a Au
nanostripe. For these experiments an aperture was placed in the conjugate image plane (see
Figure S1) and positioned so that the directly reflected laser beam was blocked, and scattered

light was only collected from the lower portion of the nanostripe. The vertical line in the images



indicates the SPP wavevector. A diagram that shows the momentum matching conditions for the
leaky SPP mode and photons in the glass substrate is presented in Figure S2 of the Supporting
Information. The SPP wavevectors were measured as a function of frequency for at least three
separate nanostripes, and the results were averaged together. Figure 3(b) shows the dispersion
curves for bare Au nanostripes (red markers), Au nanostripes coated with PVA (light blue markers)
and dye-PVA coated nanostripes (dark blue markers). The dashed lines are fits to the
experimental data, and the orange line is the light line for free space photons (w = cyk,). The
group velocities were determined from the slope of the dispersion curves by v, = dw/0k.1? The
values obtained are v, = (0.92 % 0.05)c, for the bare nanostripes, v; = (0.87 £ 0.05)c, for the
PVA coated nanostripes, and v, = (0.85 £+ 0.06)c, for the dye-PVA coated nanostripes. Note
that the measured dispersion curve for the bare nanostripes is almost exactly the same as the
curves calculated through finite element simulations. This indicates that the dielectric constant

data from Ref. [**] is a reasonable choice for these samples.
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Figure 3: (a) Fourier-space image of SPPs for a Au nanostripe. The image was recorded with an
excitation wavelength of 0.73 um. The inner circle shows the condition for total internal reflection
(k = k) and the outer circle shows the maximum wavevector that can be recorded with our

imaging system (k = NA). (b) w versus k dispersion curves for bare nanostripes and nanostripes



coated with PVA and dye-PVA thin films. The orange line is the light line w = cyk,, and the dashed

lines show fits to the data. Error bars are contained within the symbols.

The propagation lengths measured for the bare and dye-PVA coated nanostripes are
presented in the Supporting Information. Figure 4(a) shows the lifetimes of the SPP modes for
the bare and dye-PVA coated nanostripes obtained by dividing the propagation lengths by the
group velocity: T = Lspp/vg.44 It is important to note that the SPP lifetimes for the bare and
coated nanostripes are similar at high and low wavelengths, however, at intermediate
wavelengths coating the nanostripes with a thin film containing dye significantly decreases the
SPP lifetime. The rate constants for SPP decay induced by the dye were determined by kg, =
1/Taye — 1/T4y, Where 74, and 14, are the lifetimes for the nanostripes coated with the dye-
PVA film and the bare nanostripes, respectively. Note that coating the nanostripes with a PVA
film without dye has a small effect on the SPP lifetime (see Figure S4 of the Supporting
Information). Thus, using the PVA coated nanostripes as the reference in the kg, calculation
rather than the bare nanostripes does not significantly change the values of k,,. (see Figure S5
of the Supporting Information). Figure 4(b) shows a plot of kg4, versus wavelength. The rate
constant curve follows the absorption spectrum of the dye-PVA film, which is presented in Figure
4(c). This implies that energy transfer from the leaky SPP mode to the dye is a possible
explanation for the increase in SPP damping. However, to fully understand the mechanism for
the decrease in the SPP lifetimes induced by the dye-PVA films, we need to consider the different

processes that can cause SPP damping for coated nanostructures.
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Figure 4: (a) Lifetimes of the leaky SPP mode for bare (red) and dye-PVA coated nanostripes (blue)
as a function of excitation wavelength. (b) Rate constants (kg,.) for energy loss from the SPP
modes induced by the dye-PVA film. (c) Absorption spectrum of the dye-PVA film. Note that the
spectrum of the dye in the film is slightly red shifted compared to the spectrum of the dye in

solution.?

There are several possible reasons for the decrease in the lifetimes/propagation lengths
when the nanostripes are coated with a thin film that are not energy transfer. First, surface
roughness of the film could give rise to scattering effects, which would reduce the SPP
propagation length. Adding molecules to the surfaces of the nanostripes can also cause chemical

interface damping (CID).?42® Previous work has shown that CID causes changes in the SPP
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propagation lengths of Au nanostripes with similar dimensions to those in this study, although
the effects are not large.3* However, CID and surface roughness should be present in both the
PVA and dye-PVA films. The observation that the lifetimes/propagation lengths are similar for the
nanowires coated with PVA only and the bare nanostripes, shows that CID and surface roughness
are minor effects. In addition, neither surface roughness nor CID are expected to be wavelength
dependent. For these reasons we do not believe that surface roughness and/or CID are
responsible for the wavelength dependent changes in k4, reported in Figure 4(b).

Coating with a thin film also changes the refractive index environment around the
nanostripes, which can change the SPP field. Finite element simulations of nanostripes coated
with a thin non-absorbing film with different refractive index values show significant changes in
the propagation lengths, which arise from changes in both radiative damping and resistive heating
in the gold (see Supporting Information for details). Thus, to determine whether kg, is
controlled by energy transfer to the dye, or changes in the field distribution of the leaky SPP mode
due to changes in the refractive index environment of the nanostripes, a Lorentz oscillator model
was used to simulate the absorption/dispersion properties of the dye-PVA film.**> In this model

the dielectric constant of the film is written as

e=eb+zw2 fioi (D

— 2 — ,
i=1,2 ¢ w LY

where €, is the background dielectric constant of the film, and f;, w; and y; are the oscillator
strength, resonant frequency and damping of the optical transitions of the dye, respectively. In
our analysis €;, was set to 2.25 (to match PVA),* and w, fi, Y1, W3, f> and y, were adjusted to
match the form of the absorbance spectrum of the sample (Figure 4(c)), and give a propagation
length for the dye-coated nanostripes that roughly matches the experimental values (Figure 4(b)).
The values of the parameters used in Equation (1), and the corresponding complex refractive
index data are given in the Supporting Information. Note that the parameters for the Lorentz
oscillator function are not physically meaningful, they are simply adjusted to match the spectrum
of the dye-PVA film.

Figure 5(a) and (b) show the dispersion curves and propagation lengths for bare gold

nanostripes and the dye-PVA coated nanostripes obtained from the COMSOL mode analysis
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simulations. In these simulations energy transfer to the dye appears as resistive heating in the
polymer layer. Coating with a dye-PVA film causes a significant change in the dispersion curve,
consistent with the experimental measurements in Figure 3(b). Both the dispersion curves and
the propagation lengths are in reasonable agreement with the experimental measurements (see
Figure S4(a) of the Supporting Information). The propagation lengths were converted to lifetimes
using the group velocities, which were determined from Figure 5(a). For the bare nanostripes we
find a group velocity of 0.902¢, for the simulations. For the dye coated nanostripes the
dispersion curve is not a straight line, which means that the group velocity changes with kgpp.
We find a group velocity of (1.3041 — 0.0552kgpp)c, for the dye coated nanostripes. The rate
constants for SPP decay induced by the dye-PVA layer were then calculated by kg, = 1/Tdye -
1/t4y. The results are presented in Figure 5(c). The form of the kaye versus wavelength plot is
consistent with the experiments, and follows the calculated absorption spectrum of the dye (see
Figure 4). The good match in the absolute value of k. for the simulations and experiments is
because the oscillator strength of the dye-PVA layer was adjusted to match the experimental
propagation lengths. Note that the simulations do not correctly reproduce the experimental
dispersion curve for the PVA only coated nanostripes. However, this is most likely a problem with
the experiments (the PVA film is not the same as that prepared with the dye, for example, it may
have a different thickness) rather than the simulations. Overall, these results show that the finite
element analysis correctly captures the behavior of the dye-coated nanostripes. We now look at

the different contributions to the kg, versus wavelength curve.

12



w (eV)

2.0 (a)/

1.0

o
~
o
©
-
o
-
=
-
N

20

15

Lspp (pum)
o =

0.6 0.7 0.8 0.9 1.0
A (pm)
0.08
(c)
0.06
o
% 0.04
_x
0.02
0.00
07 08 0.9 10
A (Um)

Figure 5: (a) Calculated dispersion curves for bare Au nanostripes (red) and Au nanostripes coated
with a 25 nm thick dye-PVA film (blue). The orange line is the light line. (b) Calculated propagation
lengths for bare and dye-PVA coated nanostripes, same color scheme as panel (a). (c) kg, versus

wavelength determined from the calculated propagation lengths and group velocities.

The relative contributions to SPP dephasing from radiation damping (7,-.4) and resistive
heating effects in the metal (1,4,) and dye-polymer layer (1,01ymer) can be determined from the
relative power losses for the different processes. Note that in our model resistive heating in the
polymer corresponds to energy transfer from the SPP mode to the dye. For the two-dimension

finite element simulations used here, the power dissipated by radiation is calculated by
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integrating the time-average Poynting vector (§) over a line that encloses the nanostripe (see
Supporting Information), and the contributions from resistive heating in the gold and polymer are
calculated by integrating the resistive losses (Q,, in COMSOL language) over the metal and

polymer domains. Specifically,

$ 7. (Sl
Nraa = o, = (Za)
.Syl + [[  QudA+ | fpoly Q,,dA
Q,,dA
L= — -Hmetal rh (Zb)
¢n- (S>dl + -Hmetal thdA + ffpoly thdA
Npolymer = 1- Nrada — Nau (ZC)

where 71 is the outward normal unit vector, and the metal domain includes contributions from
the Ti wetting layer. The different contributions to the SPP attenuation coefficient are then simply
given by a; = n;a:,: Where a;,, is the total attenuation from the complex effective mode index
for the system (n.zr — i a/ky). The values of a; for radiation losses and resistive heating for the
bare and dye-PVA coated nanowires are plotted versus wavelength in Figure S9. The experimental
results in Figure 4(b) represent the difference in attenuation for the dye coated and bare

nanostripes. This is plotted in Figure 6(a) for the simulation results.
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Figure 6: (a) Difference in SPP attenuation Aa for dye coated nanostripes compared to bare gold
nanostripes. Solid line = resistive heating in the dye-polymer film; dashed line = radiation
damping; dot-dashed line = resistive heating in the metal. (b) Plot of the norm of the electric field

for dye-PVA coated nanostripes at A = 0.85 um. Only the central portion of the nanostripe is
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shown. The different layers from top-to-bottom are air, dye-polymer, Au, Ti (very thin) and silica.

(c) Plot of resistive heating in the system at A = 0.85 um.

The simulation results show that the damping of the leaky SPP mode induced by coating
with a dye-PVA film has significant contributions from both energy transfer to the dye (resistive
heating in the dye-polymer layer) and increased radiation damping. At long wavelengths, near
the onset of the dye absorption, energy transfer to the dye is the major effect. The energy
transfer process is illustrated in Figure 6(b) and 6(c), where plots of the SPP field and the resistive
losses in the system at A = 0.85 um are presented. Figure 6(b) shows that the SPP field extends
into the dye-polymer layer, but is strongly attenuated in the metal. Figure 6(c) shows that the
field in the dye-polymer layer causes a strong absorption. This corresponds to energy transfer
from the SPP mode to the dye. At shorter wavelengths radiation damping becomes increasingly
important, and is predicted to be dominant at wavelengths less than 0.7 um. This means that, in
general, effects from both radiation damping and resistive heating needed to be considered in
studies of interactions between plasmons and absorbers in thin films. The reason this is
important is that to determine the efficiency for energy transfer, the contribution from radiation

damping needs to be subtracted from the overall decay rates.

4. Conclusions:

Energy transfer between propagating SPPs of gold nanostripes and dye molecules in a thin
PVA film has been examined by scattered light/leakage radiation microscopy. An advantage of
these experiments compared to studies of LSPRs is that they provide wavelength resolved lifetime
information for a single nanostructure, which is helpful for unravelling the mechanism for the
non-radiative processes. The experiments show that the rate of SPP dephasing induced by the
dye-PVA layer follows the absorption spectrum of the dye. The measured dephasing rate is very
fast, occurring on a time constant of ca. 14 fs at the peak of the dye absorption curve. However,
because the decay of the SPP modes is also fast, coherent energy transfer and the formation of

hybrid plasmon-exciton states does not occur.’®> We simply see increased SPP decay for this
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system. Comparison to finite element simulations, where a Lorentz oscillator model was used for
the absorption/dispersion properties of the dye-PVA film,* shows that the SPP dephasing has
contributions from both energy transfer to the dye and increased radiation damping from the
change in the dielectric environment around the nanostripe. Current work is focused on
investigating dye or semiconductor systems with larger oscillator strengths. This should increase
the rate of energy transfer and allow the formation of hybrid plasmon-exciton states.'® 23
Understanding the ultrafast decay processes for these states is important for designing and
optimizing plasmonic-excitonic systems for applications in sensing, light-harvesting, and photonic

devices.

Supporting Information: Diagram of the optical system; momentum matching diagram; Fourier
space image and the line profiles; propagation lengths and lifetimes of bare and coated
nanostripes; diagram of the model used in the finite element simulations; and details of the

Lorentz oscillator model used in the simulations.
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