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ABSTRACT

Controlling the hybridization is a very powerful tool to manipulate the modes in a single nanostructure. We investigate the hybridization
between localized and propagating surface plasmons in a nanostructure system where a thin metal layer strongly interacts with a nanodisk
array. Hybrid plasmon resonances are observed in the reflection spectra obtained from finite-difference time domain simulations and experi-
mental measurements in the visible-near-infrared region. We demonstrate how the geometrical parameters of the nanostructure can be uti-
lized to bring these plasmon modes in the strong coupling regime. The hybrid plasmon modes exhibit anticrossing with a Rabi splitting of
~0.1eV, which is the signature of strong coupling. Near-field profiles of the hybrid modes exhibit a mixture of localized and propagating
plasmon characteristics, with propagating modes excited on both sides of the metal film. Our design promises richer implementations in
light manipulation towards novel photonic applications compared to the systems with thick metal films.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5115818

I. INTRODUCTION

Plasmon hybridization theory' was developed to understand
the response of complex plasmonic systems of arbitrary shapes,
where multiple plasmon modes are supported. It describes the
complex system as the interaction or “hybridization” of elementary
plasmons supported by nanostructures. Hybridization of the ele-
mentary plasmon modes leads to a split in the plasmon resonance
of the complex system into two energy levels: a bonding mode with
a low-energy level and an antibonding mode with a higher energy
level. The terms bonding and antibonding are similar to the molec-
ular orbital theory, as the plasmon hybridization model is devel-
oped as the nanoscale electromagnetic analog of how atomic
orbitals interact to form molecular orbitals in the electronic struc-
ture theory. This model has been successfully applied to a variety
of plasmonic structures, such as metallic nanodimers,” metallic
nanoshells,”” metallic nanotubes,” and metallic nanoparticles
near metal films.”'" In these studies, hybridization between different
localized surface plasmons (LSPs) has been investigated. It has also
been of interest how LSPs and propagating counterpart of LSPs,
surface plasmon polaritons (SPPs), interact with each other.''7'¢
Cesario et al.'” observed the extinction of a hybrid nanostructure
where a 2D nanoparticle array interacts with a thin metal film, dis-
playing multiple resonances. This observation has been attributed to

the plasmon hybridization between localized and propagating
modes, with the assumption that the propagating plasmons are
present only on one of the interfaces. In another work, it has been
observed that triangular-shaped silver nanoparticles and a thin silver
film display strong coupling, where the propagating plasmons are
excited in one of the surfaces by Kretschmann configuration.'® The
hybridization between LSP and guided modes on a thick metal film
based on band diagrams'’ and the near-field spectra has also been
reported.”’ Alrasheed and Di’' theoretically presented a strong field
enhancement as a result of hybridization between the magnetic
plasmon resonance and propagating surface plasmons. Strong cou-
pling between propagating plasmons and localized plasmons sup-
ported by L-shaped metal nanostructures has been demonstrated
numerically.” In these studies, the metal film supporting the SPPs is
much thicker than the skin depth, and, therefore, the propagating
plasmons are excited only on one of the metal-dielectric interfaces.
However, the systems with thin metal layers allow the excitation of
SPPs on both top and bottom interfaces, which provides more
flexible control on the hybridization, as these modes can be easily
tuned by the environment. Besides, allowing near-field enhancement
on both interfaces, hybrid systems of thin metal films would provide
potentially richer implementations in light manipulation, compared
to the systems with thick metal films, particularly in surface
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plasmon-enhanced fluorescence spectroscopy,” and plasmon-
mediated energy transfer systems.”*

In this paper, we experimentally and theoretically demonstrate
the hybridization between a continuous thin gold film deposited on
a glass substrate and a periodic gold nanodisk (ND) array that is
separated from the gold film by an oxide spacer layer, in the
visible-near-infrared (NIR) region. Furthermore, we analyze the
nature of the hybrid modes, calculate the coupling energy, and
present how the coupling between the NDs and the thin metal
layer is modified by the ND size and array periodicity.

Il. ELEMENTARY PLASMON RESONANCES

The studied system (shown in Fig. 1) supports the elementary
plasmon modes of its components: an ND array and a thin metal
film. The ND array supports a single localized resonance (LSP
mode). The continuous metal film supports SPP modes that can be
excited by the periodicity of the ND array as long as the ND array
and the thin metal film interact with each other.

To determine the elementary LSP modes, we perform finite-
difference time domain (FDTD)* simulations using Lumerical
FDTD Solutions. We calculate the scattering cross section of a peri-
odic ND array on 50 nm of the Al,O; (oxide) layer, on a glass sub-
strate, without the thin metal layer. The thickness of the gold NDs
is 70 nm. The refractive indices of the glass and oxide materials are
set constant to n = 1.45 and n = 1.65, respectively. We use the tab-
ulated experimental data provided by Johnson and Christy™ to
simulate the electric permittivity of gold. The boundary conditions
are periodic along the directions parallel to the plane wave source
injection (z axis) and perfectly matched layers (PML) in the propa-
gation direction. We note that by considering the scattering cross
section of an ND array, but not an isolated ND, we encounter any
possible interaction among the NDs in determining the elementary
LSP mode. In fact, a full treatment of the plasmon response of
the ND array would encounter the lattice effect, known as surface
lattice resonance (SLR),”””" arising out of the coupling between
the plasmon resonance of the individual NDs and diffracted waves
due to the lattice geometry. Since we focus on the hybridization
phenomenon, in order to keep the model simple, we consider the
plasmon response of the ND array as an LSP resonance, rather
than an SLR, relying on the fact that the plasmon resonance is
dominantly determined by the ND size, but not by the periodicity.
The resonances of the ND arrays of fixed periodicity, p = 460 nm,
for ranging values of the ND diameter, d, from 100 nm to 180 nm,

FIG. 1. (a) Schematic of the hybrid nanostructure, showing the periodicity
p and nanodisk diameter d. (b) SEM image taken from the sample with
p = 460nm and d = 180 nm.
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FIG. 2. (a) Localized plasmon modes of the ND arrays for fixed periodicity,
p =460nm, and varying ND diameters, d = 100-180nm. The color bar
shows the scattering cross section in units of um?. (b) On-resonance (700 nm)
field profile at z= 0 plane for p = 460nm and d = 130nm. The color bar
shows the electric field enhancement.

with steps of 10 nm are shown in Fig. 2(a). This is a typical local-
ized plasmon resonance resulted from the dipolar charge align-
ments on the NDs [Fig. 2(b)] in response to the incident field and
determined fundamentally by the size and material of the ND as
well as the environment.”” We observe that the elementary LSP res-
onances of the system vary between 670 and 780 nm, almost line-
arly with the ND size.

Next, we obtain the elementary SPP modes of the system.
These SPP modes are supported by the continuous thin gold layer
and depend certainly on the surrounding media. The SPP modes
are calculated for the multilayer structure with semi-infinite layers
of air (region I) on the top and glass (region IV) at the bottom and
two finite-thickness layers in between; an oxide layer with thickness
a = 50nm (region II); and a gold layer with thickness ¥ = 30 nm
(region III). In such a system, each single metal-dielectric interface
can sustain bound SPPs. If the separation between adjacent inter-
faces is small, i.e., the metal thickness is comparable to the skin
depth (~25nm), the interactions between SPPs along each of the
interfaces provide coupled SPP modes. To obtain these modes,
we first write the E; and H, fields in each of the four regions. The
solution of the wave equation, together with the continuity of E,
and H, fields at the three boundaries, gives the analytical implicit
dispersion relation. Hence, the propagation constant of the SPP, 3,
is expressed as follows:

ks/estka/es 2ksb
Ek3/€3*k4/€4 € 1 _ &kl/sﬁrkz/ez

ks/€3+ky/e - ki/ei—ki/es >
€ ka/esth/es kb €, ki/e- 2kra+1
3 ksfes—kafes € +1 2 ki Jer o es €

ki/ei—ky/ez e—2kza -1

o

where a(b) is the thickness of the region II (III) and k? = B — €:k2
is the component of the wave vector perpendicular to the interface
associated with each of the regions (i =1, 2, 3, 4), with ky being
the magnitude of the vacuum wavevector and €; the electric per-
mittivity. We numerically solve this equation for varying values
of the oxide thickness, a (not shown), and the metal thickness,
b (Fig. 3).

Although it is not presented here, based on these calculations,
we observe that for small values of the oxide thickness (10-30 nm),
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FIG. 3. SPP dispersion relation for fixed thickness of the oxide layer (region II),
a=50nm, and different thicknesses of the metal layer (region Ill), b. In this
work, b is 30 nm, which is shown by the red curve. The red perpendicular
dashed line shows the 8 = ktice line, where the SPP mode can be excited for
a periodic structure of periodicity, p = 460 nm.

the dispersion curves are very similar to the dispersion of the
air-gold-glass model and not affected from the existence of the
oxide layer. On the other hand, for moderate values (40-80 nm),
the dispersion curves lie between the ones calculated from the
air-gold-glass model and oxide-gold-glass model. Finally, when a is
equal or larger than ~100nm, the system behaves as an
oxide-gold-glass structure, completely ignoring the presence of air
on the top. In this work, the oxide layer is 50 nm; hence, the com-
plete model (air-oxide-gold-glass) is required. The oxide layer
thickness is set by considering the maximum interaction regime
between the LSP and SPP modes.

Figure 3 shows the dispersion curves of five different metal
thicknesses, b, where the oxide layer thickness is fixed to
a = 50 nm. We observe that the dispersion curves for metal thick-
nesses comparable (30 nm) with, and less (10 nm) than the skin
depth, are distinct from the ones for larger thicknesses, where SPPs
propagate along the single interface. In this work, the metal thick-
ness, b, is 30 nm. Therefore, SPP propagation is expected to emerge
at each of the interfaces. To excite an SPP mode, the momentum of
the SPP wave is required to be matched either with one of the x
component of the incident light or any additional momentum con-
tribution. In the studied case, the light is normally incident, and
hence, the only way to excite the SPP modes would be using the
periodicity of the ND array as gratings. Therefore, the elementary
SPP resonances of the system are found at the intersections of the
red dispersion curve with 8 = kjice( = 27/p) lines, for any period-
icity, p, in Fig. 3. We find that the elementary SPP resonances of
the system vary between 620 and 820 nm, almost linearly with p,
varying in the range of 400-540 nm.

lll. HYBRIDIZED PLASMON RESONANCES

The hybridized plasmon modes of the overall system are
demonstrated experimentally by the reflection spectra, where two

ARTICLE scitation.org/journalljap

pronounced resonances are observed. We fabricate the nanostruc-
ture shown in Fig. 1, for varying values of d and p. The 30 nm
metal layer is deposited on a glass substrate, using an electron
beam evaporator, and the 50 nm oxide layer is deposited using the
atomic layer deposition technique. The electron beam lithography
technique is used to fabricate the array of NDs on top of the oxide
layer. The thickness of the NDs is 70 nm. The SEM image of
the fabricated sample with p =460nm and d = 180nm is pre-
sented in Fig. 1(b). Reflection measurements are performed by a
confocal microscope, where the incident light is focused on the
nanostructure by a 50 x objective. The reflected light is collected by
a CCD spectrometer. The acquired signal is normalized to the
reflected beam from a perfect mirror.

Experimental reflection spectra are shown by solid lines in
Fig. 4. In Fig. 4(a), we present two modes for a fixed periodicity of
p=460nm and increasing ND diameter, d, from 160nm to
180 nm. In Fig. 4(b), we observe the reflection spectra for a fixed
ND diameter of d=140nm and increasing periodicity from
400 nm to 440 nm. We refer the two resonances as the first hybrid
resonance, A4}, (short wavelength or high energy), and the second
hybrid resonance, A%;), (long wavelength or low energy), for the
rest of the paper. The dashed lines are obtained from FDTD simu-
lations, which agree with the experimental data. It is notable that
for the case of fixed p, changing d does not alter the first hybrid
resonance but shifts the second one to the right [Fig. 4(a)]. On the
other hand, the case of fixed d and changing p exhibits a larger
shift in the first hybrid resonance than the one in the second
hybrid resonance [Fig. 4(b)].

To understand the hybridization between plasmon modes
comprehensively, we study the system more thoroughly by observ-
ing the resonances for a wide range of periodicity and ND size and

40+

d=160 nm
W ——d=170 nm
" ——d=180 nm

20+

Reflection (%)

0 T

Wavelength (nm)

FIG. 4. Reflection spectra of the overall system for (a) fixed periodicity,
p = 460 nm, and changing ND diameter, d = 160, 170, and 180 nm and for (b)
fixed d =140nm and changing p = 400, 420, and440nm. Solid lines are
obtained from reflection measurements, and dashed lines are obtained from
FDTD simulations.

J. Appl. Phys. 126, 113104 (2019); doi: 10.1063/1.5115818
Published under license by AIP Publishing.

126, 113104-3


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

compare these with the elementary plasmon resonances. Figure 5
shows both the hybrid and the elementary plasmon resonances of
the system for the fixed periodicity, p = 460 nm, and varying ND
diameters in panel a and for the fixed ND diameter, d = 130 nm,
and varying periodicities in panel b. The reflection spectra display
two distinct resonances as stated earlier. The first hybrid resonance
(pink lines) and the second hybrid resonance (blue lines) for
changing periodicities and diameters are obtained from FDTD sim-
ulations. Black lines are the elementary LSP resonance that is
obtained from the scattering cross-section simulations [as shown
in Fig. 2(a)]. Red lines are the elementary SPP resonance that is cal-
culated from the dispersion relation of the three-interface model,
shown in Fig. 3. We observe both for periodicity and ND diameter
sweeps that the first and the second resonances of the overall
system are very close to the elementary resonance lines, except at
and around the intersections of these lines. For the cases away from
the anticrossing point, the two resonances are associated with the
elementary LSP and SPP modes. They are weakly hybridized
modes, dominantly carrying characteristics of one of the elemen-
tary modes. At the intersection, which corresponds to p = 460 nm
and d = 130nm, the first and second resonances, 675nm and
760 nm, respectively, are split from the elementary LSP and SPP
resonances, both of which are originally at ~700 nm. The anticross-
ing behavior shows that the ND array and the continuous thin gold
film are in the strong coupling regime.”” In this regime, Rabi split-
ting of the elementary plasmon mode energies of the same amount
arises because of two hybridized modes with different local field
distributions. At the anticrossing point, the resonances are no
longer associated with the elementary LSP or SPP modes; instead,
they are strongly hybridized plasmon modes, carrying characteris-
tics of both the plasmon modes. To demonstrate this, we obtain the

a —"
800+ —
= ././_/
c —a—
— 7004 _ s
S) ./-——'—_'/ Elementary LSP
GC) Elementary SPP
o 600 . . . ;
= 100 120 140 160 180
2 b ND diameter (nm) .
8 800 —"
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Ll
8 ./-/'/
@ 700 ——
£ i —=—1sthybrid mode
./ .
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600

400 420 440 460 480 500 520 540
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FIG. 5. Elementary and hybrid plasmon modes for (a) varying ND diameter, d,
with the fixed periodicity p = 460nm and for (b) varying p, with the fixed
d = 130nm. Red solid lines: SPP resonance calculated from the dispersion
relation given by Eqg. (1). Black solid lines: Scattering cross-sectional peak of
the ND array. Pink and blue lines: the first and the second resonances of the
reflection spectrum.
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on-resonance field and phase profiles of the hybrid modes at the
anticrossing point. Figures 6(a)-6(d) show the magnitude of the
electric and magnetic fields, and Figs. 6(e)-6(h) show the phase
proﬁles of the field components at the resonance wavelengths
()Y of the system of periodicity 460 nm and ND diameter
130 nm. We present the reflection, transmission, and absorption
spectra of the hybrid nanostructure with the same geometrical
properties in Fig. 6(i). We observe characteristics of both LSP and
SPP modes in both field profiles. At A4}, = 675 nm, we observe a

i — Reflection
Transmission
Absorption

500 600 700 800 900
Wavelength (nm)

FIG. 6. Normalized field (a)-(d) and phase profiles (e)—(h) at the y = 0 plane,
at the first (675 nm) and second (760 nm) resonances of the reflection spectrum
(indicated at the upper left corner of each profile), simulated for the anticrossing
point where p = 460nm and d = 130 nm. White borders indicate the borders
of the nanostructure system. (i) Reflection, transmission, and absorption spec-
trum, calculated at the anticrossing point.
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mixture of a dipolar localized mode and a propagating mode along
the gold-oxide interface. On the other hand, at Al which is
760 nm, we observe a mixture of a quadrupole localized mode and
a propagating mode along the glass-gold interface, which would
not be possible with a thick metal layer. This is the key outcome of
this work. Contrarily to the case of a hybrid system where a thick
metal layer is employed, rather than a thin one, the proposed
system provides field confinement on both of the metal surfaces.
Since the resonances of this system are hybridized modes of
plasmon fields, they could be flexibly tuned by the geometrical
parameters: periodicity, ND diameter, and layer thicknesses, as well
as the material types. As a comparison with other platforms where
the propagating modes are generated without hybridization, tun-
ability is limited with the material type in prism-coupled configura-
tions and with environment and periodicity in grating-coupled
configurations.

IV. RABI SPLITTING OF THE COUPLED MODES

Finally, we complete the hybridization picture by calculating,
theoretically, the energies of the hybrid modes. We examine the
coupling between two plasmonic modes, which can be considered
as two coupled harmonic oscillators. We use a simple model of two
coupled undamped harmonic oscillators to calculate the individual
LSP and SPP resonances by using the Rabi split energy found in
Sec. III. When the coupling strength exceeds the decoherence rate
of the uncoupled oscillators, strong coupling occurs, and the
energy exchange between the oscillators becomes the dominant

?m§ A =661 nm

Aspp =700 nm

}\LSP = 700 nm

HYBRID™)

VA N
/e AN
LSP 7 I g SPP
N <Qun /)
\ (=}
- /
HYBRID® E%W

L
A

FIG. 7. Hybridization scheme. Hybrid mode resonance wavelengths are calcu-
lated using the strong interaction of two coupled oscillators, with A = 105 meV,
which is obtained from the reflection spectra.

ARTICLE scitation.org/journalljap

relaxation channel. In this regime, the energy levels of hybrid
modes can be significantly altered, in which Rabi splitting is
observed as a distinguishable characteristic of the optical
response.'”'~>* The hybrid modes resulting from the strong inter-
action of such two coupled oscillators are given by the expression

1 1
€y = E(€LSP +espp) £ 3 \/(GLSP —esep)” H4AR, (2)

where €1spspp) is the energy of the uncoupled LSP (SPP) mode, in
units of electron volt, that is calculated using €spsppy = hc/ALspspp)»
with ¢ being the speed of light in vacuum and h the Planck constant.
A is the energy shift term (Rabi splitting energy = 2A). The half of
the split between the first and the second resonances of the reflection
spectrum at the anticrossing point can be considered as the shift
term in this formula, which is found as A = 105meV. Using this, in
Eq. (2), we calculate the theoretical low- and high-energy modes at
the anticrossing point, where both of the uncoupled mode energies
are the same (Arsp = Agpp = 700nm). The theoretical hybrid reso-
nance wavelengths are given in Fig. 7, together with the completed
hybridization scheme of the proposed structure in the strong
coupling regime. The calculated high- and low-energy modes
(661 and 745nm) are slightly different than what we obtain
from the reflection spectrum (675 and 760 nm). The theoretical
coupled oscillator model in the strong coupling regime repro-
duces the results of Sec. III.

V. CONCLUSIONS

In summary, we observe hybridization between localized and
propagating plasmon modes in a coupled system of a gold nano-
disk array and a continuous thin gold film. The strong coupling
regime is obtained by the anticrossing behavior of hybrid plasmon
resonances for varying ND diameters and structure periodicities.
We observe that the energy shift is the highest at the anticrossing
point, which corresponds to the same resonance wavelengths of the
elementary LSP and SPP modes. The on-resonance field profiles
display a mixture of LSP and SPP characteristics. The localized
nature is dipolar in the first hybrid resonance, whereas it is quadru-
polar in the second hybrid resonance. The propagating part of the
hybrid mode is dominant along the gold-oxide interface in the first
hybrid resonance and along the gold-glass interface in the second
one. Such a rich-feature nanostructure follows from the control
over the geometrical parameters, as we report here, and it is possi-
ble to further optimize this system by different dielectric materials.
This hybrid system with two distinct resonances would be benefi-
cial in energy transfer systems and sensing. Most importantly,
allowing the excitation of SPPs at each surface, the proposed
model provides flexibility in plasmon-mediated applications,
where the propagating plasmons are utilized. One can benefit
from the field confinement at the back side of the metal layer, in
addition to the front side, in quantum emitter-metal hybrid
nanostructure systems.’” It is also possible to manipulate the
energy transfer between quantum emitters and plasmon fields so
that the emitters are excited at one plasmon resonance wave-
length, whereas they emit at the other, in a configuration where
the emitters are located on each side of the metal layer.
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