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Abstract The understanding of light-matter interactions at the
nanoscale lays the groundwork for many future technologies,
applications and materials. The scope of this article is the in-
vestigation of coupled photonic-plasmonic systems consisting
of a combination of photonic microcavities and metallic nanos-
tructures. In such systems, it is possible to observe an excep-
tionally strong coupling between electromagnetic light modes
of a resonator and collective electron oscillations (plasmons) in
the metal. Furthermore, the results have shown that coupled
photonic-plasmonic structures possess a considerably higher
sensitivity to changes in their environment than conventional
localized plasmon sensors due to a plasmon excitation phase
shift that depends on the environment.
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1. Plasmon Coupling

1.1. Introduction

The excitation of collective electron oscillations in metallic
nanostructures (localized plasmons) or on metal surfaces
(surface plasmons) constitutes the basis for the emerging
field of plasmonics (Fig. 1). The advances in particle synthe-
sis and nanofabrication offer unique possibilities to produce
structures with subwavelength dimensions (metamaterials)
with tailored optical properties. Such properties include re-
fractive indices not observed in conventional materials [1]
which have lead to many fascinating ideas such as the de-
sign of perfect lenses [2] or cloaking devices [3,4]. Further
applications include optical nanoantennas [5—7] or, more
generally, active and passive components for (integrated)
optical devices [8], like high-speed optical switches, tailored
optical filters and gratings, nanoscale waveguides as well as
coherent optical light sources [9, 10]. Furthermore, the tech-
nique of surface-enhanced Raman spectroscopy (SERS) has
become a widely used method to study molecule spectra that
is based on large field enhancements due to the excitation
of localized plasmons. The enhanced near-fields of metallic
nanoparticles can also be used to detect marginal changes
in the environment which is crucial for sensing applications
such as the detection of biomolecules [11-13].

In all mentioned fields, plasmonic devices consist of
many metallic nanoparticles that interact with each other
and the external light field all the time. The different com-
ponents cannot be regarded as isolated elements, therefore
the coupling between plasmons and the coupling of light to
plasmons decisively determines the properties and function-
ality of the applications. So, we have to ask ourselves the

Figure 1 Examples for plasmonic applications: (a) Novel ma-
terials [14], (b) nanoantennas [7], (c) waveguides [15], and (d)
sensors [16].

following questions: What are the exact coupling mecha-
nisms for different particle distances, especially with respect
to three-dimensional geometries? How can we manipulate
both coupling strength and range as well as the resonance
linewidths, and how can we utilize these modifications to
improve plasmonic devices?

Two fundamentally different coupling mechanisms have
to be distinguished: coupling via the near-field and coupling
via the far-field. Plasmonic nanoparticles can be coupled
via their near-fields when the particle distance is substan-
tially lower than the plasmon resonance wavelength of the
nanostructure. Many near-field coupled structures have been
investigated in the past years [Fig. 2] including nanorod
pairs (also referred to as cut-wire pairs) [17, 18], nanowire
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Figure 2 Examples of near-field coupled plasmonic nanostruc-
tures: (a) nanorod pairs, (b) nanowire pairs, (c) double-fishnet
structures, (d) coupled split-ring resonators, (e) particle chains,
and (f) oligomers

pairs [19, 20], double-fishnet structures [21,22], coupled
split-ring resonators [14, 23, 24], particle chains [25, 26],
oligomers [27] or clusters of metal particles [28] and metal-
dielectric spheres [29]. All near-field coupled plasmonic
structures have in common that the fundamental localized
plasmon resonance is shifted or split (hybridized) due to the
particle interactions. Often, circular currents or currents with
opposite directions exhibit magnetic moments that provide
a whole new way of interaction and excitation possibili-
ties. In general, the coupling strength decreases when the
particle-particle distance increases. When the particle dis-
tance, however, approaches or exceeds the wavelength of the
plasmon resonances, plasmonic far-field interactions medi-
ated by photonic Fabry-Pérot modes can be observed. This
effect can be investigated by analyzing multilayer Bragg
stacks of plasmonic structures or plasmonic particles in
photonic microcavities. In the context of optical plasmonic
nanoantennas [30], far-field coupling has been investigated
as well.

This chapter includes an analysis of near-field coupled
nanorod pairs and nanowire pairs (simulation and exper-
iment) for their later use in coupled photonic-plasmonic
systems. The transition from the near-field to the far-field
coupling regime is examined and models to describe the
far-field interactions are derived in order to understand the
combined photonic-plasmonic systems that will be investi-
gated in the context of strong coupling (Chs. 2 and 3) and
sensing applications (Ch. 4).

1.2. Near-Field Coupling
1.2.1. Dipole Model

If the particle size is sufficiently smaller than the particle
distance d, the particles can be treated as point dipoles and
the plasmonic near-field coupling can be approximated as
dipole-dipole coupling [31]. Hence, the distance dependence
of the coupling strength is on the order of 4~ which has
been experimentally demonstrated for example for the case
of particle chains [25, 32]. If the resonance wavelengths are
large enough, the quasi-electrostatic model (also referred

Figure 3 Dipolar electric fields of near-field coupled nanoparticles
arranged (a) along and (b) perpendicular to the electric field
direction of the incident wave.

to as Drude model) used for the excitation of localized
plasmons in single particles can be applied and retardation
effects can be neglected. Two different arrangements of
particles can be distinguished (Fig. 3): the particles can be
arranged along the direction of the electric field of the inci-
dent wave or perpendicular to it. In the first case (Fig. 3a),
the restoring force acting on the electrons in the particles is
decreased by the dipolar electric field of neighboring parti-
cles, resulting in a shift of the localized plasmon resonance
to lower frequencies. In the second case (Fig. 3b), the restor-
ing force is increased, leading to a plasmon resonance shift
towards higher frequencies. The emitted radiation of the
dipoles is mostly directed perpendicular to the oscillation
direction. Therefore, in structures aligned perpendicular to
the incident electric field, such as stacked nanowires, the
coupling is much larger than in a planar arrangement along
the electric field.

For more accurate calculations of structures with sizes
approaching the particle distance, like in the case of near-
field coupled nanorods, the dipole model can be expanded
to a series of dipoles representing the currents in a nanos-
tructure of a certain shape. With an appropriate oscillator
strength distribution function of the dipoles, good agree-
ment with experimental measurements can be achieved [33].
Despite its deficiencies, the dipole model provides a simple
picture to intuitively understand the coupling mechanisms
of nanostructures.

1.2.2. Plasmon Hybridization

The second phenomenon that can be observed at coupled
nanoparticles besides a mere shift of the plasmon resonances
is the resonance splitting. In analogy to the hybridization of
atomic energy levels which occurs when the atoms couple
and form molecules, localized plasmon resonances can be

-{“

Figure 4 Energy diagram of hybridized localized plasmon reso-
nances in a pair of nanorods.
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hybridized [34, 35]. A system of two coupled nanorods, for
example, exhibits two different resonances: a symmetric
mode where both plasmons oscillate in phase and an anti-
symmetric mode where the two plasmons oscillate with a
phase shift of 180°. The symmetric mode @y is located at
higher frequencies and the antisymmetric mode @ at lower
frequencies (Fig. 4). The closer the nanorods approach each
other, the larger is the resonance splitting (Fig. 5¢). In prin-
ciple, the antisymmetric (quadrupolar) mode is an optically
dark mode, which cannot be excited by an external elec-
tromagnetic wave due to the vanishing total electric dipole
moment. In order to excite it nevertheless, a structural asym-
metry is necessary which is given either by slightly different
lengths or by different materials (glass, air) that partially
surround the nanorods of a pair. In stacked structures, the
spatial variation of the electric field in propagation direc-
tion (retardation) enables the excitation of antisymmetric
modes. Additionally, the antisymmetric mode exhibits a
magnetic moment due to the opposite electric current direc-
tion in each pair which constitutes a partial circular current.
For this reason, the symmetric and antisymmetric plasmon
modes are also often referred to as electric and magnetic
plasmon modes since they induce an electric and magnetic
dipole, respectively. The interaction with the magnetic field
of the electromagnetic wave can lead to many interesting
effects. For example, nanorod pairs have been considered
as building blocks for materials with a negative index of
refraction [18]. It has been extensively discussed whether
the magnetic field of the wave is able to directly excite the
antisymmetric plasmon modes. A localized plasmon exci-
tation by the magnetic field of an incident electromagnetic
wave has been claimed in a number of publications [36,37].
However, magnetic fields cannot even carry out work. By
examination of different spatial arrangements of nanorod
pairs, it can be proven [38,39] that only the electric fields of
an incident electromagnetic wave excite symmetric as well
as antisymmetric localized plasmon modes.

1.2.3. Nanorod Pairs

In nanorod pairs, the localized plasmon resonance is hy-
bridized. In Fig. 6, the electric current density in a gold
nanorod pair as well as the magnetic field distribution (Hy-
component) around the structure was calculated for the sym-
metric (@) and the antisymmetric (@) localized plasmon
resonance using FDTD simulations !. The opposite currents
of the antisymmetric mode induce a strong magnetic field
between the two nanorods. In the case of the symmetric
mode, a weak circular magnetic field around the unidirec-
tional electric current of the nanorod pair can be observed.
The magnitude of the splitting is determined by the cou-
pling strength which can be varied by changing the particle
distance. A series of samples of stacked gold nanorod pairs
with different vertical distances d ranging from 30 nm to

! Gold was simulated throughout this article using the quasi-
free-electron model with the plasma frequency @, = 1.31- 10'° Hz

and the damping frequency 7. = 1.26-10'* Hz [40-42]
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Figure 5 (a) Tilted SEM image of fabricated nanorod pairs. The
different Au and MgF, layers are clearly visible. Comparison of
measured (b) and simulated (d) transmittance spectra of nanorod
pairs with different vertical distances d. (c) Simulated transmit-
tance spectra for nanorod distances ranging continuously from
20 nm to 100 nm demonstrating the progression of the symmetric
and the antisymmetric plasmon mode. The spectra in (c) corre-
spond to vertical cross-sections of the color plot (d) indicated by
dashed white lines.

resonance resonance
d splitting splitting
(simulation) (experiment)
30 nm 597 nm 563 nm
40 nm 507 nm 492 nm
55 nm 429 nm 400 nm
70 nm 390 nm 386 nm

Table 1 Comparison of simulated and measured resonance split-
tings of pairs of hanorods with different vertical distances d.

100 nm was fabricated and compared to FDTD simulations
(Fig. 5). The samples were produced on an Infrasil substrate
(ngyp = 1.45) using electron beam lithography with a pos-
itive resist procedure. Magnesium fluoride (nygp, = 1.38)
was used as a spacer layer between the nanorods. The length
of the nanorods is 320 nm, the width 100 nm and the thick-
ness 30 nm. The unit cell size is 500 nm x 500 nm. The
curves demonstrate how the resonance splitting increases
when the nanorods approach each other. The experimentally
obtained spectra and splitting magnitudes (Tab. 1) agree
very well with the simulation. The deviations can be ex-
plained with an imprecise measurement of the MgF, layer
thickness during the evaporation.

1.2.4. Mirror Hybridization

The electrostatic concept of image charges can be used to
explain the behavior of a plasmonic nanostructure located

Copyright line will be provided by the publisher
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Figure 6 FDTD-Simulation of the electric current density (a,b)
and the magnetic field distributions (Hy) (c,d) for the symmetric
(a,c) and the antisymmetric (b,d) localized plasmon resonances
of a gold nanorod pair.
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Figure 7 (a) The concept of image charges (b) transferred to
plasmonic nanorods. (c) Simulated reflectance spectra for differ-
ent distances d of the nanorod to the mirror. (d) Magnetic field
distribution (Hy-component) at resonance.

close to a mirror. The effects of the mirror on the electric
field of a charged particle can be modeled by replacing the
mirror with the same particle on the other side of the mirror
with opposite charge (image charge) (Fig. 7a). This model
can be transferred to plasmonics [43] when a localized plas-
mon is excited for example in a nanorod that is placed close
to a metal layer. Also in this situation, the metal layer can be
imagined to be replaced with a second nanorod on the other
side of the metal layer with an opposite charge distribution
(Fig. 7b). This corresponds to the situation of a nanorod pair
where the antisymmetric plasmon mode is excited. Accord-
ingly, a nanorod close to a metal layer exhibits a localized
plasmon mode that is shifted to higher energies the further
the nanorod approaches the mirror. Fig. 7(c) displays a series

of reflectance spectra for different distances d. In analogy
to the antisymmetric mode of a nanorod pair (Fig. 6¢), a
magnetic moment is induced between the nanorod and the
mirror (Fig. 7d). The simulated gold nanorods possess the
same geometrical parameters as in the previous section. The
gold mirror has a thickness of 10 nm. The whole system is
simulated in vacuum.

1.3. Far-Field Coupling
1.3.1. Transition from Near- to Far-Field Coupling

All discussed effects so far can be understood by applying
the quasi-static approximation and exploring the electric
fields. As soon as the particle distance increases and ap-
proaches the considered wavelengths, electrodynamic ef-
fects such as retardation can no longer be neglected. The
nanoparticles start to behave similar to Fabry-Pérot-cavities
with resonating mirrors. Fig. 8 displays the characteristics
of the resonances of a pair of nanorods when the vertical par-
ticle distance is increased from the near-field to the far-field
coupling regime. In the near-field coupling regime below
d =~ 200 nm, the hybridized localized plasmon modes con-
verge to the resonance of a single layer for increasing d.
When the distance d exceeds the near-field coupling regime,
one observes, instead of a mere vanishing interaction, per-
turbed Fabry-Pérot-like cavity modes. The perturbation is
strongest around the plasmon resonances, indicating a cou-
pling of the plasmons of each layer via the far-field. The
vertical coupling of stacked structures has the advantage that
the emitted dipole radiation is always directed towards the
next dipole. In addition, the phase retardation in the dipole
excitation allows the excitation of dark eigenmodes (like the
antisymmetric plasmon mode of a nanorod pair) that can
not be addressed in a lateral arrangement.

1.3.2. Phase Shift Model

The spectra of the far-field coupled nanorods can be ex-
plained by investigating the phase shifts that occur when
an electromagnetic wave is propagating through the system.

Reflectance NI

far-field
coupling

g

Figure 8 Reflectance spectra for a pair of nanorods with ver-
tical distances, i.e. resonator lengths, d ranging from 10 nm to
2000 nm covering the near- and far-field coupling regimes.
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Figure 9 Phase shifts for cavities consisting of nanostructured
mirrors.

The resonance condition for any resonator implies that the
total phase shift A@, that a wave accumulates during one
round trip in the resonator has to be a multiple of 27. In the
case of a cavity, this leads to a resonance wavelength of

2ncavd
/’LN - = AQref (1)
(N+1)— =2

with mirror distance d and nc,y as the refractive index of the
material in the cavity. N is an integer and A@,q is the phase
shift upon reflection at a mirror which is 7 for a perfect
metal. However, this value can deviate significantly from
for real metals and thin metal layers.

If the mirrors of the cavity are replaced with resonat-
ing elements, such as plasmonic nanostructures, the phase
shift upon reflection A@.q has to be replaced with the
wavelength-dependent phase shift upon plasmon excitation
AQexc (1) (Fig. 9) 2.

To approximate the plasmon excitation phase shift, a
simple model of a driven harmonic oscillator can be as-
sumed for the plasmon excitation. It is described by the
differential equation

P YpF+ 0FpF = — — Ege i 2)
ne
with the plasmon damping ¥ p and the localized plasmon
resonance frequency @ p of the nanostructure. The field of
the incident electromagnetic wave E (1) = Ege'®" acts as a
driving force on the electrons in the metal and excites the
plasmon. The solution of Eq. 2 leads to

! S E(1) 3)
0% — 0 +iYp® me

(1) =

In analogy to the quasi-free electron model, a permittivity
for the plasmonic layer can now be derived. The plasmonic
layer is in this context treated as a homogeneous layer with
a permittivity that has a Lorentzian response at the localized
plasmon resonance @y p. This effective permittivity is then
given by

@

0% — Op +iYp®

ep(0)=1- “)

with the plasma frequency ®,. To take the influence of a
dielectric material with a refractive index ny in the plasmon

2 Due to the dispersive nature of metals, also the phase shift
upon reflection AQ,.q at metal mirrors is wavelength-dependent.
However, compared to the phase shift upon plasmon excitation,
this dependence is negligibly weak.

layer into account, the non-resonant part of the effective
dielectric function npp (@) can be changed from 1 to ny.
Hence, the refractive index of the plasmon layer is given by

= @
nip (@) ng (5)

©? — O +iYp®

Using the Fresnel equations, the reflectivity of such a plas-
monic layer embedded between to dielectric layers with the
refractive indices ncay and ngyp (Fig. 10) can be calculated

as _
 Ryp+Ryze?ikd

-_— . A7 6
1+ R2Rp3e2kd ©
with
Ry = Teav — NLP and @)
Neay +NLP
Rys — nLp — Nsyb ) (8)
nrp + Nsub

The phase shift upon plasmon excitation is then given by

[R]
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Figure 10 The plasmon layer (2) is treated as a homogeneous
layer with an effective permittivity. It is surrounded by two different
dielectric materials (1) and (3) representing a substrate and a
cavity filling material.

1.3.3. Nanostructured Cavities

The influence of plasmonic excitations on the resonances of
cavities consisting of different nanostructured mirrors is in-
vestigated in the following. Cavities consisting of nanorods,
nanorod pairs and continuous nanowires are compared to a
cavity with plane metal layer mirrors.

In Fig. 11(a) the resonances of a cavity consisting of
thin gold mirrors can be identified in the reflectance plot.
Compared to a cavity with perfect mirrors represented by
the dashed white lines (Ax = W), the resonances are
shifted due to the penetration depth in the gold layer and
due to the effects of reflections on a thin layer. The shift is
around AA ~ 100 nm at a wavelength of A = 1000 nm.

When the metal mirrors are replaced with continuous
metal wires (polarization of incident light along the wire),
this shift is increased to AA ~ 200 nm (Fig. 11b) and can
be further increased if less metal is present in the structures

Copyright line will be provided by the publisher
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forming the cavity. Structure sizes smaller than the wave-
length cause effects that have to be explained in terms of
effective structure parameters like in this case an effective
metal density resulting in an effective mirror thickness and
a corresponding reflection phase shift that shifts the cavity
resonance accordingly.

For the case of two layers of plasmonic nanostructures
with a large distance, the phase shift model is applied to
calculate the resonances (Eq. 9). For nanorods, the results
are displayed as continuous white lines in the colored re-
flectance plots of Fig. 11(c). The model can accurately
reproduce the simulated spectra for nanorod cavities. Fit-
ting parameters are the plasmon damping parameter ¥ p
and the localized plasmon resonance frequency @pp. When
approaching the localized plasmon resonance (indicated
by the horizontal dashed black line), the linewidth of the
Fabry-Pérot modes is extremely decreased. Here, the spatial
arrangement of the emitters matches their emission wave-
length, and the phase behavior is strongly modified. This
large perturbation due to the strong phase dependence of
the cavity resonances in this region will later be explored
for plasmon sensing applications (Ch. 4).

In the case of two far-field coupled nanorod pairs
(Fig. 11d), the additional influence of the hybridized plas-
mon modes can be observed. Besides the bending of the
resonances around the symmetric plasmon resonance, ad-
ditional perturbations around the antisymmetric plasmon
resonance can be observed.

The following geometric parameters were used for the
simulations: The thickness of the plane metal mirrors is
10 nm, the continuous nanowires have a thickness of 30 nm
and a width of 100 nm. The nanorods have a length of
300 nm, a width of 100 nm and a thickness of 30 nm. The
distance between the two nanorods of a pair is 40 nm. The
unit cell size is 500 nm x 500 nm. The mirrors and nanos-
tructures consist of gold, the surrounding medium of all
systems is vacuum including the interior of the cavities.

The simulated spectra could accurately be reproduced
experimentally [44] for the case of two layers of stacked
nanowires by a series of fabricated samples covering the
near- and far-field coupling regime.

1.3.4. Multilayer Stacks

In order to proceed towards an understanding of three-
dimensional materials made of plasmonic nanostructures,
multilayer stacks of plasmonic nanorods and nanowires have
been simulated. The color plots in Fig. 12 show the reso-
nances of five layers of nanorods compared to five ordinarily
coupled cavities. In general, each cavity resonance is split
into N modes in the case of N coupled cavities. Thinner
metal layers lead to a better coupling of the cavities and
therefore to a larger splitting. Extensive treatments of cou-
pled cavities can be found in the context of metal-dielectric
stacks (or one-dimensional photonic crystals), for example
in [45].

For a medium consisting of several layers of nanos-
tructures that are coupled vertically via their far-field, a
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Figure 11 Reflectance spectra of nanostructured cavities with
varying resonator length d. The cavity mirrors are formed by (a)
plane metal layers, (b) continuous nanowires, (c) nanorods, and
(d) nanorod pairs. The dashed white lines in (a) and (b) indicate
the resonances for a cavity with perfect mirrors, the solid white
lines in (c) indicate the resonances when the phase shift model is
applied. The black lines in (c) and (d) correspond to the localized
plasmon resonances of a single layer of nanorods and nanorod
pairs.

combination of the effects of coupled multilayer mirror cav-
ities (Fig. 12a) and a two-layer far-field coupled nanorod
cavity (Fig. 11c) can be observed. First, the resonances are
split with the splitting magnitude being dependent on the
effective density of the plasmon layer determined by the
thickness and shape of the nanostructures. The number of
split modes is determined by the number of coupled cavi-
ties. The formation of band gaps already takes place at a
very small number of cavities which can be attributed to
the relatively long plasmon lifetime. The cross-sections in
Fig. 12 point out the formation of band gaps for a five layer
structure. The second effect is the perturbation of the modes
around the plasmon resonance frequency. By tuning the
plasmon resonance (via the nanorod length) and the layer
distance, these kind of structures offer the possibility to
fabricate materials with tailored reflection and transmission
properties using only a small number of stacked layers.

For the simulations, the same geometric and material
parameters as in Sec. 1.3.3 were used. The simulated results

Copyright line will be provided by the publisher



Laser Photonics Rev. 0, No.0 (2012)

REVIEW ARTICLE

could be confirmed experimentally with a structure consist-
ing of four layers of stacked continuous nanowires [46].

2. Strong Coupling of Photonic and
Localized Plasmon Modes

2.1. Introduction

Microcavities confine the electromagnetic field within a very
small volume and allow large field enhancement [47-52].
When combined with radiating species, such as atoms [53],
molecules [54-57], or semiconductor excitons [58], strong
coupling between the optical modes of the microcavity and
resonant modes of the emitters can occur. This strong cou-
pling has been utilized in the past to demonstrate enhance-
ment and inhibition of spontaneous emission [59,60] or to
tailor the photon statistics [61]. Also vacuum Rabi-splitting
of excitons in quantum dots has been observed [62,63]. An
additional feature of microcavities is their ability to couple
two radiating systems via the optical far-field over a larger
distance [64,65] (see also Sec. 1.3.3).

In this chapter, strong coupling between localized plas-
mons in nanorod pairs and photonic modes of a microcavity
is presented [66]. Furthermore, it is demonstrated that the
field symmetry of the microcavity modes can excite sym-
metric and antisymmetric localized plasmon modes in a
nanorod pair that are associated with electric and magnetic

(@)

E £
& =
£ £
=) =)
e e
° o
° ]
s H
H 2

500 1000 1500 500 1000 1500 2000
Resonator length d [nm] Resonator length d [nm]

atd =1300 nm atd =1000 nm

o
>
o
2

Reflection
o
=
Reflection
)
S

o
)

0.2]

0 800 1000 1200 1400 1600 1800 2000

80 800 1000 1200 1400 1600 1800 2000
Wavelength [nm] )

Wavelength [nm!

Figure 12 Reflectance plots of multilayer cavities consisting of
(a) plane metal layers and (b) metal nanorods. The graphs corre-
spond to cross-sections in the color plots indicated by the dashed
white lines.

dipoles. The coupling strength depends on the nanorod posi-
tion in the microcavity. The design allows especially strong
coupling of light to the generally weakly excited magnetic
dipole and can serve as a model for far-field coupling of
localized particle plasmons in individual layers of stacked
metallic metamaterials [67, 68]. The work accounts for a
better understanding of the coupling of multiple localized
plasmons in three-dimensional metamaterials [14,69].

2.2. Strong Coupling
2.2.1. Strong Coupling of Quantum Emitters and Light

In the past, strong coupling between photons and many
different emitters has been observed. In 1992, it was the
first time that mode-splitting due to the strong coupling of
a photonic cavity mode to a two-level atom has been ob-
served [53]. In that experiment, a cavity is tuned in such a
way that it has the same resonance frequency as the atomic
transition (Fig. 13). To obtain then a periodic energy ex-
change between the cavity mode and the atom, there are
three important factors that play a key role:

— the coupling strength g of the electric field to the atom
which is proportional to the electric field inside the cavity
and to the dipole moment of the excited atom state,

— radiation losses at the mirrors Ky,

— losses due to spontaneous emission of the atom in any
direction Kg.

When two modes of the same energy are coupled, the
modes are split around the common resonance frequency
@y. In the spectrum, the coupling strength g determines the
extent of the splitting. The irreversible decay channels ki
and kg describe the ways a photon can leave the coupled

(@)

@)

Frequency
§

Emission

Frequency

Resonator length

Figure 13 (a) Strong coupling of a two-level atom in a cavity with
the coupling strength g and the irreversible decay channels at the
mirrors Ky and due to spontaneous emission kg. (b) Splitting of
the resonances around the resonance frequency of the emitter
y. (c) Anticrossing behavior of the resonances when the cavity
resonance is detuned around the emitter resonance.
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atom-cavity state and determine the linewidth of the reso-
nances. If g is large in comparison, then a mode-splitting
can be observed and strong coupling is achieved.

In Tab. 2, some experimental results of the last years are
compared. Besides atoms, the same effects can be observed
for any quantum emitter, also for quantum dots or quantum
wells. Instead of a classical cavity, one can also use a pho-
tonic crystal with a photonic band gap, Bragg-mirrors, or
metal layers. A measure for the quality of a coupling experi-
ment is the relation of the splitting energy and the spectral
linewidth. For atoms, values up to 5 have been achieved, for
quantum dots, the best measured value so far is 2.2.

Emitter Cs- InAs InGaAs GaAs

¢ Atom QD QD QD

. . Photonic | Micro- Micro-

Cavity type | Mirrors Crystal pillars disk
Splitting /
Linewidth 5 1.3 0.7 2.2
Date of 2004 2004 2004 2005
experiment [70] [63] [62] [71]

Table 2 Comparison of different systems exhibiting Rabi-splitting
[72] (QD = quantum dot).

2.2.2. Transition to Plasmonic Systems

The transition of the concept of strong coupling between
photonic cavity modes and an emitter to plasmonic sys-
tems is straightforward. Instead of the Rabi-splitting for the
atoms, which is a quantum effect, now the classical polariton
splitting of the plasmons occurs. The atom-field coupling
strength becomes the plasmon field coupling strength which
is proportional to the plasmon dipole moment and the elec-
tric field. Also, radiation losses at the mirrors play a role:
in the regarded structures, thin gold metal layers were used
as mirrors. Finally, kg corresponds to the dephasing rate of
the plasmons associated with the damping frequency of the
metal. The investigated coupled photonic-plasmonic system
consists of an array of gold nanorods or nanorod pairs lo-
cated inside a microcavity that is made out of a dielectric
material surrounded by two gold layers that act as the mir-
rors (Fig. 14). This coupled photonic-plasmonic system can
be described with the Hamiltonian

- (22)
g Erp

(b)

(10)

Figure 14 (a) Nanorods and (b) nanorod pairs in a microcavity
constitute a strongly coupled photonic-plasmonic system.

with the energy of the N-th photonic cavity mode En = i,
the energy of the localized plasmon mode Ejp = /i@.p, and
the coupling constant g. The solution of the equation

HY — <EN g ) (WN) _E(II/N>

g Erp/ \yrp YLp
with the eigenstate of the polariton ¥ being composed of
the eigenstates of the cavity yy and the plasmon yip yields

the dispersion of the coupled system. At the point where Ex
equals Epp, this results in a mode splitting of 2g.

(11)

2.3. Single Nanorods in a Microcavity

At first, a layer of single nanorods is placed into the center
of a microcavity (Fig. 15). The geometric parameters of the
nanorods are again 300 nm x 100 nm x 30 nm (length x
width x thickness) with an array unit cell size of 500 nm x
500 nm. To compare the simulated spectra with experimen-
tal measurements, the simulated material parameters were
adjusted to the fabricated samples. This means the cavity is
filled with a dielectric with the refractive index ng = 1.40
and is surrounded by a substrate with ngyp, = 1.45 on the
lower side and by air on the upper side. The mirrors as well
as the nanorods themselves are made out of gold. The local-
ized plasmon resonance wavelength of the isolated nanorod
(in the dielectric medium) is in this case A p = 1480 nm.

The resonances of an empty cavity appear as straight
lines in the color-coded reflectance plot of Fig. 15 and are
here indicated by black dashed lines and their mode num-
bers N. The localized plasmon eigenmode is indicated by
the horizontal white dashed line. When the resonance wave-
lengths of the cavity are close to the plasmon resonance
of the nanorod, the described polariton splitting can be ob-
served. A closer look reveals that only the odd cavity modes
(N =1,3,5,...) are influenced. They show a huge anticross-
ing with a splitting of several hundred nanometers whereas
the even modes (N = 2,4,6,...) remain completely unper-
turbed.

The mode splitting is proportional to the coupling
strength g which is proportional to the electric field strength.
Reflectance M T
|

-3

‘Wavelength [nm]

—
= —
500 1000 1500 2000 2500 3000
Resonator length d [nm]

Figure 15 Single nanorods in a microcavity and the corre-
sponding reflectance plot for different wavelengths and resonator
lengths. The dashed white and black lines correspond to the
unperturbed plasmon and cavity modes. Around every second
intersection of the modes, an anticrossing is observable (indicated
by black arrows).
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Hence, the behavior of the modes can be explained by re-
garding the symmetry of the electric fields in the cavity: For
the odd modes, there is an electric field anti-node located
in the center of the cavity where the nanorods are located.
This means the field strength at these positions is very high
leading to a large interaction and therefore a strong coupling
of the photonic cavity mode to the plasmon. For the even
cavity modes, the situation is totally different. Here, we have
an electric field node in the center of the cavity. This means
that the field is close to zero at the position of the nanorods.
Hence, the plasmons cannot be excited, no interaction can
take place, and the modes remain unaffected.

2.4. Nanorod Pairs in a Microcavity
2.4.1. Electric and Magnetic Coupling

Very interesting effects occur when the single nanorods are
replaced by nanorod pairs [66] (Fig. 16b). In addition to the
symmetric plasmon mode of the nanorod pair, the antisym-
metric mode can interact with the cavity modes. The plas-
monic structure can now exhibit two different resonances
and Eq. 11 has to be extended to

En g1 g1\ [N UN
HY =1gnEy 0 | v | =E|wn (12)
g1 0 En/ \ypy Vil

with the indices 11 and 1] denoting the symmetric and
antisymmetric localized plasmon resonance.

@
S
s
S

N
a
=}
S

2000

Wavelength [nm]

1500 2000 2500 3000
Resonator length d [nm]

0.0 0.2
I A

04 _06 08 10
-3

Wavelength [nm]

—
2000 2500 3000

iyt

et
1000 1500
Resonator length d [nm]

Figure 16 (a) Empty microcavity and (b) nanorod pairs in a
microcavity with the corresponding reflectance plots for different
wavelengths and resonator lengths. The dashed white and black
lines correspond to the unperturbed plasmon and cavity modes.
The mode splitting is indicated by the black arrows. The vertical
violet lines (marked A and B) denote the positions of the fabricated
samples (see Sec. 2.4.4).

In the considered case, the two nanorods are separated
by a 40 nm thick spacer with the refractive index nygr, =
1.38. All other material parameters are the same as in the
previous section. The resonance wavelengths of an isolated
nanorod pair are then A4+ = 1320 nm for the symmetric and
A+, = 1760 nm for the antisymmetric plasmon mode.

The modifications of the resonances in the reflectance
plots of Fig. 16b explain what is going on in this coupled
system: The odd modes are only split around the resonance
wavelength of the symmetric plasmon mode whereas the
even modes are only split around the resonance wavelength
of the antisymmetric plasmon mode. In the center of the
resonator, the electric field vectors of the odd modes point
into the same direction for both nanorods of a pair, so only
the symmetric mode can be excited. The field amplitude is
close to the maximum for the odd modes near the nanorod
spatial region, therefore also the coupling g4 is strong. The
even modes, however, possess an electric field node directly
in between the two nanorods, resulting in opposite direc-
tions of the electric field vector for each nanowire, exciting
only the antisymmetric mode. Since the field amplitude is
low around the node, the strong coupling between the even
modes and the plasmon g4, is less pronounced. One might
also look at the interaction from a magnetic viewpoint [73].
The magnetic field in the microcavity is maximum at the
nodes of the electric field. Hence, the interaction with the an-
tisymmetric (magnetic) nanorod pair modes is then strongest
at such locations.

2.4.2. Variation of Plasmon Position

To verify the explanations of the previous section, the
nanorod pairs are placed at different positions in the cavity.
The nanorods are positioned in such a way that the ratio of
the distances to the two gold cavity mirrors are dy : dp =1:2
and 1: 3. When placed around an electric field node of the
third cavity mode (Fig. 17a), this mode can couple only to
the antisymmetric plasmon mode and not to the symmetric
plasmon mode anymore. The other cavity modes couple
only to the symmetric mode. Similar observations apply for
nanorod pairs placed around the electric field node of the
fourth cavity mode (Fig. 17b).

2.4.3. Nature of the Modes

The field plots in Fig. 18 provide a deeper insight concern-
ing the nature of the split modes. In a nanorod pair, the
electric fields in the nanorods point in the same direction
for the symmetric and in opposite directions for the anti-
symmetric plasmon mode (see Fig. 6). The coupling of the
third resonator mode to the symmetric plasmon mode is
illustrated in Fig. 18a and b. The electric field points into
the same direction in both nanowires, whereas it points into
opposite directions for the coupling of the second resonator
mode to the antisymmetric plasmon mode in Fig. 18c and
d. Note that the two split resonances of one microcavity
mode differ in such a way that the plasmon oscillation is
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in phase with the microcavity mode for the resonance at
the lower wavelength and antiphase for the resonance at the
higher wavelength. Fig. 18e and f finally shows magnetic
fields that belong to the third cavity mode and the corre-
sponding strong magnetic dipoles that are exhibited by the
antisymmetric plasmon modes. For the split mode with the
lower wavelength, the induced magnetic dipole oscillates
in phase with the magnetic field of the cavity mode, for the
split mode with the higher wavelength, the magnetic dipole
oscillates antiphase.

2.4.4. Fabrication Details

The samples were fabricated using physical vapor deposition
for the metals and the magnesium fluoride (MgF») spacer
layers, spin coating for the thick dielectric layers in the
microcavity, and electron beam lithography for the nanos-
tructuring. With these techniques the investigated structures
can be manufactured in a layer-by-layer fashion. First, a
20 nm thick gold layer serving as the lower mirror is evapo-
rated on an Infrasil glass substrate that has been coated with
3 nm chromium for a better adhesion of the gold. There-
after, the first dielectric spacer between the gold-layer and
the later nanorods is spin-coated. For the spacer we use
the polysiloxane-based spin-on glass IC1-200 in different
mixing ratios with butanol, resulting in different layer thick-
nesses. The spacer consists of one or more dielectric coating
layers with different mixing ratios. Subsequently, the pos-
itive resist is spun onto the sample in which the nanorod
pattern is written by electron beam lithography. After the
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Figure 17 Nanorod pairs in a microcavity placed at an electric
field node of the (a) third and (b) fourth cavity mode including
the corresponding reflectance plot for different wavelengths and
resonator lengths. The dashed white and black lines correspond
to the unperturbed plasmon and cavity modes. The vertical violet
line (marked B) denotes the positions of the fabricated sample
(see Sec. 2.4.4).

exposure and the development, the sample is coated with
30 nm Au, 40 nm MgF,, and 30 nm Au. By leaving the
sample in acetone for several hours, the unexposed PMMA
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Figure 18 © American Chemical Society [66]. Plots of the electric
(a-d) and magnetic (e,f) field distributions (logarithmic color scale)
at the various resonances of a pair of nanorods in a microcavity.
(a) and (b) show the x-component of the electric field in the y-z-
plane for the third cavity mode (3) that is split in two modes (3a
and 3b) due to strong coupling to the symmetric plasmon mode.
(c) and (d) show the same field for the second cavity mode (2)
that is split in two modes (2a and 2b) due to strong coupling to
the antisymmetric plasmon mode. The reflectance spectra below
corresponds to cross-sections (marked A) of the color plots in
Fig. 16a and b. The solid lines denote the reflectance of nanorod
pairs in a microcavity, the dashed lines show the unperturbed
modes of an empty cavity (compare with Fig. 20). (e) and (f)
show the y-component of the magnetic field of the split second
resonator mode (2) in the x-z-plane.

Gold

Infrasil Infrasil

Figure 19 © American Chemical Society [66]. (a, b) Sketches
of the two fabricated samples A and B. (c, d) SEM-images of
focussed ion beam cuts of the two samples providing a side view
on the different layers.
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as well as the gold and magnesium fluoride layers thereon
are removed (lift-off), and only the nanorod pairs on the
dielectric coating remain. The period of the nanorod ar-
ray is 500 nm in both directions, the length of the rods
is around 300 nm, the width 100 nm. For planarization a
100 nm thick layer of IC1-200 and subsequently the upper
dielectric spacer is spun on the sample. Finally, 20 nm gold
is evaporated forming the upper mirror of the cavity.

Two samples (A and B) have been produced in the above
explained manner (Fig. 19) to confirm the simulated results
experimentally. One sample (A) has been produced with
the nanorod pairs located in the center of the resonator.
The resonator length of sample A is 1100 nm. This is ap-
proximately the length where the second resonator mode
wavelength equals the antisymmetric plasmon mode wave-
length. By regarding the reflectance plot in Fig. 16(b), one
recognizes that both kind of splittings (around the symmet-
ric and around the antisymmetric plasmon mode) should
be visible in a measured spectrum at this position. In the
second sample (B) the nanorod pairs are positioned in such a
way that the ratio of the distances to the two gold cavity mir-
rors is dy : d» = 1 : 2. The total resonator length is 1740 nm.
Around this length, the wavelength of the third resonator
mode equals the antisymmetric plasmon mode wavelength.
From Fig. 17(a) one can expect to see a coupling of the third
resonator mode to the antisymmetric plasmon mode and of
the fourth resonator mode to the symmetric plasmon mode
under these conditions.

2.4.5. Experimental Results

Each measured reflection spectrum of a fabricated sample
(Fig. 20) corresponds to one cross-section in the color-coded
reflectance plots of Figs. 16 and 17a (marked as vertical
violet lines A and B). Additional reflection spectra were
recorded away from the structure to measure the unper-
turbed resonance modes and thus determine the resonator
length. The reflection and transmission spectra have been
measured with a Fourier transform infrared spectrometer
using a Si-diode and an MCT-detector and linearly polarized
light.

The measured spectrum of sample A is in good agree-
ment with the simulation (Fig. 20a). Around A;| = 1760 nm,
the splitting of the second mode (2) into two peaks (2a, 2b)
around the antisymmetric plasmon mode can be clearly ob-
served. Additionally, the large splitting of the third mode
(3 — 3a, 3b) due to its strong coupling to the symmetric
plasmon mode is evident. Finally, the higher modes remain
mostly unaffected for this resonator length. The relative
difference in the strength of the modes in experiment and
simulation can be explained by the fact that the thickness of
the spacer layers between nanorod pair and metal mirror is
subject to variations.

Sample B has a resonator length of 1740 nm. Around
this length, the wavelength of the third resonator mode (3)
equals the antisymmetric plasmon mode wavelength. Due to
the non-central position of the nanorod in the cavity, strong
coupling between the third mode and the antisymmetric

plasmon mode evident through a large mode splitting can be
observed (see Fig. 20b). The strong coupling of the fourth
mode (4) to the symmetric plasmon mode can also be seen
in the measured spectrum characterized by a splitting into
two well-separated peaks (4a and 4b). The second resonator
mode (2) does not split up for this resonator length and is
only slightly shifted.

2.4.6. Splitting Energies

The splitting of the modes is determined by the strength of
the coupling. As pointed out in Sec. 2.2.1, strong coupling
is achieved when the ratio of the splitting and the linewidth
of the modes is larger than 1. In Tab. 3, the simulated and
measured splitting wavelengths and energies, as well as the
ratios of the splittings over the linewidths are compared for
the different coupled modes. The simulated splitting values
are taken at resonator lengths corresponding to those of the
fabricated samples (Sec. 2.4.4). These resonator lengths do
not always correspond exactly to the values where the un-
perturbed plasmon and cavity modes would intersect. The
splitting energies simulated around the exact crossing of
the modes are slightly smaller (see Fig. 16b): for the cou-
pling to the symmetric plasmon mode, a splitting energy
of 354 meV (38 % of resonance energy) was simulated, for
the coupling to the antisymmetric mode the corresponding
value was 82 meV (12 % of resonance energy), both for the
structure with the nanorod pair in the center of the cavity.
For the off-central position of the nanorod pairs, slightly
smaller values were determined. All measured and simu-
lated ratios of the splitting energy and the linewidth of the
resonances are larger than 1 (up to 8.9 for the symmetric
coupling). Therefore, strong coupling of photonic and local-
ized plasmonic modes has been demonstrated for all studied
structures.
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Figure 20 © American Chemical Society [66]. Comparison
of measured and simulated reflection spectra. (a) Sample A:
Nanorod pair in a central position in the resonator (d| = d, =
550 nm). (b) Sample B: Nanorod pair in a non-central position in
the resonator (d; = 580 nm, d, = 1160 nm). The dashed lines in
the background correspond to the reflectance spectra of an empty
cavity.
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2.5. Multilayer Nanorods in a Microcavity

Finally, the effects of multiple layers of nanorods in a cavity
are investigated. In agreement with Sec. 1.3.4, the splitting
of each mode into a number of modes corresponding to the
number of subcavities can be observed (Fig. 21). However,
in contrast to the case without limiting mirrors on the upper
and lower side, the resonances remain well-separated and
do not start to form band gaps. Here, the effect of the cavity
of allowing only resonances at well-defined frequencies can
be observed. In the case of nanorod pairs in a cavity, also the
interaction with the antisymmetric plasmon mode manifests
itself as small anticrossings around the plasmon resonance
frequency.
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Table 3 Mode splitting of nanorod pairs in a microcavity at differ-
ent positions. d; and d, are the distances of the nanorods to the
lower and upper cavity mirror. The coupled plasmon modes are
indicates by 11 (symmetric) and 1] (antisymmetric), the coupled
cavity modes are defined by their mode number N. The numbers
in brackets are the measured values.
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Figure 21 Reflectance plots of three layers of (a) single nanorods
and (b) nanorod pairs in a microcavity for different resonator
lengths d. Black and white dashed lines denote the unperturbed
resonances of cavities and nanorods / nanorod pairs.

To understand the features of the resonances in more
detail, it is again helpful to look at the symmetry of the
electric fields of the cavity modes. The cavity modes with
N =4,8,12, ... possess electric field nodes at the positions
of the single nanorods and in between two nanorods of a
pair. This means on the one hand that the field strength is
very low at the positions of the single nanorods, therefore no
interaction takes place and the corresponding cavity modes
remain unperturbed and appear as straight lines in Fig. 21a.
On the other hand, in the case of nanorod pairs, the electric
field points into different directions for each nanorod of
a pair, therefore the antisymmetric plasmon mode can be
excited and small mode splittings appear around the anti-
symmetric plasmon resonance in Fig. 21b.

All other modes have non-vanishing electric fields at
the positions of the nanorods, so they can interact with
the symmetric plasmon mode and show quite pronounced
anticrossings around the single nanorod and the symmetric
nanorod pair resonance.

3. Strong Coupling of Photonic and
Surface Plasmon Modes

3.1. Introduction

In this chapter, strong coupling of surface plasmon modes
on a thin metal layer via localized plasmons of nanowires to
photonic microcavity modes is investigated [74]. In analogy
to the previous chapter, a modified environment is created
by a photonic microcavity which manipulates the coupling
strength of light to localized and surface plasmons and in-
fluences the plasmon resonances. In particular, an array of
nanowires is placed close to a mirror, and a second mirror
is positioned near Bragg distance. The distance has to be
accurately controlled, since strong coupling can only be
observed when the resonances of the photonic microcavity
and the plasmons intersect. The coupling becomes evident
from an anti-crossing of the resonances when the cavity
resonance is detuned around the plasmon resonances. The
resonant modes of the coupled system are experimentally
determined for different resonator lengths by applying exter-
nal pressure to the microcavity while recording the spectra.
Excellent agreement with simulations is achieved.

Furthermore, it is demonstrated that a strong plasmon-
plasmon interaction over far-field distances can be achieved
by placing a second layer of nanowires also close to the
opposite mirror of the cavity. The far-field interaction, which
is mediated by the photonic microcavity modes, causes
a splitting of both the localized and the surface plasmon
modes.

3.2. Structure Geometry and Coupling Scheme

3.2.1. Excitation of Surface and Localized Plasmons

In an isolated continuous metal nanowire, localized plas-
mons can be excited when the incident light is polarized
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perpendicular to the wire. The localized plasmon resonance
wavelength App is determined by the width and thickness of
the wire as well as the material parameters of the metal and
the dielectric environment.

Placing a thin metal layer near an array of nanowires
has two effects (Fig. 22a). First, in analogy to electrostatics,
the effects of a mirror close to a charged particle is equal to
the effect of an image charge placed on the opposite side of
the mirror with opposite charge (see Sec. 1.2.4). Hence, the
system of a nanowire placed closely above a mirror resem-
bles very much the system of a pair of stacked nanowires
where the antisymmetric plasmon mode (magnetic mode) is
excited [43,75,76]. Depending on the distance of the wire
to the mirror, the resonance wavelength is shifted towards
higher wavelengths. Using a dielectric spacer of 30 nm with
arefractive index of n = 1.38 between wire and mirror and a
mirror thickness of 15 nm, the localized plasmon resonance
is shifted to A;p = 1050 nm for nanowires with a thickness
of 20 nm and a width of 140 nm. In the same manner as for
a nanowire pair, a magnetic dipole is induced for a nanowire
close to a mirror.

The second effect is the grating-induced excitation of
propagating surface plasmons on the metal-substrate in-
terface [77,78]. For the used parameters, a nanowire pe-
riod of px = 600 nm allows surface plasmons with a reso-
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Figure 22 © Optical Society of America [74]. (a) In an array of
metal nanowires close to a thin metal layer localized and surface
plasmons can be excited (b). (c) The magnetic field plots of the
two resonances reveal the nature of the two plasmon modes.
(d) By adding a second metal layer, the microcavity modes can
couple to the plasmon modes for those mirror distances d where
the microcavity modes intersect with plasmon modes (e). The
red lines in the structure illustrations indicate the standing electric
fields. lllumination is from below with polarization along the x-
direction.

nance wavelength of Agp = 880 nm (Fig. 22b). By plotting
the magnetic fields, the two resonances can be identified
(Fig. 22c¢).

3.2.2. Enhancing Light-Plasmon Coupling by a Photonic
Microcavity

In order to obtain strong coupling of light to the plasmon
modes, a microcavity is formed by positioning a second
mirror at a distance d to the nanowires (Fig. 22d). The mirror
consists of a 100 nm thick gold layer. When the distance d
is varied, a strong interaction with the plasmon modes is
expected each time when the cavity resonance is equal to
a plasmon resonance (Fig. 22¢). From a magnetic point of
view, the cavity modes can be coupled very effectively to the
magnetic plasmon modes due to their strong magnetic field
(anti-nodes) near the mirrors. The mode coupling causes an
anti-crossing of the resonances and can be observed in the
simulated reflectance plot of Fig. 25a. The simulations were
performed using a Fourier model based Maxwell solver
[79-81].

3.2.3. Fabrication and Measurement Technique

The experimental realization of this structure has been ac-
complished as follows: First, a gold layer and a magnesium
fluoride layer (nmgr, = 1.38) are evaporated on a glass sub-
strate (ngyp = 1.45). The nanowires are fabricated by elec-
tron beam lithography using a positive resist procedure with
a final lift-off. Fig. 23 displays a top and side view of the fab-
ricated structure. The second mirror is evaporated on a sec-
ond glass substrate which is then turned around and pressed

bottom
mirror

nanowires

Figure 23 © Optical Society of America [74]. Scanning electron
microscope image of the structure. (a) Top view and (b) side view
obtained by a focussed ion beam cut.
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Figure 24 Setup used to press the mirror onto the sample.
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Figure 25 © Optical Society of America [74]. (a,c) Simulated

and (b,d) measured reflectance for different microcavity lengths d.

For incident light polarized perpendicular to the nanowires (a,b),
the anticrossings of the modes caused by the strong coupling of
the plasmons to the cavity modes can be observed (indicated
by black arrows). The white dashed lines denote the localized
plasmon (LP) and surface plasmon (SP) resonances as well as
the unperturbed cavity resonance. For incident light polarized
along the continuous nanowires (c,d), only the cavity modes are
excited.

onto the nanowire array. The pressure is applied via a small
annular stamp around the region where the nanowire array
with a total size of 700 um x 700 pum is written (Fig. 24).
Using this technique, the microcavity length can be tuned
from several micrometers to only a few hundred nanometers
by simply changing the mechanical pressure. By placing the
whole device in a Fourier-transform infrared spectrometer
with an attached infrared microscope, the behavior of the
resonances of the system can be measured by recording the
reflected light for a series of different microcavity lengths.
The reflectance plot that was experimentally obtained in this
way (Fig. 25b) corresponds very well to the simulated one.

In order to determine the actual distance of the mirrors,
the polarization is turned by 90°. This way, the incident
light is polarized along the continuous nanowires. Hence, no
plasmons can be excited and only the unperturbed cavity res-
onances are detected (Fig. 25c and d). It has to be taken into
account that a certain apparent length increase of the cavity
occurs [82,83], since the reflection phase shifts of the light
on the metal layers is slightly larger than 7. By comparing
to simulations, this apparent length increase has been deter-
mined as 6 = 90 nm for polarization along the nanowires.
For polarization perpendicular to the nanowires, the phase
shift upon reflection is different due to the additional res-
onant plasmon excitation resulting in an apparent length
increase of 6, = 128 nm. The relation between the first or-

der resonance of the cavity A;, the mirror distance d, and
the apparent length increase 0 is given by A; = 2(d + 9).

3.2.4. Mode Splitting

In Fig. 26, the simulated and experimentally determined
reflection spectra are plotted for two different cavity lengths
dsp = 310 nm and dip = 395 nm. At these distances, the
resonance wavelength of the cavity corresponds to the sur-
face plasmon and the localized plasmon resonances and the
splitting energies can be directly observed. The reflectance
spectra (red curves) correspond to cross-sections of Fig. 25
at the positions indicated by the black arrows. For compari-
son, the unperturbed plasmon resonances are plotted in the
graphs as well (dashed gray curves). The simulated magni-
tudes of the splittings are 131 nm for the surface plasmon
and 126 nm for the localized plasmon which correspond
to splitting energies of 224 meV and 141 meV. Experimen-
tally, slightly smaller splittings were measured: 122 nm for
the localized plasmon and 119 nm for the surface plasmon
resonance. These values are quite large and correspond to
splitting/resonance energy ratios of about 1:10 indicating
strong coupling.
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Figure 26 © Optical Society of America [74]. Simulated and
measured reflectance spectra (red curves) at those cavity lengths
where the resonance wavelength of the microcavity corresponds
to the (a) surface plasmon (SP) and (b) localized plasmon (LP)
resonances. The dashed gray curves in the background corre-
spond to the unperturbed plasmon resonances of the structure
without the second mirror.

3.3. Cavity-Assisted Far-Field Interactions

Photonic cavity modes can mediate far-field coupling of
emitters. This concept can also be applied to couple plas-
mons via the far-field (see Sec. 1.3). By positioning a second
layer of nanowires close to the second mirror of the cavity
(Fig. 27a), a coupled photonic-plasmonic system is created
which allows the interactions of the plasmons on one side of
the cavity with the plasmons on the other side. The thickness
of both mirrors is now 15 nm, all other parameters are the
same as in the previous section.

The coupling causes an additional splitting both of the
surface plasmon and the localized plasmon modes. On the
reflectance plot for different cavity lengths d (Fig. 27b), the
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additional splittings occur around the unperturbed plasmon
modes each time when a cavity resonance frequency equals
a plasmon resonance frequency. On the magnetic field plots
(Fig. 27¢), the nature of the different modes is revealed The

surface plasmon splits 1nt0 a symmetric mode wsp and an

antisymmetric mode a)SP with the surface plasmons on the
two sides of the cavity oscillating in phase or anti-phase.
The same can be observed for the localized plasmons.

The symmetry of the electric field in the cavity deter-
mines which of the split plasmon modes exhibits the higher
and which one the lower resonance frequency. For an inter-
action with the first cavity mode (and all subsequent odd
cavity modes), the electric field points in the same direction
for both sides of the cavity. Therefore, the localized plas-
mons on both sides of the cavity are preferably excited in
phase inducing magnetic moments that point in opposite
directions (a)SP and a)&,). At a slightly higher frequency, the
plasmons oscillate antiphase inducing magnetic moments
pointing in the same direction (a)sp and a)ﬂ,). For the sec-
ond (and all subsequent even cavity modes), the situation
is exactly inverted. The marked positions (1-4) in Figs. 27b
and ¢ belong to the second cavity mode, therefore the anti-
symmetric plasmon resonances a)SP and a)LP are located at
lower wavelengths and the symmetric plasmon resonances

a)SP and a)LP at higher wavelengths.

The values for the mode splitting in the simulations are
25 nm for the surface plasmon and 80 nm for the localized
plasmon. These splittings are only observable when the
damping parameter is reduced, therefore an experimental
realization of the far-field coupled plasmons could not yet
be achieved.

4. Cavity-Enhanced Plasmonic Sensing

4.1. Introduction

In this chapter, a method to enhance the sensing proper-
ties of a localized plasmon sensor using a microcavity is
presented [84]. At first, the general idea of localized plas-
mon resonance sensing is reviewed and different methods
to characterize a sensor are presented. Subsequently, the
new concept to enhance these kind of sensors is introduced.
It is based on the combination of localized plasmons in
nanostructures and a photonic microcavity. Metal nanorods
that are placed near Bragg distance above a metal mirror
form a Fabry-Pérot microcavity and constitute a coupled
photonic-plasmonic system.

The localized plasmon resonances of the nanorods and
the phase shifts upon plasmon excitation are extremely
sensitive to changes in the refractive index of the mate-
rial surrounding the nanorods. Compared to the plasmonic
nanorods alone, the coupled photonic-plasmonic system
allows for a much more sensitive detection of small refrac-
tive index changes. The field distributions as well as the
dependence on the unit cell size and the incident angle are
analyzed. Finally, experimental results with water and glu-

Reflectance N Tl
00 02 04 06 08 10

Figure 27 (a) Nanowires located close to both mirrors of the
cavity allow surface and localized plasmon far-field coupling medi-
ated by the cavity. (b) Reflectance plot for different cavity lengths
d. The white dashed lines denote the unperturbed plasmon and
cavity resonances. (c) Magnetic field plots of the split resonances
at the positions (1-4) marked in the reflectance plot.

cose solutions that are channeled over a fabricated sample
using a special sensing cell are presented.

4.2. Localized Plasmon Resonance Sensing
4.2.1. General Principle

One of the most prominent features of plasmonic nanostruc-

tures in terms of practical applications is their use as local-
ized surface plasmon resonance (LSPR) sensors [11-13].

(a) Electric field amplitude (b)

Intensity

Wavelength

Figure 28 The principle of LSPR sensing: (a) the total time
averaged electric fields of an excited plasmon in a nanostructure,
here a nanorod, outreach the metal, therefore (b) the resonance
frequency of a plasmonic nanostructure depends on the refractive
index np of the surrounding medium.
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The spectrum of sensing applications implies medical de-
mands such as the detection of biomolecules [85-88], safety-
related concerns such as the measurement of gas concentra-
tions [89,90] as well as monitoring chemical reactions [91].
In all mentioned areas, the detection of small quantities
preferably down to single molecules is desired. Therefore,
all sensors have to be evaluated with respect to their sensi-
tivity upon marginal changes of the environment. Localized
plasmon resonances in metallic nanostructures have the po-
tential to provide these properties [92].

The electric fields of the localized plasmons surround
the nanostructures which associates the spectral position
of the resonances to the refractive index of the environ-
ment [93,94] (Fig. 28). An increase in the refractive index
na of the surrounding medium causes a redshift of the plas-
mon resonance. These spectral shifts can be detected and
give information about changes in the analyte. By a func-
tionalization of the nanoparticle surfaces, the sensitivity
can be extended from a mere detection of refractive index
changes towards selective detection of a certain molecule
concentration [95,96].

Besides localized plasmon resonances, also propagating
surface plasmon resonances can be used for sensing [97].
The obtained sensitivities are generally higher but due to the
more difficult excitation of surface plasmon modes, these
concepts require rather complex experimental setups.

4.2.2. Structure Dependence

The magnitude of the spectral shift is very dependent on the
structure geometry. In Fig. 29 the plasmon resonance shifts
of different geometric structures are compared >. The more
symmetric a structure is, the smaller is the plasmon reso-
nances shift. While nanospheres and nanocubes are among
the least sensitive structures, more complex geometries like
nanobipyramids and nanobranches exhibit very large shifts.
At those complicated structures with rather sharp edges, the

3 The data is taken from Chen et al. [98] and is based on mea-
surements of gold nanoparticles of different shape and size in
different concentrations of glycerol in water.
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Figure 29 Dependence of the plasmon resonance shift on the
particle shape [98].

amount of electric field outside the nanostructure is much
higher than for simple structures like nanospheres. The sen-
sitivity of nanorods lies between the complex and the very
symmetric structures.

To demonstrate the concept of enhancing the sensitivity
of a certain plasmonic nanostructure, we chose nanorods
mainly due to their relatively easy fabrication using elec-
tron beam lithography. The aspect ratio (Ilength divided by
width) of a nanorod has a big influence on the sensitivity.
The optimal aspect ratio for sensitive nanorods has been
determined to be between 3 and 4 [94].

4.2.3. Characterization of Sensing Properties

Comparing sensitive structures using only their sensitivity S
defined as the plasmon resonance shift A4 divided by the re-
fractive index change An is not always adequate. Depending
on the regarded spectral region and on the detection meth-
ods, the sensitivity of a structure is not a sufficient measure
to define its sensing properties. The absolute wavelength
and the linewidth of the resonance are also crucial factors for
a sensor. Therefore, a figure of merit FOM is defined [99] as
the sensitivity S divided by the full width at half maximum
FWHM of a Lorentz-shaped resonance. Since the detection
of the spectral shift of a resonance requires a spectrome-
ter, a more practical way of detection that will be used in
biosensors is the measurement of the reflected or transmitted
light intensity for one particular wavelength (Fig. 30) using
for example a laser diode. To take this into account, a new
sensitivity usually referred to as S* can be defined as the
intensity variation Al for a given refractive index change An.
Furthermore, the absolute intensity is a substantial factor
because small intensity variations are much easier to detect
when the overall intensity is already low. Therefore, a new
figure of merit FOM™* is defined [94, 100] as the sensitivity
S* divided by the absolute intensity /. According to this,
the various definitions of the sensing capabilities of a given

Intensity

Wavelength

Figure 30 Spectral shifts AA as well as the variations of the
transmitted or reflected intensity Al can be detected.
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structure are specified as follows:

AL
Al
S
FOM = s 15)
S*
FOM™ = . (16)

In order to obtain high values for these parameters, it
is required to have resonances that exhibit not only a large
spectral shift but possess also a small linewidth and a large
modulation depth.

4.3. Cavity-Enhanced Sensing

4.3.1. Linewidths and Sensing Principle

— na=nq

— na=n2

Intensity

Wavelength

L+

Intensity

Wavelength

Figure 31 Decreasing the linewidth of a localized plasmon reso-
nance by coupling to a photonic microcavity.

As pointed out in the previous section, the large
linewidth of plasmon resonances is a major problem be-
cause it impairs the sensing properties fundamentally. A
plasmon resonance of a nanorod in the near-infrared region,
for example, has a linewidth of typically a few hundred
nanometers resulting in a very low Q-factor. This is a big
drawback because for any practical applications large in-
tensity variations of the reflected or transmitted light at a
certain wavelength are desired.

The reason for the large linewidth of plasmon reso-
nances is the strong radiative damping of the metal [101].
An effective way of decreasing the linewidth is to couple

the plasmon to a system with a narrow resonance. This con-
cept has already been applied successfully in the context of
the plasmonic analog of electromagnetically induced trans-
parency (EIT) [102—105] where a broad plasmonic dipole is
coupled to a narrow plasmonic quadrupole resonance. The
resulting structure exhibits sharp peaks and superior sensing
properties.

In a similar way, the plasmonic resonances can be cou-
pled to a photonic microcavity [106] (see also Ch. 2). Here,
the linewidth of the coupled photonic-plasmonic resonance
arises from the cavity Q-factor due to the modified pho-
tonic density of states and hence the modified radiative
damping rate. As a result, the idea of a combination of
plasmonic nanostructures with a Fabry-Pérot microcavity
provides a way of decreasing the linewidth of the resonances
and therefore improving the sensing properties of nanostruc-
tures (Fig. 31).

4.3.2. Phase Shifts

The sensitivity of the coupled photonic-plasmonic struc-
ture arises from a strong phase dependence of the localized
plasmon excitation in the nanorods (Fig. 32) which can be
explained with a simple effective medium model account-
ing for the phase shifts. In analogy to Sec. 1.3.2, the total
phase shift that a wave accumulates during one round trip
in the cavity is the sum of the phase shifts due to the prop-
agation of the wave through the cavity A@pp, the phase
shifts upon reflection at the cavity mirrors A@yeq, and the
phase shifts that occur on plasmon excitation A@ex.. The
resonance condition for the cavity sensing structure is then
given by

A(ptot = 2A(Pprop +A(Preﬂ "‘A(Pexc - (N+ 1) 27 amn
This leads to the expression
2ncavd
AN = 1 Ncay (18)
(N+ 1) ~7n (A(preﬂ + A(chc (nA))
(@) (b) .
t 1 R 00 02 04 06 08 10
A@exc(na)

test liquid

Au 200 400 600 800 1000
= |C1-200 Resonator length d [nm]

mmm Infrasil

Figure 32 Nanorods combined with a cavity: (a) Phase shifts and
(b) reflectance plot for different wavelengths and distances. The
vertical violet line represents the fabricated sample, the dashed
white lines denote the calculated resonances using Eq. 18, the
dashed black line is the unperturbed localized plasmon resonance
of the nanorods.
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for the resonance wavelengths Ay of the whole system with
neay being the refractive index of the material in the cavity
and d the distance between the mirror and the nanorod
array. The phase shift upon reflection at the mirror AQ,.q
can be calculated using the Fresnel equations. The plasmon
excitation phase shift A@ex. is dependent on the refractive
index of the analyte na and can be calculated using the
driven harmonic oscillator model with the assignment of an
effective permittivity to the nanostructured layer using Eq. 9
with the corresponding refractive indices for the analyte na
and the cavity ncay.

This way, the phase shifts become dependent on the
refractive index na of the material surrounding the nanos-
tructure. A change in this refractive index causes a shift
of the localized plasmon resonance wavelength A p of the
nanorod. Therefore, the phase shift upon plasmon excitation
A@exc is changed. As a result, the total phase shift is changed
and the resonance condition (Eq. 17) for the cavity is no
longer fulfilled for the same wavelength. Due to the small
linewidth, a slight spectral shift of the resonance causes a
large intensity variation Al. The reflected light intensity at
the former minimum is therefore now substantially different
from zero. This results in large values of the sensitivity S*
and the figure of merit (Sec. 4.4.4) when the nanorods are
placed at around Bragg distance to the mirror (Sec. 4.3.3).
The calculated resonances using Eq. 18 agree very well with
the simulated reflectance plot in Fig. 32b.

4.3.3. Optimal sensing structure parameters

The largest changes in A@ex. can be obtained when the reso-
nance of the coupled system (white dashed line in Fig. 32b)
is close to the plasmon resonance of the nanorod (black
dashed line in Fig. 32b). However, exactly at the plasmon
resonance the reflected light intensity is equal to 1 since no
light is transmitted by the nanorods array under this con-
dition. Therefore, no resonance can be observed here. The
ideal wavelength for sensing is about 10% above or below
the plasmon resonance wavelength.

The distance of the nanorods to the mirror then has to
be near Bragg distance (dpragg = %). Under these condi-
tions, the largest enhancement of the sensitivity $* and the

(a) (b)
Sensitivity S* at A = 1300 nm 2 FOM* at A = 1300 nm
8
foo teo
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Figure 33 © American Institute of Physics [84]. Sensitivity S*
and figure of merit FOM™* calculated from simulations for mate-
rials with refractive indices ny = 1.33 and np = 1.37 surrounding
the nanorods. The values are enhanced when the nanorods are
placed around Bragg distance to the mirror.

(a) Top view (b) Side view
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Figure 34 © American Institute of Physics [84]. Distribution of
the time-averaged total electric field in the sensor structure. The
(a) top view and (b) side view of a unit cell reveal the strong field
localization at the nanorod ends and in the cavity.

figure of merit FOM* can be observed (Fig. 33). The actual
deviations from the exact Bragg distance are due to reflec-
tion phase shifts at the mirror and at the nanorod layer that
are not equal to 7. Applying Eq. 18 leads for the regarded
wavelength of A = 1300 nm to a matching resonator length
of d = 380 nm which agrees very well with the experiments
(see Sec. 4.4.4). The highest observed value for the sensitiv-
ity S* is 6.1. Zero reflectance in simulations (see Fig. 39a)
leads to an infinite FOM™ for the resonance wavelength.

For the simulations, nanorods with a length of 380 nm,
a width of 100 nm, and a thickness of 70 nm were used.
The unit cell size is 500 nm x 500 nm, the thickness of the
mirror is 40 nm. The refractive indices of the substrate, the
spacer and the analyte are ngy, = 1.45, nic; = 1.40, and
nu,0 = 1.33, respectively.

4.3.4. Field Localization

The field distributions in Fig. 34 for a cavity length of d =
380 nm point out the concentration of the electric fields at
the nanorod ends and inside the cavity at the resonance
wavelength of A = 1300 nm. Due to the strong field local-
ization between the nanorods, the sensing volume is very
small. Only where the electric fields outreach the structure, a
change in the environment can have an influence on the plas-
mon resonance. A functionalization of the nanorod ends can
make the localized sensor selective for only a certain kind
of molecules which is favorable for biochemical or medical
applications. Additionally, the field localization inside the
cavity might be utilized for sensing which would further
increase the structure’s sensitivity. This could be achieved
by using porous media or by placing the nanorods on pillars.
Further improvements include a combination of the cavity
structure with micro- and nanofluidic techniques [88, 107].

Copyright line will be provided by the publisher



Laser Photonics Rev. 0, No.0 (2012)

REVIEW ARTICLE

19

4.3.5. Unit Cell Size and Incident Angle

In this section, the effects of changing the lateral distance
between the nanorods and of changing the angle of the
incident light are investigated. In Fig. 35, the periods in x-
and y-direction px and py are varied and the reflectance for
each period is plotted around the resonance of the combined
cavity-nanorod structure.

Changing px does not affect the resonance of the system
unless the distance between two nanorods is less than about
120 nm which means in this case a period in x-direction
smaller than 500 nm. However, the system resonance is very
dependent on the period in y-direction. By enhancing py
from 200 nm to 700 nm, the resonance wavelength is shifted
from 1160 nm to 1420 nm. This behavior can be explained
by regarding the dipole emission patterns of the nanorods
[see Sec. 1.2.1]. In oscillation direction (x-direction) almost
no radiation is emitted which means that an interaction to
neighboring nanorods can only take place via the near-field.
Most radiation is emitted perpendicular to the nanorod (in y-
direction). In resemblance to cavities consisting of nanorods
(Sec. 1.3.3), the resonance wavelength is very dependent
on the nanorod distance. Although the variations in the
resonances are quite remarkable, the principle of the sensor
remains valid also for large unit cells. Therefore, in principle
only one element can be used for the detection of very
small quanta which, in combination with the strong field
localization, justifies the designation as localized sensor.

The dependence of the resonances on the incident angle
of light 6 is plotted in Fig. 36. For incident angles of less
than 10°, no changes can be observed. For larger incident an-
gles, the resonances are shifted towards lower wavelengths
until the system breaks down at around 6 = 40° and other
effects like Rayleigh-Wood anomalies dominate the behav-
ior of the sensor. The large independence on the incident
angle is useful for many possible applications.

For the simulations, the same structure parameters as in
Sec. 4.3.3 are used.

4.4. Experimental Results
4.4.1. Sample Fabrication

The sample was fabricated using thermal evaporation for
the gold layers, spin-coating for the dielectric spacer, and
electron-beam lithography for the nanostructuring. The
thickness of the lower gold layer is 40 nm. The material
of the dielectric spacer is the polysiloxane-based spin-on
glass IC1-200 with a refractive index of njc; = 1.40 and a
layer thickness of 380 nm. The nanorods have a thickness of
70 nm, a length of 380 nm, and a width of 100 nm. The unit
cell size of the nanorod array is 500 nm x 500 nm which is
well below the distance where Rayleigh- or Wood-anomalies
cause problems [108]. The total size of the nanorod array
is 100 um x 100 pm. Fig. 37 shows SEM images provid-
ing a top and a side view on the structure. For comparative
measurements, the same nanorod array was also fabricated
without the cavity directly on a glass substrate.
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Figure 35 Reflectance plots of the combined cavity-nanorod
structure for different periods in (a) x-direction and (b) y-direction.
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Figure 36 Reflectance plots of the combined cavity-nanorod
structure for different incident angles 6.

Figure 37 © American Institute of Physics [84]. (a) Top view and
(b) side view of the cavity sensing structure. For the side view,
a hole was cut in the structure using a focussed ion beam. A
protection layer had to be evaporated for the cut which is visible
above the nanorods.

Figure 38 The microfluidic sensing cell [16].
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4.4.2. Experimental Setup

The method of enhancing the sensitivity S* and the figures
of merit FOM and FOM* of a plasmonic sensor was experi-
mentally demonstrated using water and glucose solutions.
Using a microfluidic sensing cell [16] attached to a num-
ber of syringes, the different liquids were channeled over
the sample. The cell [Fig. 38] consists of a metallic sam-
ple substrate holder and two layers made of PDMS (poly-
dimethylsiloxane) and polycarbonate directing the liquids
from the fluid connectors to the sample surface via 80 um
thin channels. The spectra were measured at opening angles
from 10° to 24° with a FTIR-spectrometer and an attached
infrared microscope.

4.4.3. Measured Spectra

In Fig. 39, the simulated and experimental spectra for both
bare nanorods and nanorods combined with the cavity are
compared. The shifts of the resonances for the nanorods
surrounded by water (n; = 1.3198 [109]) and by a 25%-
solution of glucose in water (ny = 1.3594 [110]) can be
observed. The refractive index change is hence An =ny —
n1 = 0.0396. The refractive indices of the liquids are taken
at a wavelength of 1300 nm. The decrease of the resonance
linewidth when the cavity is added to the nanorods is very
distinct. The linewidth of the peak decreases drastically from
900 nm to 50 nm in simulation and from 600 nm to 90 nm in
experiment. In order to accurately compare both structures,
the configuration with the best FOM* was used, which is
the detection of transmittance for the nanorods alone and
the detection of reflectance for the nanorods combined with
the cavity.
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Figure 39 © American Institute of Physics [84]. (a) Simulated and
(b) experimental spectra of bare nanorods (red curves) compared
to nanorods combined with a cavity (blue curves) for liquids with
two different refractive indices surrounding the nanorods.

4.4.4. Sensitivity and Figure of Merit

From the spectra and the refractive index difference, the
sensitivities and figures of merit (Egs. 13 to 16) can be
calculated. The values for the calculated sensitivity S and
figure of merit FOM as well as the maximum values for the
sensitivity $* and the figure of merit FOM* are summed

up in Tab. 4 both for simulated and measured data from
nanorods alone and from nanorods combined with a cavity.

It turns out that the sensitivity S = AA /An actually de-
creases by a factor of 2.5 in simulations and 2.3 in exper-
iments when the cavity is added to the nanorods. This is
likely due to the fact that the mode volume increases due
to the cavity. Nevertheless, since the linewidth of the peak
decreases drastically, the figure of merit FOM = S/FWHM
increases by a factor of 7.1 in simulations and by a factor of
3.1 in the experimental measurement. The small linewidth
has also a large effect on the sensitivity S* since a small
shift causes a high variation in the reflected intensity. The
observed increase for the maximum sensitivity S} .. is 5.5

max
in simulation and 3.7 in experiment. At the minimum, the

Nanorods Nanorods Enhancement
Structure .
alone + Cavity factor
AL 35 nm 14 nm 0.4
(27 nm) (12 nm) (0.4)
s 884 nm/RIU 354 nm/RIU 0.4
(682 nm/RIU) | (303 nm/RIU) 0.4)
1.0 7.1 7.1
Fom (1.1) 3.4 3.1
5 1.1 6.1 5.5
max 0.9) 3.3) 3.7
* 47 —> 0 — oo
FOMinax 5.9) (20.8) 3.5)

Table 4 Summary of the determined sensitivities and figures of
merit. The values in brackets denote the experimental values.
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Figure 40 © American Institute of Physics [84]. (a, b) Sensitivity
S* and (c, d) figure of merit FOM™ for different wavelengths deter-
mined from the (a, ¢) simulated and (b, d) measured spectra. Red
curves correspond to nanorods alone, blue curves to nanorods
combined with a cavity.
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fraction of the reflected light intensity is only 9%, resulting
in an enhancement factor of 3.5 for the measured figure
of merit FOM*. In the simulations, zero reflected intensity
at the resonance of the cavity results in a theoretically in-
finite value for FOM*. The dependence of S* and FOM*
on the wavelength is plotted in Fig. 40. The shape of the
curves of S* and FOM™* (two close maxima and a minimum
in between with a kink at 0) originates from the fact that
Al = 0 where the curves for the two different liquids inter-
sect, whereas close by, the slope increases (= large S*) and
the absolute intensity is still very low (= large FOM™*). The
deviations between simulated and experimental values are
most likely due to fabrication imperfections and non-normal
light inicidence.

5. Comparison with other plasmonic
systems

In comparison to the here investigated photonic microcav-
ities that are coupled to localized or propagating surface
plasmons, recent literature shows a lot of papers on plas-
monic cavities. In most of these numerous cases, the metal-
lic nanostructure itself acts as the resonator in which the
plasmon resonates in a propagating or localized fashion.

We would like to mention the following examples: A
first paper by G. Gantzounis et al. [111] discusses a chain
of spherical voids in a metallic bulk environment. Comple-
mentary to the metal nanoparticle chain of Brongersma and
Maier and coworkers [15,32], in that work the dispersion
relation of propagating waves was calculated, and group
velocities on the order of 0.1 ¢ were predicted.

In 2006, J. Dionne published experimental results on
metal-insulator-metal (MIM) slot waveguides, which resem-
ble a sub-wavelength Fabry-Pérot cavity [112]. Propagation
distances using the coupled surface plasmon modes at the
metal-air interface of 5 wavelengths at a simultaneous field
confinement of A /5 were reported. V. Sorger et al. realized
an all-plasmonic nanocavity consisting of a MIM geome-
try with a Q-factor of up to 200 in the visible wavelength
range [47]. M. Bora et al. reported on a similar geometry,
using two parallel plasmonic nanowires with a subwave-
length gap inbetween [113]. A confinement factor of 103
was reported.

A different approach was brought forward by the group
of J. Vuckovic, who designed a plasmonic cavity using
corrugated metal layers with defects in periodicity on GaAs
to predict Q-factors of 1000 and Purcell enhancement of
100 [114]. In a different geometry, K. J. Russell and E. L.
Hu reported experimental Q-factors of 30 to 60 in a cavity
consisting of a silver nanowire over a silver surface with
PbS dots in the 15 nm gap [115].

In a pioneering ansatz, M. Hill reported a metal clad
vertical nanolaser, where a 200 nm wide InGaAs post was
surrounded by silver or gold and lased upon electrically
pumping at low temperatures [116]. Their Q-factor was on
the order of 140 to 200.

Coupled microcavities covered with metals have been
reported by R. Perahia [48] and B. Min [117]. In the first

case, a micropillar microcavity reached a simulated Q-factor
of up to 4000 and was brought to room temperature lasing
at 1.3 um wavelength. They studied particularly the mode
hybridization between the surface plasmon and the whisper-
ing gallery mode. In the second case, a silica microcavity
of roughly 20 um diameter was coated with silver, and ex-
perimental Q-factors of 1375 were reported around 1.5 um
wavelength at room temperature.

6. Conclusions

6.1. Summary

We provided an investigation of the plasmon-plasmon as
well as the light-plasmon coupling strength and range in mul-
tilayer nanostructures and demonstrated the manipulation
of the plasmon resonances by modifying the environment
using microcavities. Different models, such as the dipole
model, image charges, and plasmon hybridization as well
as a consideration of phase shifts and the assignment of
effective resonant permittivities were used to explain the
observed behavior of near- and far-field coupled nanostruc-
tures.

In analogy to the strong coupling of atoms or quantum
dots to photonic cavity modes, it was demonstrated that
also localized plasmons and propagating surface plasmons
can be coupled strongly to light. In particular, it was shown
that either the symmetric (electric) or the antisymmetric
(magnetic) hybridized plasmon modes of nanorod pairs can
exhibit strong coupling to standing waves in a microcavity
depending on the position of the nanostructure in the cavity.
The behavior is explained by the direction of the electric
field vectors of the resonator modes at the positions of the
nanorods. The splitting can be as large as 82 meV for the
magnetic and 354 meV for the electric mode which is very
large, as the splitting is 36% of the resonance energy. The
experimentally observed splitting-to-linewidth ratio can be
as large as 10 for the symmetric (electric) mode and 2.5 for
the antisymmetric (magnetic) plasmon mode. Especially the
coupling strength to the magnetic dipole of the antisymmet-
ric mode is remarkable since magnetic moments usually can
not be addressed easily.

The concept was extended from localized plasmons to
propagating surface plasmons. Surface plasmons can only
be excited under certain conditions that can be met by plac-
ing an array of continuous nanowires close to a mirror. The
creation of a microcavity by positioning a second mirror
at an appropriate distance allowed the strong coupling of
the photonic cavity modes to the surface plasmons. The
measured splitting energies were in the range of 10% of the
resonance energy. It was shown that the cavity modes can
also mediate a coupling of localized and surface plasmons
via far-field distances.

The excellent agreement between the simulations and
the measured spectra of the various fabricated samples re-
quired accurate and versatile fabrication procedures for the
multilayer nanostructures. It was demonstrated that differ-
ent thin layer and nanostructure fabrication techniques can
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plasmonic
layer

™~ excitonic

layer

Figure 41 Microcavities can be used to couple excitons and
plasmons via the far-field. Excitonic resonances can be excited
for example in a layer of quantum dots or J-aggregates.

be combined to produce the functional nanostructures in a
layer-by-layer fashion. A combination of spin-on glasses
and evaporated dielectric materials was used to produce
spacer layers of a wide range of thicknesses with well-
defined parameters. Furthermore, it was shown that the very
simple technique of applying mechanical pressure on two
substrates is suitable for the construction of microcavities
with a variable resonator length ranging from several mi-
crometers to only a few hundred nanometers.

The acquired knowledge of the coupling mechanisms
and fabrication procedures of the considered structures was
used to design a structure for a practical application. A
method to enhance the sensing properties of a localized
plasmon sensor was investigated theoretically and experi-
mentally. It was shown that the technique of adding a mirror
at an appropriate distance to a sensitive nanostructure and
thereby creating a cavity can considerably increase the sensi-
tivity due to an extremely decreased linewidth of the coupled
plasmonic-photonic resonance. The values characterizing
the properties of an LSPR sensor could be increased by a
factor of more than 3 in the experiments. Furthermore, an
overview of different parameters to characterize a sensor
was given since the assignment of a mere sensitivity defined
as the resonance shift per refractive index unit change is not
sufficient to fully describe and compare sensors.

6.2. Outlook

In general, the concepts can be further expanded to multi-
ple cavities or multiple elements at Bragg- or anti-Bragg
spacing. At the end of Chs. 1 and 2, the properties of mul-
tilayer stacks were briefly examined. The investigation of
plasmon far-field coupling mechanisms are important in the
context of three-dimensional novel materials with uncon-
ventional optical properties (3D-metamaterials) consisting
of many nanostructured layers. An increase in coupling
strength and range can facilitate the production and improve
the functionality of these materials. Also, the indication
of band gap formation in Bragg-spaced multilayer nanos-
tructures already at a very small number of layers can be
used for functional layers with tailored transmission and
reflection properties that are applicable as nanoscale filters
or absorbers for example in integrated optics.

Even more intriguing is the coupling to quantum emit-
ters, such as J-aggregates or semiconductor quantum dots

Figure 42 Many kinds of geometries of sensitive nanostructures,
such as nanostars, can be combined with a microcavity to en-
hance their sensing properties.

[Fig. 41], which can be spaced a Bragg distance away from
the metal. J-aggregates are coupled dye molecules exhibit-
ing sharp excitonic resonances [118-120]. The far-field
coupling of excitons and plasmons in microcavities avoids
near-field quenching and should result in strongly coupled
plasmon/exciton states, i.e., plexcitons [56].

The highlighted sensing applications of strongly cou-
pled plasmonic and photonic modes in Ch. 4 can be further
improved in a number of ways: At first, the cavity volume
can be included for the sensing by different methods such
as using porous media in the cavity, placing the nanostruc-
tures on pillars by drilling or etching holes or channels
in the cavity or using microfluidic techniques. Second, a
functionalization of the nanostructures can specialize the
sensor and make it sensitive for certain kind of substances.
Furthermore, the concept can be applied to many LSPR sen-
sor structures superior to nanorods [98, 121], e.g., colloidal
systems such as nanostars (Fig. 42), and will considerably
improve their sensing properties. In general, the coupling in
microcavities might be further increased by using dielectric
mirrors resulting in high-Q cavities. Recently, it has been
demonstrated that whispering-gallery modes can be used
to enhance the plasmon resonance shift in biosensors by
a factor of 4 [122]. Potential applications of LSPR sens-
ing in the fields of biotechnology, medical diagnostics, or
pharmacology including biomolecule detection as well as
real-time monitoring of chemical reactions or molecular
kinetics might benefit from this concept.
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