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Chapter 1

Introduction

With their pioneering work on the interaction of light and matter, James Clerk Maxwell
and Albert Einstein set the foundation for the development of photonic concepts and
devices with a huge impact on modern life. In this context, the invention of the laser
in the 1960s [1] and the development of laser-based devices and applications played a
vital role in improving our standard of living. Thanks to advances in semiconductor chip-
technology, lasers became an integral part of everyday life with a wide field of applications
ranging from Blu-ray players and computer printers over telecommunications [2] up to
medical applications [3].

As in many other optical devices, light in a laser is confined via an optical resonator to
enhance the intrinsically weak interaction of light and matter. Whereas the temporal
confinement of light is characterized by the quality factor (Q-factor) of the cavity, the
spatial confinement is quantified by its mode volume V . Therefore, the ratio Q/V is a key
figure-of-merit of an optical resonator describing its capability to enhance light–matter
interactions. Triggered by the growing demand to control light–matter interactions on
the micro- and nanometer scale, sophisticated miniaturized resonators with ultra-high
Q-factors in combination with small mode volumes have been developed [4–17]. Their
fabrication was possible due to advances in micro- and nano-fabrication techniques en-
abling the down-scaling of photonic devices.
Among the proposed optical microresonators, whispering-gallery-mode (WGM) resonators
emerged as promising platforms to boost and study light–matter interactions due to ex-
ceptionally high Q-factors up to 1010 in combination with small mode volumes of a few
hundreds of cubic micrometers [8–12,18,19]. WGM resonators are curved dielectrics that
confine light by means of repeated total internal reflection at the cavity boundary to
form resonances, so-called WGMs. As they exhibit the highest Q/V -ratio measured to
date [19], WGM resonators are employed in a broad field of photonic applications and
fundamental research, such as cavity quantum electrodynamics (cQED) [10,20], non-linear
optics [21–23], or the label-free and ultra-sensitive detection of biomolecules [24–27].

However, as the light confinement in WGM resonators relies on total internal reflection,
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Chapter 1. Introduction

mode volumes are limited by diffraction, which ultimately restricts their performance.
Contrary to dielectric WGM resonators, plasmonic nanostructures have been shown to be
capable of squeezing light into subwavelength dimensions, thus, breaking the diffraction
barrier [28–31]. These cavities rely on the collective excitation of a metal’s free electron
gas which coherently interacts with a stimulating optical field to form resonances, so-called
plasmon polaritons [32]. However, as metals are inherently lossy, the Q-factors of these
cavities are typically far less than a hundred at optical frequencies and, hence, orders of
magnitude smaller than those of WGM resonators.

Inspired by the complementary characteristics of WGM resonators and plasmonic cavities,
optoplasmonic microcavities combining the high Q-factors of WGMs with the ultra-small
mode volumes associated with plasmonic elements have been proposed to further enhance
light–matter interactions [33, 34, 34–39]. They promise unprecedented performance, e.g.,
in sensing and cQED experiments [40]. However, to maintain the strong mode localization
connected with plasmonic nanostructures while keeping plasmonic losses to a minimum, a
careful design of the hybrid structures was shown to be critical [36,37,41].
Recently, ultra-high-Q silica microspheres coupled to single plasmonic nanoparticles (NPs)
have brought single-molecule [33,34,34–37] and single-ion detection [38] into reach. These
hybrid resonators exploit greatly enhanced optical near fields at the NP surface amplifying
the inherently weak WGM signals induced by single adsorption events.
Other promising hybrid systems consist of WGM resonators coated with thin homoge-
neous metal films, allowing for the formation of surface plasmon polaritons (SPPs) at the
metal–dielectric interface. Min et al., e.g., demonstrated that SPP modes in a silver-coated
silica microdisk possess significantly reduced mode volumes compared to purely dielectric
WGMs while still exhibiting comparatively high Q-factors slightly above a thousand [39].
To further improve Q-factors while maintaining the small mode volumes associated with
SPPs, metal-coated WGM resonators supporting hybrid photonic–plasmonic modes have
been proposed. These modes emerge from the hybridization of purely dielectric modes
with SPP modes and unite the low-loss characteristic of WGMs with the light-focusing
characteristic of SPPs. Silica microtoroids coated with a silver nanoring [42], metal-coated
microspheres [43], and metal-nanocapped microtubular cavities [44] are among the most
promising cavity designs supporting hybrid modes with Q-factors exceeding a thousand
and mode volumes as small as one cubic wavelength.

In this thesis, plasmonic elements are integrated into polymeric WGM resonators aiming
to enhance light–matter interactions and increase their spectrum of application.
Compared to commonly exploited hybrid resonators made from silica, the usage of poly-
mers as resonator material offers several advantages. High-Q polymeric WGM resonators
can be fabricated at low cost and on a large scale on compact microchips using conven-
tional lithographic techniques. Therefore, they are, e.g., highly attractive for biosensing
applications where disposable lab-on-a-chip devices are of great interest [45]. On top of
that, polymeric resonators can be easily doped with gain media to build low-threshold
microlasers. Due to the presence of gain, the linewidth of WGMs in microresonators
with integrated gain medium, so-called active resonators, is reduced compared to their
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passive counterparts [46–49]. Thus, linewidth broadening of WGMs induced by the cou-
pling to lossy plasmonic nanostructures can be partly compensated in active WGM res-
onators. Polymeric WGM resonators, hence, are promising templates to build hybrid
photonic–plasmonic systems.
One goal of this thesis is to examine both theoretically and experimentally whether the
coupling of plasmonic NPs to polymeric WGM resonators enhances their sensitivity toward
minute changes in the refractive index of the surrounding medium. Special emphasize is
put on providing a fundamental understanding of the interplay between plasmonic reso-
nances and dielectric WGMs to derive general sensor design guidelines. The theoretical
and experimental findings shall help to assess the potential of plasmonic-NP-coated WGM
sensors as lab-on-a-chip devices for point-of-care diagnostics.
The other goal of this work is to design, fabricate, and optically characterize a metal-
coated polymeric WGM resonator that supports purely dielectric, purely plasmonic, and
hybrid photonic–plasmonic modes. It is shown that a high-Q polymeric WGM resonator
with wedge-like geometry is an ideal template supporting the desired modes when coated
with a thin silver layer from the top. Developing a strategy on how to efficiently and
selectively excite the distinct cavity eigenmodes is at the heart of the investigation, as this
is the key challenge in many applications.

Roadmap to the thesis

This thesis is structured as follows: Chapter 2 serves as an introduction to dielectric
whispering-gallery-mode (WGM) resonators. It addresses basic properties of WGMs and
explains the working principle of WGM resonators. The modal properties of spherical and
disk-like WGM microresonators are discussed and important figures-of-merit of WGM
resonators are introduced.

Chapter 3 focuses on the fabrication of hybrid photonic–plasmonic WGM resonators
and introduces the experimental setups and methods used to characterize their modal
structure.

In chapter 4, a strategy is developed to improve the sensitivity of WGM resonators
toward bulk refractive index changes by hybridizing WGMs and plasmonic resonances
sustained by small metallic nanoparticles (NPs) coupled to the resonator surface. A cou-
pled harmonic oscillator model is introduced and discussed to provide an intuitive picture
for the interplay between plasmonic resonances and WGMs and the sensitivity enhance-
ment in hybrid NP–WGM sensors. The results from the oscillator model are verified using
exact analytical calculations of the optical and sensing properties of an idealized hybrid
system comprised of a small WGM microsphere coupled to a single artificial plasmonic
NP made from a Drude-metal. To examine the impact of the number density of plas-
monic NPs on the sensitivity enhancement, finite-element method (FEM) simulations of
a model hybrid system comprised of a polymeric microdisk covered by a huge number
of randomly distributed spherical gold NPs are performed. Furthermore, the lasing and
sensing properties of gold-NP-coated microdisks with integrated gain medium are charac-
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terized experimentally on a micro-photoluminescence spectroscopy setup and sensitivity
enhancement effects are discussed. The chapter is concluded with a critical remark on
hybrid NP–WGM sensors for bulk refractive index sensing.

Chapter 5 is dedicated to the design and optical characterization of a metal-coated
polymeric WGM resonator that supports plasmonic, dielectric and hybrid modes with high
Q-factors and ultra-small mode volumes. Based on an analysis of basic properties of SPPs,
general design guidelines for metal-coated resonators are derived. FEM simulations based
on a numerically efficient bent-waveguide approach are introduced for cavity optimization.
A silver-coated polymeric microwedge is shown to support all three distinct mode types
which can be efficiently excited with the evanescent field of a tapered optical fiber. A
mode classification scheme to selectively excite and unambiguously classify the distinct
modes is developed and verified experimentally.

The main results of this thesis are summarized in chapter 6 and a brief outlook on
promising future research activities is given.
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Chapter 2

Fundamentals of
whispering-gallery-mode (WGM)
resonators

In this chapter, the fundamentals of optical whispering-gallery-mode (WGM) resonators
are addressed. After discussing the formation of optical resonance in rotationally sym-
metric dielectrics using a simple wave-optics approach, a rigorous description of optical
modes sustained by spherical and disk-like WGM resonators, as investigated in this work,
is provided using electromagnetic theory. In this context, similarities and differences in the
modal properties of microspheres and -disks are worked out and important figures-of-merit
(FOMs) of WGM resonators are introduced.

2.1 WGMs in optical microresonators

WGM resonators are optical microcavities with great potential in plenty of photonic ap-
plications ranging from ultra-sensitive label-free biosensing [50], through non-linear op-
tics [21], to low-threshold lasing [51]. Their name can be dated back to Lord Rayleigh,
who studied the characteristics of the acoustic whispering gallery in the dome of the St.
Paul’s Cathedral in London in the early 20th century [52]. He observed that a soft whisper
spoken against the curved wall at one side of the dome could be clearly heard on the op-
posite side. Lord Rayleigh attributed this phenomenon to the repeated lossless reflection
of sound waves at the wall of the dome.
The optical analogue to these acoustic waves was first proposed by Richtmyer in the
1930s [53], soon after Gustav Mie published his pioneering work on light scattering by
dielectric spherical particles [54], known as Mie theory, which set the theoretical basis for
the resonant characteristics within these particles. Following the same principle as their
acoustic counterparts, Richtmyer demonstrated that electromagnetic waves can be guided
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Chapter 2. Fundamentals of whispering-gallery-mode (WGM) resonators

along the perimeter of curved dielectrics by means of repeated (total) internal reflection
provided that the refractive index of the supporting dielectric structure exceeds that of the
surrounding medium. Resonances, so-called whispering-gallery-modes, form inside these
optical resonators if light interferes constructively with itself after one round-trip, leading
to the build-up of a high circulating optical power within the cavity. For rotationally
symmetric dielectrics the condition for constructive interference is fulfilled if the optical
path of the light traveling along the resonator circumference equals a multiple integer m
of the free-space wavelength λ. Denoting the cavity radius by R and the effective index of
the resonant mode by neff, the resonance condition reads:

2πRneff = mλ, with m∈Z. (2.1)

The so-called azimuthal mode number m in Eq. 2.1 quantifies the effective number of
wavelengths along the resonator circumference. The effective mode index neff accounts for
the fact that the (total) internal reflection at the curved cavity boundary is incomplete
causing tunneling losses [55, 56] and the formation of an evanescent wave, which decays
exponentially away from the interface into the surrounding medium. Therefore, the effec-
tive mode index neff of a WGM is always slightly smaller than the refractive index nR of
the resonator material.
Although Eq. 2.1 yields a first descriptive insight into the modal propagation of WGMs, it
cannot describe the mode spectrum of a WGM resonator in a comprehensive manner. For
instance, it does neither provide information about the spatial distribution of the electro-
magnetic fields of WGMs and their dependency on the refractive index of the surrounding
medium, nor does it account for different polarization states of light. To rigorously describe
optical modes in dielectric WGM resonators, Maxwell’s equations have to be solved [57].
An analytic solution to Maxwell’s equations exists, however, only for highly symmetric
structures, such as microspheres or infinitely extended cylinders [58]. For more complex
resonator geometries numerical simulations, such as finite-element method (FEM) simu-
lations, must be performed to compute the electromagnetic field distributions of WGMs
and their modal properties.

To provide a fundamental understanding of WGMs and analyze their functional depen-
dency on relevant system parameters, we focus in the next section on the simplest WGM
resonator geometry, a dielectric microsphere, and outline how to solve Maxwell’s equations
analytically.

2.1.1 Optical modes in dielectric microspheres

The electromagnetic problem of scattering by a single dielectric sphere embedded in a
homogeneous background medium was first solved by Gustav Mie in 1908 [54]. Since then,
several works on the electrodynamics of spherical dielectric particles have been published.
In the following, we outline the basic steps in the computation of optical modes sustained
by dielectric microspheres. For details, the reader is referred to [58,59].

Exploiting the symmetry of the underlying problem and assuming piecewise homogeneous
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2.1 WGMs in optical microresonators

and isotropic media, the optical modes of a dielectric sphere with radius R and permittivity
εr(ω)=εr can be computed by solving the vector wave equation for the electric and the
magnetic fields E(r, ω) and H(r, ω) in spherical coordinates (r,Θ, ϕ):

∇2F(r, ω) + k2
0ε(r, ω)F(r, ω) = 0, with ε(r, ω) =

{
εr, r ≤ R
εm, r > R

, (2.2)

where F∈{E,H}. k0 denotes the vacuum wave number, εm the background permittiv-
ity, and ∇2 the Laplace operator in spherical coordinates. Analytic solutions to this
vector differential equation can be found by defining a time-harmonic scalar function
Ψ=Ψ(r,Θ, ϕ)e−iωt that satisfies the scalar wave equation:

∇2Ψ + k2
0ε(r, ω)Ψ = 0. (2.3)

Using the separation of variables approach Ψ(r,Θ, ϕ)=Ψr(r)ΨΘ(Θ)Ψϕ(ϕ) and introducing
the azimuthal and polar mode numbers m and l, respectively, yields the solution of the
scalar wave equation (Eq. 2.3):

Ψ ∼ e−iωt
(
jl(k0nRr)

h
(1)
l (k0nmr)

)
Pml (cos Θ)e±imϕ, (2.4)

where the upper line in Eq. 2.4 describes a wave inside the sphere (|r|≤R) and the lower
line an outgoing spherical wave outside the sphere (|r|>R). nm denotes the background
refractive index. The radial field Ψr is described by the spherical Bessel function jl(k0nRr)

of first kind inside the sphere and the spherical Hankel function h
(1)
l (k0nmr) outside the

sphere. The latter can be approximated by a decaying exponential function, describing
the evanescent tail of a WGM. The polar component ΨΘ is given by the associated Leg-
endre polynomial Pml (cos Θ) of first kind, the azimuthal eigenfunction Ψϕ describing the
equatorial behavior of the optical mode is sinusoidal. Allowed azimuthal mode numbers m
for a given polar mode number l are in the range of −l<m<l, which leads to a (2l+1)-fold
degeneracy of the azimuthal modes.
The solution Ψ of the scalar wave equation (Eq. 2.4) is used in a next step to gener-
ate two partial fields, the so-called vector spherical harmonics (VSHs) M(r,Θ, ϕ) and
N(r,Θ, ϕ) [58, 59], which satisfy the vector wave equation and form an orthogonal base.
The VSHs express fields with either the electric or the magnetic field being parallel to the
sphere surface, i.e. TE- and TM-modes [57]. With the VSHs at hand, the solutions for
the TE- and TM-modes in dielectric microspheres can be directly computed.
The electromagnetic field distributions and resonance wavelengths of the optical modes
are determined by matching the tangential components of the electric and magnetic fields
at the sphere boundary [59,60], which leads to the following characteristic equation:

x · [jl(k0nRR)]′

jl(k0nRR)
=

[h
(1)
l (k0nmR)]′

h
(1)
l (k0nmR)

, with

{
x = nR

nm
for TE-modes

x = nm
nR

for TM-modes
, (2.5)

where the prime denotes differentiation with respect to the argument inside the spherical
Bessel and Hankel functions. Solving the transcendental equation (Eq. 2.5) leads to a
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n = 1, m = l n = 2, m = l n = 1, m = l - 2

Figure 2.1: Visualization of WGMs in dielectric microspheres. Iso-intensity surfaces and simulated
cross-sectional electric field intensity distributions (insets) of a fundamental WGM m=l (left), a
second-order radial mode n=2 (middle), and a WGM with azimuthal mode number m=l−2 (right)
in a dielectric microsphere. Considered are modes with TE-polarization. Both the fundamental
WGM and the higher-order modes are strongly localized at the equator of the sphere. A small
part of the mode’s field, the evanescent field, decays exponentially away from the sphere surface
into the surrounding medium. Images taken from [50] and adapted.

family of modes, which can be classified using the polarization (TE or TM) and three
mode numbers: the radial, the polar, and the azimuthal mode number n, l, and m,
respectively. The radial mode number n specifies the number of intensity maxima in
radial direction, the polar mode number l the l−m+1 maxima in polar direction, and the
azimuthal mode number m counts the number of wavelengths along the perimeter of the
sphere. Please note that owing to the spherical symmetry, many properties of WGMs in
microspheres, such as the resonance frequency, are independent of the azimuthal mode
number m. In a perfect sphere, modes differing only in the azimuthal mode numbers are,
thus, energetically degenerate.
Among the multitude of modes supported by dielectric microspheres, WGMs correspond
to modes with low radial mode number n=1, 2, ... and large polar and azimuthal mode
numbers. WGMs with one mode maximum in radial direction (n=1) and one maximum
in the polar field distribution (m=l) are called fundamental modes. They possess the
largest resonance wavelengths and the highest Q-factors in the system and are, thus,
of particular relevance in most applications. Deriving a closed-form expression for the
solution of Eq. 2.5 using analytical approximations shows that the resonance frequencies
of WGMs sensitively depend on the size and the refractive index of the dielectric sphere,
as well as on the refractive index of the surrounding medium [50,61].

To illustrate the field distribution of WGMs and clarify the mode nomenclature, we show
in Fig. 2.1 the cross-sectional electric field intensity distributions of a fundamental WGM
n=1, m=l (left), a second-order radial mode n=2, m=l (middle), and a WGM with n=1
and azimuthal mode number m=l−2 supported by a dielectric microsphere. Both the
fundamental WGM and the higher-order WGMs are strongly localized at the equator of
the sphere, as expected for rays being totally reflected at the sphere boundary. Only a
small part of the mode’s electric field, the so-called evanescent field, penetrates into the
surrounding medium. The evanescent field mediates the interaction of WGMs with their
environment and is exploited in sensing applications to detect changes in the dielectric
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Figure 2.2: Visualization of WGMs in microdisks. (a) Simulated cross-sectional electric field
intensity distributions of different TE-polarized WGMs and (b) the electric field distribution of
a fundamental WGM with m=30 supported by a dielectric microdisk with 25 µm radius. WGMs
supported by the microdisk show similar mode localization characteristics as corresponding WGMs
in microspheres. Owing to the reduced symmetry of microdisks, the 2l+1-fold degeneracy in the
azimuthal mode number m, as encountered in perfect spheres, is lifted. Adapted from [64].

environment or to excite WGMs evanescently via tapered optical fibers or prisms.

2.1.2 Optical modes in dielectric microdisks

Having provided basic insight into the character of WGMs using an analytic theory for
spherical microresonators, we proceed to look into the properties of WGMs in disk-like
resonators.

As a consequence of the reduced symmetry of disks compared to spheres, the corresponding
vector wave equation is not separable anymore and can, hence, not be solved analytically.
Therefore, approximate expressions for the eigenfrequencies of WGMs in microdisks and
their field distributions must be found. In the following, we outline an approach proposed
by Borselli et. al which is based on an analytic, effective index approximation and allows
to compute the mode spectra of microdisks with sufficient accuracy [62].
The key to find approximate analytic solutions lies in considering microdisks with thick-
nesses d much smaller than the resonator radius R (d�R), such that the actual three-
dimensional problem can be reduced to two dimensions. As the vertical confinement of
WGMs in these structures is similar to that in a slab waveguide of same thickness, the
refractive index of the microdisk in the (r, ϕ)-plane can be approximated by that of the
corresponding slab waveguide mode (neff). As a consequence, solutions to the wave vector
equation fall into two classes: modes with electric field in the plane of the disk (TE-modes)
and modes with electric field perpendicular to the plane of the disk (TM-modes) [63].1

The electromagnetic field distribution of thin microdisks can be approximated by solving

1Please note that the labelling of TE- and TM-modes in microdisks is inversed compared to that in
microspheres [50].
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the vector wave equation in cylindrical coordinates (r, ϕ, z) using the method of separation
of variables. The solution for the z-component of the electromagnetic field in a disk-like
resonator corresponds to that of a slab waveguide and can be found in many textbooks,
e.g. in [65]. The corresponding field profile exhibits a harmonic dependency inside the mi-
crodisk and decays exponential away from the top and the bottom surface of the microdisk
into the surrounding medium. Solutions for the azimuthal part of the field are propor-
tional to e±imϕ with the azimuthal mode number m already introduced above. The ’−’
and the ’+’ signs account for the energetically degenerate modes traveling clockwise (CW)
and counterclockwise (CCW) along the perimeter of the microdisk, respectively. Please
note that the azimuthal degeneracy of WGMs, as encountered in perfect spheres, is lifted
due to the reduced symmetry of microdisks compared to microspheres. As a consequence,
WGMs in microdisks are only twofold-degenerate (CW and CCW) in the azimuthal di-
rection. As in the case of microspheres, the radial solutions inside the cavity are given
by Bessel functions, those in the surrounding medium are given by Hankel functions of
first kind. The latter can be approximated by a decaying exponential function with decay

constant χ=k0

√
n2

eff−n2
m. The approximate resonance frequencies of the WGMs can be

found by matching the tangential components of the fields inside and outside the disk at
the microdisk surface [62].
In full analogy to their spherical counterparts, WGMs in microdisks can be classified by
their polarization state (TE or TM) and three mode numbers: the azimuthal mode num-
ber m and the radial mode number n already introduced above, and the mode number nz,
which describes the number of intensity maxima in z-direction. Throughout the rest of
this thesis, the following notation is used to label modes in disk-like resonators: TEmn,nz

,
TMm

n,nz
.

To assist the reader in visualizing WGMs in disk-like resonators, we show in Fig. 2.2 the
simulated cross-sectional intensity distributions of different WGMs supported by a 1.2 µm
thick PMMA microdisk with 25 µm radius (a) together with the electric field intensity
distribution of a fundamental TE-mode with mode number m=30 supported by the same
structure (b). The resonator rim is marked by a black line. As in the case of spherical
WGM resonators, the WGMs sustained by the microdisk are strongly localized at the rim
with an exponential tail penetrating into the surrounding medium.
The similarity in the modal structure of microspheres and -disks (see Fig. 2.1 and Fig. 2.2)
is not surprising when considering the disk as a spherical segment obtained by cutting the
sphere with a pair of parallel planes located around the equatorial plane of the sphere.
However, a striking difference between both resonator geometries stems from the reduced
symmetry of disks compared to spheres. Owing to the finite extension of microdisks in
z-direction, resonance frequencies of WGMs become dependent on the thickness of the
microdisk. In contrast, WGMs in perfect microspheres with same radial quantum number
are energetically degenerate. Furthermore, for microdisks with thicknesses on the order of
the wavelength of light, a significant part of the mode field penetrates through the top and
the bottom surface of the disk into the surrounding medium. Compared to microspheres
of same radius, the spatial overlap of WGMs with the surrounding is, thus, increased in
microdisks. This property is, e.g., beneficial for sensing applications, but at the expense
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of reduced quality factors (Q-factors).

2.2 Figures-of-merit of WGM resonators

In this section, we provide a brief overview of important FOMs of WGM resonators char-
acterizing the optical density of states, as well as the spatial and temporal confinement
of electromagnetic energy inside these structures. Among the introduced FOMs, the Q-
factor and the mode volume V are of particular interest, as the ratio Q/V determines the
strength of light–matter interactions encountered in WGM resonators.

2.2.1 Free spectral range

The free spectral range (FSR) of an optical microresonator is an important FOM describ-
ing the spectral distance between two consecutive longitudinal modes of same polarization
with azimuthal mode numbers m and m+1. It can be directly inferred from the simple
resonance condition of WGMs (Eq. 2.1) and can be expressed in terms of the resonator
radius R, the effective mode index neff and the free-space wavelength λ as follows [62]:

FSR =
λ2

2πRneff + λ
≈ λ2

2πRneff
, (2.6)

where the approximation in Eq. 2.6 is valid for R�λ.

2.2.2 Cavity mode volume

The cavity mode volume V quantifies the spatial confinement of WGMs and is commonly
defined as the ratio of the total energy of an optical mode to its maximum energy density
[66,67]:

V =

∫
u(r)d3r

max{u(r)}
, with u(r) =

d

dω
{ωε0ε(r, ω)} |E(r)|2 + µ0 |H(r)|2 , (2.7)

where u(r) is the electromagnetic energy density for dispersive media [68].
Typically, the mode volume of WGM resonators is given in units of µm3 or cubic wave-
lengths (λ/nR)3. As mode volumes of WGMs in purely dielectric WGM resonators are
limited by diffraction, they are notably larger than one cubic wavelength [69]. A promis-
ing approach to circumvent the diffraction barrier and squeeze WGMs into subwavelength
volumes exploits the light-focusing characteristic of plasmonic nanostructures coupled to
WGM resonators (see chapter 5).
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2.2.3 Quality factor (Q-factor)

As WGM resonators are open systems with electromagnetic fields leaking into the sur-
rounding medium, light will inherently decay – even in ideal resonators with vanishing
absorption losses and smooth boundaries. One of the most important FOMs quantifying
the temporal confinement of WGMs inside the cavity and characterizing the extent of
dissipation in resonant systems is the Q-factor.
The Q-factor of an optical mode with eigenfrequency ω0 is defined as the ratio of energy Est

stored in the cavity to the energy Ediss dissipated per electric field oscillation period [57]:

Q = 2π
Est

Ediss
= ω0τ, (2.8)

where the decay constant τ corresponds to the lifetime of the photons in the cavity. Ex-
perimentally, the Q-factor of a WGM can be determined in two different ways. As the
energy stored in the cavity decays exponentially with time, one method for Q-factor de-
termination relies on measuring the temporal decay of the energy using cavity-ring down
spectroscopy [62]. An alternative, experimentally less challenging method to determine
the Q-factor of a WGM relies on measuring its spectral linewidth. As WGMs exhibit
a Lorentzian-shaped intensity distribution in frequency domain with full width at half
maximum (FWHM) δω0=ω0/Q [57], the Q-factor

Q =
ω0

δω0
≈ λ0

δλ0
, (2.9)

of a WGM can be easily determined from transmission measurements by scanning the
wavelength of a tunable pump laser across the resonance (see section 3.3.2).

In WGM resonators, the total Q-factor is limited by multiple intrinsic loss mechanisms
Q−1

int , such as radiation losses Q−1
rad, scattering losses Q−1

scat, and absorption losses Q−1
abs, and

external losses Q−1
ext arising from the coupling to an input waveguide or a prism. The total

Q-factor is determined by the individual loss contributions according to [62,70]:

1

Q
=

1

Qint
+

1

Qext
=

1

Qrad
+

1

Qscat
+

1

Qabs
+

1

Qext
. (2.10)

In the following, we briefly analyze the origin of the individual intrinsic loss contributions
in Eq. 2.10 and discuss the limits they impose on the intrinsic Q-factors of the WGM
resonators fabricated in this work.

Radiation losses

Radiation losses in WGM resonators originate from the fact that (total) internal reflec-
tion of light at the cavity boundary is incomplete and inevitably results in the loss of
optical energy by radiation. In the particle picture of light, these radiation losses can be
explained by the tunneling of photons through an effective potential barrier whose height
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is determined by the curvature of the resonator and the refractive index contrast between
cavity and surrounding medium [55, 56]. Increasing the cavity radius or the refractive
index contrast leads to reduced tunneling rates of photons through the potential barrier
and, thus, higher radiation-limited Q-factors Qrad. For resonators made from poly(methyl
methacrylate) (PMMA) with cavity radii R>15 µm, radiation-limited Q-factors in air are
as high as 1016 at wavelengths in the visible spectral range [71]. In water, Qrad is strongly
reduced due to the lower refractive index contrast, but still on the order of 108. For the
resonators fabricated in this work with radii R>15 µm, radiation losses play a negligible
role compared to the other intrinsic loss mechanisms.

Scattering losses

Scattering losses due to residual surface inhomogeneities are usually the major contri-
bution to the total loss in dielectric WGM resonators [72]. As the evanescent field of
a WGM decays exponentially away from the cavity surface, it is extremely sensitive to
surface imperfections, such as surface roughness or defects caused during the fabrication
process, or dust particles deposited within the sensing volume of a WGM. These surface
inhomogeneities act as scattering centers for light causing the decay of optical energy. For
PMMA microdisks structured lithographically using electron-beam lithography, the lim-
ited precision of the manufacturing process restricts their Q-factors typically to values of
∼104−105 [73]. The associated scattering losses from defects can be reduced by applying a
post-lithographic thermal reflow process, which smoothens the cavity surface and increases
the cavity Q-factors by up to two orders of magnitude (see section 3.1.2). An alternative
strategy to increase the scattering-loss-limited Q-factors Qscat relies on effectively push-
ing the modal profile away from the lithographically-induced imperfections at the cavity
surface by either increasing the cavity radius [62] or by using sophisticated resonator de-
signs [39,74], such as microwedges with shallow wedge angles (see section 3.1.2).

Absorption losses

Absorption losses in WGM resonators are determined by the optical properties of the
materials from which the cavity is made. The respective absorption-limited Q-factor Qabs

at the operation wavelength λ can be approximated as:

Qabs ≈
2πn′R
αλ

, (2.11)

where n′R denotes the real part of the refractive index of the resonator material and α the
corresponding absorption coefficient.
Due to low absorption losses of PMMA at optical frequencies [75], absorption-limited Q-
factors of purely PMMA resonators reach values as high as 108 in the visible and 106 in
the near-IR [73, 76]. The contribution of absorption losses to the total intrinsic Q-factor
of purely polymeric WGM resonators is, hence, comparatively small. The situation is,
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however, different when incorporating plasmonic nanostructures into the polymeric WGM
resonators. Due to the high absorption of metals, absorption-limited Q-factors of hybrid
photonic–plasmonic resonators are reduced by several orders of magnitude compared to
their purely polymeric counterparts. The intrinsic Q-factors of hybrid resonators, thus,
become metal-loss limited (see chapters 4 and 5 for details).
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Chapter 3

Hybrid photonic–plasmonic WGM
resonators: from the fabrication to
the experimental extraction of
their modal structure

This chapter focuses on the fabrication of hybrid photonic–plasmonic WGM resonators,
as investigated in this work, and introduces the methods to experimentally characterize
their modal properties.

At the beginning of the chapter, we briefly discuss the fabrication of WGM microspheres
made from silica, which are a prominent template for the implementation of hybrid res-
onators – owing to ultra-high Q-factors. Inspired by their limited integrability into pho-
tonic circuits, we motivate using polymers as resonator material. We present the well-
established lithographic fabrication process of high-Q polymeric microdisks and micro-
goblets on a silicon pedestal and introduce a novel type of polymeric WGM resonator with
wedge-like geometry. Its sophisticated resonator design enables the formation of purely
photonic, plasmonic, and hybrid photonic–plasmonic modes with high Q-factors and small
mode volumes when coated with a thin silver layer from the top.
We then present two distinct approaches to integrate plasmonic nanostructures into poly-
meric template resonators. In this context, we discuss the fabrication of polymeric micro-
disks coated by randomly distributed and densely packed spherical gold nanoparticles
(NPs) and silver-coated polymeric microwedges. The sensing capabilities of gold-NP-
coated microdisks are studied in chapter 4. The modal characteristics of silver-coated
polymeric microwedges are investigated in chapter 5.
Afterwards, the micro-photoluminescence spectroscopy (µ-PL) setup and the fiber–coupling
setup to extract the mode spectra of WGM resonators with and without integrated gain
medium, respectively, are introduced. A short summary and concluding remarks are pro-
vided at the end of the chapter.
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Chapter 3. Hybrid photonic–plasmonic WGM resonators: from the fabrication to the
experimental extraction of their modal structure

3.1 Fabrication of dielectric WGM resonator templates of
various geometries

Dielectric WGM resonators can be fabricated from a wide range of materials, such as
silica [24,33], silicon nitride [77], diverse semiconductors (GaAs [78], InP [79]), crystalline
materials [80], or polymers [51, 73] and can be implemented in a variety of geometries.
Spheres [25], disks [51], toroids [9], goblets [73], or rings [81] are under the most promi-
nent WGM geometries. Depending on the material choice and resonator geometry, the
complexity of the fabrication process, the integrability, as well as the achievable Q-factors
can differ significantly. In general, the exact resonator choice depends on the field of ap-
plication.
To build high-performance hybrid photonic–plasmonic resonators, a high-Q template res-
onator is indispensable. Both commonly used silica WGM microspheres, which exhibit
the highest Q-factors measured to date, and lithographically structured polymeric WGM
resonators of various geometries, as fabricated in this work, meet this requirement. In the
following, we detail the fabrication of these high-Q dielectric WGM resonators with focus
on polymeric WGM resonators.

3.1.1 Ultra-high-Q silica microspheres

The fabrication of silica microspheres is illustrated in Fig. 3.1. Microspheres made from
silica can be easily fabricated by melting the tip of a conventional single-mode optical
fiber with the aid of a high-power carbon dioxide (CO2) heating laser, which is precisely
focused onto the cleaned and cleaved fiber end [82]. Depending on the diameter of the
optical fiber and the laser intensity, microspheres with diameters ranging from ten to
hundred micrometers and ultra-smooth surfaces can be fabricated. Owing to extremely
low optical losses of silica in the visible and near-infrared together with an extraordinary
smooth cavity surface, Q-factors of silica microspheres reach values up to 1010 [18].
As silica microspheres are inherently biocompatible, possess the simplest possible three-
dimensional geometry together with ultra-high Q-factors, they are an ideal template for
hybrid photonic–plasmonic resonators. In combination with individual plasmonic NPs
attached to their surface, they have, e.g., proven their potential in single-molecule [24] and
even single-ion [38] sensing, as detailed in chapter 4. Despite their outstanding optical
properties, the major drawback of silica microspheres is their limited integrability into
photonic circuits.

3.1.2 High-Q polymeric microdisks, -goblets, and -wedges

Contrary to silica microspheres, WGM resonators made from polymers offer high inte-
grability into photonic circuits at low cost. High-Q polymeric WGM resonators can be
fabricated on planar chips using electron beam (e-beam) lithography or UV-lithography
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Figure 3.1: Fabrication of ultra-high-Q silica microspheres. Focusing a high-power carbon dioxide
(CO2) laser onto a cleaned and cleaved end of a conventional single-mode optical fiber produces
a silica microsphere resonator with ultra-high Q-factor up to 1010 [18]. Although silica micro-
spheres exhibit outstanding optical properties, their major drawback is the limited integrability
into photonic circuits. Images taken from [82] and adapted.

together with conventional etching techniques. In contrast to silica microspheres, whose
fabrication relies on a serial reflow process with a CO2 heating laser, polymeric WGM res-
onators can be fabricated in parallel, which is a prerequisite for a large-scale production.
Furthermore, and contrary to silica resonators, gain media can be easily integrated into
polymeric matrices, which is the foundation to implement WGM microlasers. In this work,
poly(methyl methacrylate) (PMMA) is used as resonator material owing to low absorption
losses in the visible and near-IR [83].

In the following, the lithographic fabrication of PMMA resonators with disk-, goblet-,
and wedge-like geometry on a silicon substrate is discussed. Special emphasize is put on
the fabrication of polymeric microwedges, which were developed in close cooperation with
Patrick Forster during his master’s thesis [84]. Detailed fabrication parameters of poly-
meric microwedges can be found in [84,85], the fabrication of microdisks and microgoblets
is detailed in [73].

Fabrication of PMMA microdisks and -goblets

Polymeric WGM microdisks and -goblets with and without integrated gain medium are
fabricated using a well-established fabrication process developed at the Institute of Applied
Physics (APH, KIT), which is schematically depicted in Fig. 3.2.

For the fabrication of passive polymeric microdisks and -goblets without integrated gain
medium, the thermoplastic positive photoresist PMMA (PMMA 950k, MicroChem Corp.)
is spin-coated in a first step on top of a silicon substrate and baked on a hotplate to
remove residual solvents. For the fabrication of active WGM resonators, the laser dye
pyrromethene 597 (PM597) is added at a concentration of 25 µmol/g PMMA to the pho-
toresist prior to spin-coating. Spin-coating parameters are chosen in both cases such that
the resulting PMMA layer has a thickness of 1.2 µm. E-beam lithography is then used to
structure microdisks into the photoresist [Fig. 3.2(a)]. The exposed parts of the resist are
removed in a subsequent chemical developing process, which yields microdisks lying on
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Figure 3.2: Fabrication of high-Q polymeric WGM resonators with disk-, goblet-, and wedge-
like geometry. (a) PMMA is spin-coated on top of a silicon substrate and structured using e-
beam lithography. (b) Subsequent chemical development of the exposed resist results in PMMA
microdisks lying on the silicon substrate. (c1) To obtain free-standing microdisks, the silicon
underneath the resonator rims is isotropically etched with XeF2. (d1) An optional thermal reflow
process after etching smoothens the cavity surface and transforms the microdisks into microgoblets.
(c2) To obtain resonators with wedge-like geometry, the thermal reflow process is applied to the
microdisks lying on the silicon substrate prior to etching with XeF2 (d2). The thermal reflow
process is pivotal for the fabrication of microwedges as it transforms the cylindrical geometry
of microdisks into the desired wedge-like geometry while simultaneously smoothening the cavity
surface. Both aspects are critical to build template resonators enabling the formation of high-Q
plasmonic, photonic, and hybrid photonic–plasmonic modes when coated with a thin silver layer
from the top.
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the silicon substrate [Fig. 3.2(b)]. In a next step, the silicon is selectively and isotropically
etched with XeF2 to obtain free-standing microdisks on a silicon pedestal [Fig. 3.2(c1)].
Q-factors of the microdisks are typically around 5·104 at a wavelength λ=630 nm [73]. To
further increase the cavity Q-factors, a post-lithographic surface-tension-induced reflow
process can be applied [Fig. 3.2(d1)]. Heating the microdisks to temperatures above the
glass-transition temperature of PMMA (Tg=105 ◦C) leads to a smoothing of the resonator
surface. As a result of notably reduced surface scattering losses, Q-factors typically in-
crease by up to two orders of magnitude [73]. The increase in the cavity’s Q-factor during
the thermal reflow process is accompanied by a shape change of the WGM resonators from
a disk- to a goblet-like geometry. This process is driven by minimizing the system’s sur-
face energy [86]. Owing to different thermal expansion coefficients of PMMA and silicon,
mechanical stress, induced between the spin-coated PMMA layer and the silicon substrate
during the baking process prior to e-beam patterning, is released. This effect results in a
tilt-up of the rims of the microdisks, whose central parts remain attached to the silicon
pedestal.

Fabrication of PMMA microwedges

In the following, we introduce a novel type of polymeric WGM resonator with wedge-like
geometry, which is well-engineered to support high-Q modes of plasmonic nature when
coated with a thin silver layer from the top (see chapter 5). Its fabrication is inspired by
the fabrication of polymeric microgoblets and graphically illustrated in Fig. 3.2.

The first two steps in the fabrication of polymeric microwedges are the same as for micro-
disks and -goblets. Spin-coating parameters of PMMA are chosen such that microdisks
with a thickness of ∼1−2 µm lying on top of the silicon substrate result after e-beam expo-
sure and chemical development [Fig. 3.2(b)]. The subsequent thermal reflow process is at
the heart of the fabrication process and critical to obtain the desired wedge-like resonator
geometry together with a smooth cavity surface [Fig. 3.2(c2)]. When heated to tempera-
tures well above the glass-transition temperature Tg of PMMA, the rims of the cylindrical
microdisks start melting and form microlenses with pronounced wedges as a result of min-
imizing the surface energy [87,88]. The exact shape of the resulting microwedges critically
depends on the reflow temperature TR, but also on the diameter and thickness of the
former microdisks, and on process parameters, such as exposure energy.
For given microdisks, the inclination angle can be precisely controlled by adjusting the re-
flow temperature TR. The impact of the reflow temperature on the resulting wedge shape is
demonstrated in Fig. 3.3, which depicts scanning electron micrographs of two free-standing
WGM microwedges, which have been subjected to reflow temperatures TR=170 ◦C (left)
and TR=210 ◦C (middle) prior to etching with XeF2 [Fig. 3.2(d2)]. As clearly visible from
the expanded views of the resonator edges (right), increasing the reflow temperature re-
sults in shallower wedge angles. Simultaneously, the thickness of the resonators in their
central region increases with increasing reflow temperature as a result of volume conser-
vation. Starting point for both resonators shown in Fig. 3.3 was a 1.3 µm thick microdisk
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Figure 3.3: Influence of reflow temperature TR on wedge angle. The inclination angle of mi-
crowedges can be precisely controlled by adjusting the temperature during the reflow process.
Higher reflow temperatures result in shallower wedge angles. Heating a cylindrical microdisk with
1.3 µm thickness to TR=170 ◦C results in a wedge angle of ∼30 ◦ (left), heating to TR=210 ◦C re-
sults in a wedge angle of ∼18 ◦ (middle). Expanded views of the resonator edges are shown on the
right.

with a radius of 15 µm.
Q-factors on the order of 105 are measured for the polmyeric microwedges at wavelengths
around 1500 nm [see Fig. 3.6(b)]. As the Q-factors are close to the absorption-limited Q-
factor (Qabs≈3·105) [89], they demonstrate the high quality of the fabricated microwedges
and hint to small surface-scattering losses.

As a smooth resonator surface is a prerequisite to obtain high-quality metal coatings and
enable a low-loss propagation of surface plasmon polaritons (SPPs) at the metal-dielectric
interface, the surface roughness of the top surface of the polymeric wedge-like template
resonators was characterized using atomic force microscopy (AFM). The AFM measure-
ments reveal an arithmetic surface roughness of only 400 pm [84], which confirms the high
quality of the fabricated samples. The low surface roughness together with the high Q-
factors predestine polymeric microwedges for the application as hybrid photonic–plasmonic
resonators supporting high-Q modes with SPP character.

3.2 Integration of plasmonic nanostructures into polymeric
WGM resonators

In this section, we present means to combine the proposed high-Q polymeric template
resonators with plasmonic nanostructures. After addressing how to covalently attach high
number densities of spherical gold NPs to the surface of polymeric microdisks, we detail
the technical means to coat polymeric microwedges with thin, smooth and homogeneous
silver films.
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Figure 3.4: Covalent attachment of gold NPs to the surface of PMMA microdisks. (a) The PMMA
surface is activated with a reactive pentafluorophenyl ester (PFP-ester) using CVD prior to NP
immobilization (left). Immersing the activated PMMA sample into a suspension with amine-
terminated colloidal gold NPs (yellow) results in the covalent binding of gold NPs to the CVD-
modified PMMA surface (right). The amine groups (blue) in the functionalization layer surround-
ing the gold NPs react with the PFP-ester to form stable amide bonds. (b) The scanning electron
micrograph depicting a small excerpt of the top surface of a hybrid microdisk proves the successful
immobilization of gold NPs. The gold NPs distribute randomly on the resonator surface with a
resulting surface density of ∼16 NPs/ µm2 in the present case.

3.2.1 Fabrication of gold-nanoparticle-coated microdisks

To coat PMMA microdisks with a huge number of randomly distributed spherical gold
NPs, we rely on self-assembly techniques. As gold-NP-coated microdisks are intended to
operate as sensors (see chapter 4), a covalent binding of gold NPs to the resonator surface
is indispensable to assure a proper and reliable sensing performance. However, as PMMA
is chemically inert, direct coupling of gold NPs to the microdisk surface is not possible
due to the lack of suitable functional groups. To covalently attach gold NPs to PMMA
microdisks, thus, the cavity surface has to be activated appropriately.

In this work, the PMMA surface is activated by depositing a ∼50 nm thick polymeric
layer containing chemically addressable functional groups onto the PMMA microdisk sur-
face using chemical vapor deposition (CVD) polymerization, as graphically illustrated in
Fig. 3.4(a). The thin film coatings made from poly[(4-pentafluorophenyl ester-p-xylylene)-
co-(p-xylylene)] were fabricated at the Institute of Functional Interfaces (Institut für Funk-
tionelle Grenzflächen, IFG) at KIT by Dr. Meike König. Details regarding CVD poly-
merization are provided in [90–93]. As the reactive pentafluorophenyl ester (PFP-ester)
in the polymeric coating can readily react with primary amines to form stable amide
bonds [94], amine-functionalized gold NPs with 25 nm radius (NanopartzTM Inc., Love-
land, CO, USA) are chosen as the plasmonic component in the hybrid system.
When immersing the CVD-modified polymeric microdisks into the suspension containing
the colloidal gold NPs, the amine groups in the ∼2 to 4 nm thick polymeric functionaliza-
tion layer surrounding the gold NPs covalently bind to the PFP-ester groups in the CVD
coating, as schematically illustrated in Fig. 3.4(a). As visible from the scanning electron
micrograph in Fig. 3.4(b), which depicts a small excerpt of the top surface of a hybrid
microdisk, this reaction results in the desired anchoring of the amine-functionalized gold
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NPs on the microdisk surface. The spherical gold NPs are seen to be largely isolated from
each other and distributed randomly on the microdisk surface with a surface density of
∼16 NPs/ µm2 in the present case. By controlling the immersion time and the concen-
tration of the gold NPs in the suspension during the self-assembly process, the resulting
number density of gold NPs on the resonator surface can be adjusted. A protocol for the
gold-NP-immobilization procedure is provided in appendix A.

3.2.2 Fabrication of silver-coated microwedges

For the fabrication of high-performance silver-coated polymeric microwedges, as studied
in chapter 5, two main aspects have to be considered.
First, the deposited thin silver films must be as smooth as possible to enable a low-loss
propagation of SPP modes at the silver–polymer interface. Second, the utilized deposition
method must ensure that only the top surface of the polymeric microwedges is coated
with silver. Owing to the small penetration depth of the evanescent field of SPPs into
silver at wavelengths in the near-infrared (see section 5.2.2), this requirement is critical to
access the distinct cavity eigenmodes of silver-coated microwedges evanescently by means
of a tapered optical fiber approached to the cavity from below. E-beam physical vapor
deposition (PVD) is chosen as coating method in this work, as it meets these requirements
and allows to precisely control the resulting silver-film thickness. For details regarding the
deposition method, the reader is referred to [95].

To produce hybrid microwedges, the lithographically structured polymeric microwedges are
coated in a final fabrication step with a ∼100 nm thick silver film from the top using PVD
[96]. The thickness of the deposited silver layer is measured in-situ with a piezoelectric
crystal. A chamber pressure of 10−6 mbar and a slow silver evaporation rate of 1 Å/s is
chosen ”to prevent collision-induced deposition of silver atoms at the bottom surface of the
resonator” [85]. AFM measurements reveal a low arithmetic surface roughness of 1−2 nm
of the deposited silver layer [84], which indicates the high quality of the produced silver
films.

3.3 Optical setups to extract the mode spectra of WGM
resonators

In this section, the optical setups used to characterize active and passive WGM resonators
are introduced. Active resonators are optically characterized on a micro-photoluminescence
spectroscopy (µ-PL) setup, which allows remote excitation and collection of WGM signals
using free-space optics. Cavity Q-factors and the mode spectra of passive resonators
without gain medium are determined on an optical fiber–coupling setup, which relies on
the evanescent coupling between the eigenmode of a tapered optical fiber and the cavity
eigenmodes.
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Figure 3.5: Micro-photoluminescence spectroscopy setup for the optical characterization of dye-
doped WGM resonators. Light of a 532 nm pump laser is focused onto active resonators to excite
the integrated laser dyes. A part of the emitted light is monitored onto a CCD camera to obtain a
spatially resolved image of the sample, another part is imaged onto the entrance slit of a spectrom-
eter equipped with a CCD camera for spectral analysis. When optically pumping the resonators
above their lasing threshold, sharp lasing modes emerge in the recorded PL-spectra. Based on [71].

3.3.1 Micro-photoluminescence spectroscopy setup

Active resonators with integrated laser dye PM597 are optically characterized on the µ-PL
setup depicted in Fig. 3.5.

A frequency-doubled Nd:YVO4 laser (InnoLas Photonics, nanio) emitting pulses with
10 ns pulse duration at a wavelength of 532 nm close to the absorption maximum of the
laser dye PM597 is used as a pump source. The pulsed laser operation is needed to prevent
triplet formation and, hence, quenching of the laser dye PM597 [97–99]. The repetition
rate of the pump pulses can be varied using a frequency generator. In this work, a repeti-
tion rate of 20 Hz is chosen to excite the resonators. The pump energy is adjusted using a
half-wave plate in combination with a variable linear polarizer and measured with a power
meter.
To excite the laser dyes inside the cavity, the green laser beam is loosely focused onto
the top surface of the resonators under an angle of ∼45 ◦. The fluorescence of the dye
molecules is then collected with a microscope objective with 50-fold magnification and a
numerical aperture of 0.42. As the fluorescence light in the µ-PL setup is collected perpen-
dicular to the resonator plane, only scattered light is collected from the sample. Therefore,
the detection mechanism relies strongly on surface imperfections or dust deposited on the
resonator surface that scatter light toward the detector. A long-pass filter in the detection
pass separates the red-shifted fluorescence signal from the exciting laser light. A beam
splitter in the detection path is used to monitor 30% of the emitted light onto a charge
coupled device (CCD) camera and obtain a spatially resolved image of the sample. 70% of
the fluorescence light is imaged onto the entrance split of a grating spectrometer (Acton
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Research Corporation, Spectra-Pro500, f=50 cm) equipped with a CCD camera (Andor,
iDus420, 256x1024 pixel) for spectral analysis. For pump powers above the lasing thresh-
old, WGMs manifest themselves as spectrally sharp lasing peaks in the PL-spectrum, which
superimpose on the fluorescence background of the laser dye. Three different gratings with
150 lines/mm, 1200 lines/mm or 2400 lines/mm are available to record PL-spectra, which
result in a spectral resolution of approximately 700 pm, 70 pm, and 35 pm, respectively,
for an entrance-slit width of 30 µm and wavelengths around 600 nm [100].

3.3.2 Fiber–coupling setup

Contrary to active WGM resonators, the direct excitation of WGMs in passive WGM
resonators via free-space coupling is in general not feasible. Extremely small radiation
losses of WGM resonators with diameters exceeding a few tens of micrometers together
with their rotational symmetry prevent an efficient exchange of electromagnetic energy
between WGMs and the surrounding [101, 102]. Hence, indirect means have to be identi-
fied to efficiently couple light into WGMs and extract light from WGMs experimentally.
Commonly used approaches to access WGMs in passive resonators rely on external evanes-
cent field couplers, such as prisms [103,104] or tapered fibers [105,106], which mediate the
coupling to WGMs via the optical near-field. In this work, tapered optical fibers are used
as external couplers, which provide coupling efficiencies up to 99.95% [107].

Tapered optical fibers are manufactured in a home-built setup using the so-called flame
brushing technique, which relies on locally heating a conventional single-mode fiber with a
flame while pulling the fiber ends apart [108,109]. When tapered down to a waist diameter
on the order of the wavelength of light, the fundamental mode of the former single-mode
fiber, which is guided by the refractive index difference between fiber core and cladding,
is converted into an air-guided taper mode [66]. In the tapered area, the tapered-fiber’s
eigenmode significantly overlaps with the surrounding, which is a prerequisite for coupling
to WGMs. Details regarding the manufacturing process of tapered fibers can be found
in [108].

The fiber–coupling setup used to extract the mode spectrum of passive resonators is de-
picted in Fig. 3.6 (left). Coupling into WGMs is achieved by launching light of a narrow-
linewidth (<100 kHz) continuously tunable diode laser (DLC CTL 1500, Toptica, Ger-
many) into a tapered optical fiber (Corning SMF-28 ), which is brought into close proxim-
ity to the resonator rim where the WGMs are confined. To control the relative alignment
between fiber and resonator and, hence, the modal overlap, the fiber is mounted on a
five-axis piezoelectric stage with an encoded resolution of 20 nm. The positioning of the
fiber with respect to the resonator can be checked with the aid of two CCD cameras,
which provide a top and a side view of the fiber–resonator system. The transmission
through the fiber is recorded with a photodiode and monitored onto a digital oscilloscope
while performing a wavelength scan over the 1460-1570 nm wavelength range. Provided
that phase-matching is fulfilled, WGMs manifest themselves as Lorentzian-shaped dips in
the transmission spectrum. Their Q-factors can be calculated from the full width at half
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Figure 3.6: Fiber–coupling setup to extract the mode spectra of passive WGM resonators. Left:
Light of a tunable laser is launched into a tapered single-mode optical fiber, which is brought
into close proximity to the resonator rim. The transmission through the fiber is recorded with a
photodiode (PD) and monitored onto a digital oscilloscope while performing a wavelength scan.
Coupling of the fiber eigenmode to WGMs is manifested in Lorentzian-shaped dips in the transmis-
sion spectrum. A manual fiber polarization controller (FPC) allows controlling the polarization of
the input laser light. Taken from [85]. Right: Typical transmission spectrum of a polymeric WGM
microwedge. Q-factors on the order of 105 close to the absorption-limited Q-factor at wavelengths
around 1500 nm confirm the high quality of the fabricated samples.

maximum (FWHM) of the respective dips in the transmission spectrum using Eq. 2.9. A
typical transmission spectrum of a polymeric microwedge with a Q-factor on the order of
105 is shown in Fig. 3.6 (right).
To control the input laser polarization, a manual fiber polarization controller (FPC) is
integrated into the fiber–coupling setup. Relying on stress-induced birefringence, the FPC
allows to continuously transform any arbitrary input polarization into any desired out-
put polarization by rotating its paddles acting as quarter- and half-wave plates. Optimal
coupling into a specific eigenmode occurs if the polarization vectors of the exciting fiber
field and the cavity mode coincide, leading to a minimal transmission at the resonance
wavelength of the mode. Experimentally, the fiber–resonator coupling efficiency can be de-
termined from the absolute depth of the respective Lorentzian-shaped dip in a normalized
transmission spectrum, as illustrated in Fig. 3.7 for a cavity eigenmode centered around
1555 nm. Fitting the resonance with a Lorentzian function (blue line) yields the baseline
intensity I0 and the minimal transmitted intensity Imin as fit parameters, from which the
absolute depth of the Lorentzian and, hence, the fiber–resonator coupling efficiency c can
be extracted:

c := 1− Imin

I0
. (3.1)

Adjusting the input laser polarization allows to selectively excite orthogonally polarized
WGMs and provides additional insight into the complex mode spectra of WGM resonators.
In section 5.5.1, we demonstrate that controlling the polarization of the exciting fiber field
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Figure 3.7: Fiber–resonator coupling efficiencies c are determined experimentally from the absolute
depth of a Lorentzian-shaped dip in a normalized fiber transmission spectrum. For the cavity
eigenmode centered around 1555 nm, the Lorentzian fit (blue solid line) yields a coupling efficiency
c=0.57. Taken from [85].

is critical to distinguish between dielectric modes and modes with SPP character in silver-
coated wedge-like WGM resonators.

3.4 Summary and conclusions

In this chapter, the fabrication of hybrid photonic-plasmonic WGM resonators, as inves-
tigated in this work, was addressed and the optical setups used to extract their modal
structure were introduced.

We emphasized that a high-Q WGM resonator template with a smooth cavity surface
is needed to implement high-performance hybrid resonators. Frequently studied silica
microspheres with ultra-high Q-factors were introduced as a first prominent template res-
onator. Constrained by their limited integrability into photonic circuits, we highlighted
the advantages of polymers as resonator material and introduced lithographically struc-
tured polymeric WGM resonators of various geometries. Inspired by the well-established
lithographic fabrication process of PMMA microdisks and -goblets on a silicon substrate,
we introduced a novel type of polymeric WGM resonator with wedge-like geometry, whose
sophisticated resonator design enables the formation of dielectric, plasmonic, and hybrid
photonic–plasmonic modes with high Q-factors and small mode volumes when coated with
a thin silver layer from the top. As in the case of microgoblets, a post-lithographic thermal
reflow process is at the heart of the fabrication of polymeric microwedges. It smoothens
the polymer surface and transforms the lithographically structured polymeric microdisks
into the desired wedge-like geometry due to surface tension. High Q-factors on the order of
105 at wavelengths around 1500 nm close to the absorption-limited Q-factor together with
a low arithmetic roughness of the resonator surface of only 400 pm proved the high optical
quality of the fabricated microwedges. These properties make the polymeric microwedges
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ideal resonator templates for hybrid photonic–plasmonic resonators.

We proceeded to detail the technical means to integrate plasmonic nanostructures into
polymeric WGM resonators and discussed the fabrication of two distinct types of hybrid
resonators: polymeric microdisks coated with huge numbers of spherical gold nanoparti-
cles (NPs) and silver-coated polymeric microwedges.
As gold-NP-coated microdisks are operated as sensors in section 4.5, we emphasized the
need to covalently attach the gold NPs to the resonator surface to ensure a reliable sens-
ing performance. Successful covalent attachment of amine-functionalized gold NPs was
achieved by modifying the chemically inert PMMA surface of the microdisks via chemical
vapor deposition (CVD) polymerization and relying on self-assembly techniques. The gold
NPs were shown to distribute randomly and well isolated from each other on the surface
of the CVD-modified PMMA microdisks.
Homogeneous 100 nm thick silver films with the required smootheness needed for a low-
loss propagation of SPP modes were deposited onto polymeric microwedges using electron-
beam physical vapor deposition. To make the distinct cavity eigenmodes supported by
silver-coated microwedges accessible with the evanescent field of a tapered optical fiber,
only the top surface of the polymeric microwedges was coated with silver. AFM measure-
ments revealed a low arithmetic surface roughness of the silver coatings of only 1-2 nm.
The high quality of the fabricated silver-coated microwedges is confirmed by Q-factor
measurements in section 5.5, which yield values for the Q-factors of plasmonic and hybrid
photonic–plasmonic modes close to the theoretical predictions.

At the end of the chapter, the micro-photoluminescence spectroscopy (µ-PL) setup and
the optical fiber–coupling setup used to extract the modal structure of WGM resonators
with and without integrated gain medium, respectively, were introduced.
Despite reduced excitation and collection efficiencies compared to the fiber–coupling setup,
the µ-PL setup is appealing due to its simplicity. As WGM signals can be easily excited
and collected using free-space optics, this setup is extremely attractive for real-life appli-
cations, especially when an operation in aqueous environment is required.
The comparatively complex optical fiber–coupling setup utilizing tapered optical fibers as
external evanescent field couplers is used to extract the mode spectra of passive resonators
and determine their Q-factors. Emphasize was put on the possibility to control the in-
put laser polarization together with the relative position of the input fiber relative to the
resonator, which is, e.g., the foundation to efficiently and selectively excite dielectric, plas-
monic, and hybrid modes in silver-coated wedge-like WGM resonators (see section 5.5).
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Chapter 4

Sensitivity enhancement of WGM
resonators via coupling to
plasmonic nanoparticles (NPs)

Optical sensing with WGM resonators gained considerable attention in recent years. Due
to high Q-factors in combination with relatively small mode volumes, WGM resonators
exhibit unprecedented sensitivity toward micro- and nanoscale objects. Recirculation of
light inside the cavity leads to multiple interactions of WGMs with their surrounding
resulting in large detection signals. However, since WGMs are strongly confined inside
the resonator, only a small part of their evanescent field can probe the surrounding, which
inherently limits their sensing performance. To further boost the sensitivity of WGM
resonators, hence, means have to be identified to push the mode distribution further
outside the resonator.

In this chapter, we present a strategy to increase the spatial overlap of WGMs with
the surrounding. Our approach to boost the sensitivity of WGM resonators makes use
of strongly enhanced optical near-fields connected with plasmonic nanoparticles (NPs)
coupled to the WGM resonator surface.
After motivating the concept of hybrid photonic–plasmonic sensors in section 4.1, a simple
model of two coupled harmonic oscillators (HO-model) is introduced in section 4.2 to
provide a basic understanding of the interaction between WGMs and plasmonic resonances
sustained by metallic NPs. An analytic formula for the bulk refractive index sensitivity,
an important figure-of-merit (FOM) of a sensor, is derived and general design guidelines
for hybrid sensors are deduced from it. The results of the HO-model are verified in
section 4.3 with exact calculations of an idealized hybrid system comprised of a small
WGM microsphere coupled to a single artificial plasmonic NP made from a Drude-metal.
Modeling the plasmonic NP as an idealized NP with freely tunable optical properties allows
to study the optical and sensing properties of hybrid resonators in a fundamental manner.
In section 4.4, the impact of the number density of plasmonic NPs on the sensitivity
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enhancement in hybrid WGM resonators is studied. To this end, finite-element method
(FEM) simulations of a state-of-the-art polymeric microdisk coated with densely packed
spherical gold NPs are performed. To efficiently simulate the hybrid system, the layer
of gold NPs surrounding the microdisk is treated at the level of an effective medium.
The optical and sensing properties of gold-NP-coated microdisks are discussed and related
to comparable hybrid systems with ultra-thin homogeneous gold coatings. In section 4.5,
results of BRIS measurements on active polymeric microdisks coated with large numbers of
spherical gold NPs are presented and discussed. The chapter is concluded with a summary
and a critical remark on hybrid NP–WGM sensors for bulk refractive index sensing.

4.1 Sensing with hybrid WGM resonators

In recent years, the development of micro- and nanoscale sensing technologies based on
photonic concepts has experienced an enormous progress [24,110–112]. The advances were
mainly triggered by the growing demand for highly sensitive and rapid label-free detection
schemes that enable an early disease diagnosis or the detection of single biomolecules, such
as viruses, DNA, or proteins.
Within the broad field of optical sensors, high-Q dielectric WGM resonators [24, 27, 33]
and plasmon resonance sensors [112–114] emerged as promising sensing platforms. The
prime sensing strategy of both sensor types relies on monitoring the spectral shift of
the system’s resonance induced upon minute changes in the dielectric environment [115].
An important FOM characterizing their sensing performance is the ratio of sensitivity
to resonance linewidth, where the sensitivity can be quantified via the so-called bulk
refractive index sensitivity (BRIS) [116, 117]. The BRIS is a measure for the spatial
overlap of a WGM with the surrounding and is defined as the magnitude of the resonance
wavelength shift ∆λres induced upon small uniform changes ∆nm in the refractive index
of the surrounding medium [118]:

BRIS =
∆λres

∆nm
. (4.1)

In the following, we investigate the sensing performance and the sensing principles of
WGM sensors and plasmon resonance sensors and motivate the concept of hybrid pho-
tonic–plasmonic sensors.

4.1.1 Sensing with WGMs

Since WGMs exhibit an evanescent tail which decays exponentially away from the cav-
ity surface into the surrounding, they are sensitive to chemical–physical changes in the
resonator environment. Adsorption of biomolecules or minute changes in the refractive
index of the surrounding medium disturb the optical mode profile and alter the effective
refractive index neff of the WGM. According to the resonance condition (Eq. 2.1), the
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Figure 4.1: Illustration of the sensing principle of WGM resonators. Molecules adsorbing to the
surface of a WGM resonator or minute changes in the background refractive index induce a spectral
shift of the cavity eigenmode, which can be monitored in real-time by recording the transmission
through a tapered optical fiber evanescently coupled to the WGM resonator. Owing to high Q-
factors of WGMs up to ∼1010 tiny spectral shifts of a few attometers associated with the binding
of single molecules can be resolved [10]. Adapted from [24].

change in neff translates to a spectral shift of a WGM, which can be used as sensor signal.
In WGM biosensing, this sensing principle is widely known as ’reactive sensing principle’
and is the most commonly used sensing strategy. It is graphically illustrated in Fig. 4.1.
Alternatively, resonance broadening [26, 27, 50] or mode splitting [119–121] in the case of
ultra-high-Q WGMs can be exploited to detect binding events of small particles entering
the evanescent field of a WGM. For details regarding the different sensing techniques the
reader is referred to the review articles [50,122].

WGM resonators derive their excellent sensing performance from high Q-factors in combi-
nation with relatively small modal volumes. Long photon lifetimes lead to the build-up of
high circulating intensities inside the cavity and result in multiple interactions of a WGM
with its surrounding. Besides strong light–matter interactions, WGM sensors benefit from
the high accuracy with which the spectral position of a WGM can be detected [50, 123].
Considering the shot noise limit as fundamental limit of detection, the accuracy with
which the spectral position of an optical resonance can be determined is proportional to
its Q-factor [50,123]. Due to the high Q-factors of WGMs, which can reach values as high
as ∼1010 [18], tiny wavelength shifts of a few attometers associated with the binding of
single molecules can be resolved [24]. However, to properly determine such tiny shifts in an
optical measurement, sophisticated measurement techniques are indispensable to suppress
any source of noise and achieve a high signal-to-noise ratio [121,124].
The sensing performance of high-Q WGM resonators is, however, limited by the low intrin-
sic sensitivity of WGMs. The latter results from the fact that WGMs in high-Q resonators
are strongly confined inside the cavity. Therefore, only a small part of the WGM’s mode
field interacts with the surrounding, limiting the BRIS of purely dielectric WGM resonators
to values between 30-200 nm per refractive index unit (RIU) [125–128].

These considerations hint to the tradeoff between high spectral resolution and sensitivity
present in sensor systems. Whereas sharp resonances enable the detection of tiny objects,
induced resonance shifts are very small due to the strong confinement of high-Q resonances
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Figure 4.2: Excitation of LSPRs in metallic NPs (a) and illustration of sensing principle of LSPR
sensors (b). LSPRs are collective oscillations of the conduction band electrons of subwavelength
metallic NPs which coherently interact with a stimulating electric field, generating a peak in
the absorption or scattering spectrum. LSPR sensors exploit the evanescent field of LSPRs to
detect changes in the plasmon resonance wavelength induced upon minute changes in the dielectric
environment. LSPR sensors possess a high intrinsic sensitivity but a comparatively low spectral
resolution. Adapted and modified from [131].

inside the cavity and their observation requires complex measurement techniques.

4.1.2 Sensing with plasmonic resonances

Contrary to dielectric WGM sensors, biosensors based on plasmonic resonances derive their
excellent sensing performance from the high intrinsic sensitivity connected with plasmonic
resonances.
Plasmonic resonances are collective oscillations of the free electron gas of metallic struc-
tures which coherently interacts with a stimulating electromagnetic field [32]. At optical
frequencies, the conduction electrons of a metal can sustain both surface charge density
oscillations confined to an extended metal-dielectric interface, widely known as surface
plasmon polaritons (SPPs), and volume charge density oscillations confined to subwave-
length metallic NPs, so-called localized surface plasmon resonances (LSPRs), as depicted
in Fig. 4.2(a). Due to the subwavelength confinement of electron oscillations, the ex-
citation of plasmonic nanostructures results in strongly localized and greatly enhanced
electromagnetic fields at the metal surface [129]. The associated evanescent fields decay
exponentially away from the metal interface and are exploited in sensing experiments to
probe the surrounding environment in close proximity to the metal–dielectric interface.
Similar to WGM sensors, plasmon resonance sensors detect biomolecular binding events
or minute changes in the refractive index of the surrounding medium by monitoring spec-
tral shifts of the plasmonic resonance [32, 130], as illustrated in Fig. 4.2(b) for a metallic
NP.
The strong field enhancement, superior field confinement compared to WGMs and the fact
that the resonance frequency of oscillating plasmons is extremely sensitive to slight changes
in the dielectric environment are responsible for the high intrinsic sensitivity of plasmonic
nanostructures. For SPP sensors, BRIS values up to 7120 nm/RIU are reported [132],
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which exceed those of purely dielectric WGM resonators by more than one order of mag-
nitude. BRIS values of LSPR sensors strongly depend on the shape, the aspect ratio
and the morphology of the underlying nanostructure [133]. Whereas smooth colloidal
gold nanoparticles with a diameter of 30 nm possess BRIS values of ∼80 nm/RIU [134],
the BRIS of nanocrescents or plasmonic nanostructures with properly engineered shape
and dispersion can reach values as high as ∼1000 nm/RIU [131, 135, 136]. The gener-
ally reduced BRIS values of LSPR sensors can be mainly attributed to the shorter decay
length of LSPRs compared to SPPs leading to reduced sensing volumes [137]. However,
as metallic NPs confine the enhanced near field to a volume comparable to that of typical
biomolecules, LSPR sensors outperform SPP sensors in applications where single-molecule
sensitivity is required. Recently, gold nanorods were proven to be capable of detecting sin-
gle proteins and even monitoring their molecular dynamics [138, 139]. However, as in the
case of single-molecule sensing with WGMs, the signal-to-noise ratio in the experiment
was very low, thus, still leaving room for improvement.

Although plasmon resonance sensors possess high intrinsic BRIS values, their sensing
performance suffers a lot from the low Q-factors of plasmonic resonances. Due to large
ohmic losses in the metal, Q-factors of plasmonic nanostructures are typically far less than
a hundred at optical frequencies [31,140–142], leading to a low spectral resolution.

4.1.3 Hybrid WGM resonators for improved sensing performance

Inspired by the tradeoff between high sensitivity and high signal resolution present in the
two addressed types of optical sensors, a promising concept to push sensing applications
forward can be seen in combining dielectric WGM resonators with plasmonic nanostruc-
tures in a single hybrid photonic–plasmonic biosensor. Whereas the plasmonic component
in the hybrid sensor shall boost the wavelength shift induced by changes in the dielec-
tric environment by providing strongly enhanced electromagnetic fields, the high-Q WGM
component shall ensure that the induced shift can be properly resolved. The major chal-
lenge in the design of hybrid sensors, however, lies in simultaneously preserving the high
Q-factors of WGMs and the strong mode localization connected with plasmonic reso-
nances. Recently, several approaches have been proposed to combine the best of the two
’worlds’ in a hybrid photonic–plasmonic sensor [34,37,143–146].

One approach to enhance the sensitivity of WGM resonators while keeping metal-related
losses to a minimum relies on coating rotationally symmetric WGM resonators with
a thin homogeneous metal layer that allows for the formation of SPP modes at the
metal–dielectric interface [39, 121, 147]. For dielectric ring resonators coated with metal-
lic nanodisks or -stripes deposited along the ring’s circumference BRIS values between
200-500 nm/RIU have been theoretically predicted for operation wavelengths in the near-
IR [148–153]. Compared to their purely dielectric counterparts, the BRIS was increased
by a factor of ∼4. Another promising hybrid structure for bulk refractive index sensing
is a silicon ring surrounded by silver layers which are separated by a narrow air gap from
the ring itself [154]. Due to a high electric field accumulation in the air gap between the
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two silver layers, BRIS values as high as 700 nm/RIU have been measured. Whereas high
Q-factors on the order of 103 have been predicted theoretically, in the experiment they
dropped to values below 300.

An alternative approach to boost the sensitivity of WGM resonators while simultaneously
maintaining high Q-factors makes use of locally enhanced light–matter interactions in the
vicinity of plasmonic NPs coupled to the surface of WGM resonators [34–36]. The pro-
posed structures were employed in single-molecule sensing and specifically engineered to
push detection limits down to the single-molecule [33] and single-ion level [38]. Greatly
enhanced optical near-fields together with the strong polarizability of plasmonic NPs gave
rise to greatly enhanced WGM shifts in these structures. For instance, binding of a single
RNA virus to an adequately aligned gold nanoshell coupled to a silica microsphere was
shown to enhance the WGM shift by a factor of ∼70 compared to when the virus binds to
the surface of the bare dielectric WGM resonator [33]. In the case of a single atomic ion
interacting with a gold NR on the microsphere surface even a 1000-fold signal enhance-
ment was achieved over a non-hybrid WGM resonator [38]. Hybrid NP–WGM resonators
were also successfully employed in monitoring interactions of single ligand molecules at
the NP interface in situ and in real-time [155].
To keep scattering losses in the proposed structures to a minimum, only a single or a few
plasmonic NPs were attached to the surface of the WGM resonators. Besides, a careful
choice of the operation wavelength was shown to be indispensable to preserve the high
Q-factors necessary for single-molecule resolution [36, 37, 41]. After the incorporation of
plasmonic NPs, Q-factors dropped by up to two orders of magnitude to values between
105−106 [36–38,156,157]. But, due to strongly enhanced wavelength shifts in these struc-
tures, less sophisticated measurement techniques could be employed to monitor the binding
events associated with single molecules, which is advantageous from a practical point of
view.

Throughout the rest of this chapter, we present and discuss an alternative approach to
improve the sensing capabilities of WGM resonators. We consider a sensing scheme that
measures tiny changes in the refractive index of the surrounding medium and analyze
whether the locally enhanced light–matter interactions in the vicinity of plasmonic NPs
can be also exploited to enhance the sensitivity of WGM resonators toward bulk refractive
index changes.

4.2 Coupled harmonic oscillator model for NP–WGM in-
teraction

To optimize the performance of hybrid NP–WGM resonators as bulk refractive index sen-
sors, it is essential to understand the interplay between WGMs and plasmonic modes
sustained by metallic NPs. Although proposed theoretical frameworks based on gener-
alized Lorenz Mie theory [146] and level repulsion [41] have proven to, e.g., accurately
predict spectral resonance shifts induced by a plasmonic NP perturbing the optical WGM
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Figure 4.3: Schematic illustration of the coupled harmonic oscillator model to describe the
NP–WGM interaction in hybrid resonators. A weakly damped HO representing the WGM res-
onator (blue) is coupled to a strongly damped HO representing the plasmonic NP (yellow) via the
coupling constant κ. The WGM-HO is directly driven by an external time-harmonic force, the
NP-HO is only excited via the coupling to the WGM-HO.

resonator, they cannot provide a descriptive insight into the coupling between plasmonic
and dielectric modes due to their complexity.
Therefore, we develop in this section a simple model of two coupled harmonic oscillators
(HOs) to provide an intuitive picture for the NP–WGM interaction. This simple model
turns out to capture fundamental aspects of hybrid sensors (see section 4.3) and provides
basic insight into the mechanisms underlying the sensitivity enhancement in these systems.
After introducing the theory of coupled HOs in section 4.2.1, we discuss the properties of
hybrid resonances in the coupled system in section 4.2.2. We proceed in section 4.2.3 to
derive an analytic formula for the BRIS of the hybrid system and deduce general sensor
design guidelines from it. A brief summary and conclusions are given at the end of the
section.

The calculations presented in this section are based on a matlab code developed by Steffen
A. Schmid during his master’s thesis [158] under supervision of Radius N. S. Surydharma
from the Institute of Theoretical Solid States Physics (TFP) at KIT and me.

4.2.1 Theory of coupled harmonic oscillators

The model of two coupled HOs has been widely used to explain many phenomena in an
intuitive manner, such as Fano resonances [159] or level repulsion [160]. Here, we use the
model of two coupled HOs to describe the interaction between a LSPR supported by a
metallic NP and a WGM supported by a dielectric microresonator.

To examine the NP–WGM interaction, we model the WGM and the LSPR as two damped
HOs with resonance frequencies ωWGM and ωNP and damping constants ΓWGM and ΓNP,
respectively. The damping constants account for energy losses in the optical resonators.
Due to large ohmic losses in the metal, Q-factors of plasmonic resonances are small com-
pared to those of WGMs. Therefore, the NP damping constant ΓNP is significantly larger
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than the damping constant ΓWGM of the WGM, i.e. ΓNP�ΓWGM. As in typical exper-
iments, the coupled system is excited by driving the WGM oscillator (WGM-HO) with
an external time-harmonic field x(t)=x0

ext exp(iω0t) with excitation frequency ω0 and am-
plitude x0

ext. The oscillator representing the plasmonic NP (NP-HO) is solely excited via
the leakage of the WGM-HO, as graphically illustrated in Fig. 4.3. The electromagnetic
coupling between NP-HO and WGM-HO, enabling the transfer of energy between both
oscillators, is modeled via the coupling constant κ.
The dynamic of the hybrid system is governed by the following differential equations:

ẍWGM + ΓWGMẋWGM + ω2
WGMxWGM − κxNP =x0

exte
iω0t (4.2a)

ẍNP + ΓNPẋNP + ω2
NPxNP − κxWGM =0. (4.2b)

We analyze the system in the time-harmonic limit and seek for steady-state solutions of
the form:

xWGM(t) =x0
WGMe

iω0t (4.3a)

xNP(t) =x0
NPe

iω0t. (4.3b)

Inserting this ansatz into the equations of motion (Eq. 4.2) results in two coupled linear
equations for the complex oscillator amplitudes x0

WGM and x0
NP of WGM-HO and NP-HO,

respectively:(
x0

WGM

x0
NP

)
=

(
ω2

WGM − ω2
0 + iΓWGMω0 −κ
−κ ω2

NP − ω2
0 + iΓNPω0

)−1

·
(
x0

ext

0

)
. (4.4a)

Nontrivial solutions of this inhomogeneous system of equations are determined by inverting
the matrix in Eq. 4.4 numerically for varying excitation frequencies ω0. The resonance
frequency ωres of the WGM-HO in the coupled system is given by the frequency for which
the modulus

∣∣x0
WGM

∣∣ of the WGM oscillator amplitude is maximal. The respective Q-
factor is inferred from the full width half maximum (FWHM) of the Lorentzian-shaped
oscillator amplitude.

In the following, the influence of the properties of the NP-HO and the coupling strength
on the response of the WGM-HO in the coupled system is calculated as a function of
the resonance frequency detuning ∆ω=ω0

WGM−ω0
NP between both oscillators. ω0

WGM and
ω0

NP denote the natural frequencies of the uncoupled WGM- and NP-HO and are given
by (ω0

WGM)2=ω2
WGM−Γ2

WGM and (ω0
NP)2=ω2

NP−Γ2
NP. Different detunings ∆ω are imple-

mented by varying the natural frequency of the NP-HO with respect to that of the WGM-
HO. With regard to the experiments, the simulation results of the coupled HO-model are
presented in the wavelength domain, i.e. plotted as a function of the resonance wavelength
detuning ∆≡λ0

NP−λ0
WGM between the natural resonance wavelengths of the NP-HO and

the WGM-HO.

4.2.2 Properties of hybrid resonances

To gain first insight into the NP–WGM interaction, we plot in Fig. 4.4(a) the modulus
of the oscillator amplitudes

∣∣x0
NP

∣∣ and
∣∣x0

WGM

∣∣ of NP-HO (red) and WGM-HO (black) at
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Figure 4.4: Impact of wavelength detuning ∆=λ0
NP−λ0

WGM on (a) the excitation
∣∣x0

WGM

∣∣ and
∣∣x0

NP

∣∣
of WGM-HO (black) and NP-HO (red) and (b) the Q-factor of the WGM-HO at the resonance
wavelength λres of the hybrid system [161]. For ∆=0, energy is efficiently transferred from the
WGM-HO to the lossy NP-HO, leading to a global minimum in the excitation of the WGM-HO
and its Q-factor. As the NP-HO is indirectly driven via the coupling to the WGM-HO, its excitation
reveals a local minimum for ∆=0 and two local maxima for slightly detuned resonances |∆|>0.

the resonance wavelength λres of the hybrid system versus the wavelength detuning ∆.
The functional dependency of the Q-factor of the WGM-HO in the coupled system on the
detuning ∆ is shown in Fig. 4.4(b).
As the NP-HO is indirectly driven via the coupling to the WGM-HO, its excitation

∣∣x0
NP

∣∣ is
notably smaller than the excitation

∣∣x0
WGM

∣∣ of the WGM-HO. For large absolute detunings
|∆|, the excitation of the directly driven WGM-HO is maximal while being minimal for
the indirectly driven NP-HO due to a vanishing spectral overlap between the resonances
of both HOs. For zero detuning (λ0

NP=λ0
WGM), energy is efficiently transferred from the

weakly damped WGM-HO to the strongly damped NP-HO giving rise to a global minimum
in the excitation of the WGM-HO and its Q-factor. Contrary to the WGM-HO, the
excitation of the NP-HO increases toward |∆|→0 with a local minimum at zero detuning.
This circumstance can be interpreted as follows: If the NP-HO was uncoupled, its oscillator
amplitude would be maximal if excited directly at its resonance wavelength. But, the NP-
HO in the hybrid system is indirectly driven via the coupling to the WGM-HO whose
amplitude is, however, minimal at zero detuning. Therefore, the excitation

∣∣x0
NP

∣∣ of the
NP-HO reveals a local minimum at zero detuning and two local maxima slightly red and
blue shifted from ∆=0.
These results point out the tradeoff between maximizing the excitation of the NP-HO and
simultaneously maximizing the Q-factor of the WGM-HO in the coupled system. Whereas
the excitation of the NP-HO is maximal close to zero detuning, the WGM-HO’s Q-factor
is most strongly degraded there due to huge losses induced by coupling to the low-Q NP-
HO. Operating a hybrid system slightly detuned from the resonance case |∆|=0, thus,
seems to be favorable to keep linewidth broadening of WGMs at a moderate level while
still being able to notably excite the plasmonic component in the hybrid system.

37



Chapter 4. Sensitivity enhancement of WGM resonators via coupling to plasmonic
nanoparticles (NPs)

-90 -60 -30 0 30 60 90

-0.2

-0.1

0.0

0.1

0.2

Increasing

coupling k

-90 -60 -30 0 30 60 90
-0.010

-0.005

0.000

0.005

0.010

0.015

G
NP

=500G
0

G
NP

=250G
0

G
NP

=100G
0

G
NP

=50G
0

Resonance wavelength detuning D (nm) 

D
e
tu

n
in

g
 t
e
rm

 (
n
m

/R
IU

)

b

Decreasing

damping NPG

Wavelength detuning D=l0

NP
-l0

WGM
 (nm)

Increasing 
coupling k

W
G

M
 s

h
ift

 D
l
 (

a
rb

.u
.)

Figure 4.5: Resonance wavelength shift ∆λ of the WGM-HO induced upon coupling to NP-HOs
with different damping constants ΓNP as a function of the wavelength detuning ∆=λ0

NP−λ0
WGM

[161]. The induced shift ∆λ strongly depends on the detuning ∆ and the damping of the NP-HO.
Whereas NP-HOs with resonance wavelengths blue detuned from the WGM-HO (λ0

NP<λ
0
WGM)

spectrally shift the resonance wavelength of the WGM-HO toward longer wavelenghts, the coupling
to red detuned NP-HOs (λ0

NP>λ
0
WGM) leads to a shift toward shorter wavelengths. The weaker

the damping of the NP-HO and the larger the coupling strength κ, the larger is the induced shift.

To evaluate how the coupling to the NP-HO affects the resonance wavelength of the WGM-
HO, we plot in Fig. 4.5 the resonance wavelength shift ∆λ of the WGM-HO induced by
the NP-HO as a function of the detuning ∆ and for different NP damping constants ΓNP.
The resonance wavelength shift ∆λ is evaluated with respect to the natural resonance
wavelength λ0

WGM of the uncoupled WGM-HO, i.e. ∆λ=λres−λ0
WGM.

From Fig. 4.5, a strong dependency of the induced WGM shift ∆λ on the detuning is
obvious. Whereas NP-HOs with resonance wavelengths blue detuned from the WGM-HO
(λ0

NP<λ
0
WGM) spectrally shift the resonance of the WGM-HO toward longer wavelengths

(∆λ>0), NP-HOs with resonance wavelengths red detuned with respect to the WGM-HO
(λ0

NP>λ
0
WGM) shift the resonance of the WGM-HO toward shorter wavelengths (∆λ<0).

In the limit of large negative detunings, the induced WGM shift ∆λ approaches zero. In
contrast, for large positive detunings λ0

NP�λ0
WGM, off-resonant coupling leads to a non-

vanishing spectral shift of the WGM-HO’s resonance toward slightly shorter wavelengths.
For ∆=0, the spectral position of the WGM-HO remains unaffected.
Figure 4.5 furthermore reveals that the magnitude of the induced wavelength shift ∆λ
strongly depends on the damping constant ΓNP of the NP-HO. The stronger the damping
of the NP-HO coupled to the WGM-HO, the smaller is the induced WGM shift ∆λ and
the less pronounced are the features in Fig. 4.5. On top of that, increasing the damping
of the NP-HO shifts the extrema in ∆λ(∆) toward larger absolute detunings.
Evaluating the effect of the coupling strength κ on the resonance shift of the WGM-HO
shows that varying κ effectively leads to a rescaling of the curves ∆λ(∆) [158], as indicated
by the purple arrows in Fig. 4.5. The larger the coupling strength, the larger is the response
of the WGM-HO to the coupling to the NP-HO and, hence, the modulus of the induced
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shift |∆λ|. For κ→0, the induced resonance wavelength shift ∆λ vanishes, as expected for
a system of uncoupled HOs.

The results obtained so far from the model of coupled HOs provide valuable guidelines
for the design of sensing experiments which aim to detect individual plasmonic NPs. To
maximize the WGM shift induced by a plasmonic NP, an operational WGM wavelength
slightly red detuned with respect to the plasmonic resonance should be selected. The higher
the quality of the plasmonic resonance and the higher the NP–WGM coupling strength,
the larger is the induced WGM shift. In an experimental hybrid NP–WGM sensor, the
coupling strength is mainly determined by the spatial overlap of the evanescent fields of
the plasmonic NP and the exciting WGM and the optical properties of the resonators.

4.2.3 Sensitivity enhancement in the coupled system

Based on the results obtained so far, we derive in the following an analytic formula for the
BRIS of the hybrid system which provides elementary insight into what governs the sensi-
tivity of hybrid NP–WGM resonators and allows deducing general sensor design guidelines.

Within the formalism of two coupled HOs, the resonance wavelength λres of the WGM-HO
in the coupled system can be expressed as the sum of the resonance wavelength λ0

WGM

of the uncoupled WGM-HO and the resonance wavelength shift ∆λ of the WGM-HO
induced by coupling to the NP-HO. As ∆λ depends on both the wavelength detuning
∆=λ0

NP−λ0
WGM between the two HOs and the coupling strength κ (see section 4.2.2), the

hybrid system’s resonance wavelength λres can be written as follows:

λres = λ0
WGM + ∆λ(∆, κ). (4.5)

According to Eq. 4.1, the BRIS of the hybrid system is, hence, given by:

BRISHY =
dλres

dnm
. (4.6)

To derive an explicit expression for the BRIS of the hybrid system, one has to consider
that changing the refractive index nm of the surrounding medium alters the resonance
wavelengths λ0

WGM and λ0
NP of the isolated WGM-HO and NP-HO. The induced resonance

wavelength shifts of the uncoupled HOs are determined by the BRIS values BRISWGM

and BRISNP of the respective oscillators according to:

dλ0
WGM =BRISWGM · dnm (4.7a)

dλ0
NP =BRISNP · dnm. (4.7b)

As the BRIS of a plasmonic NP is typically larger than that of a dielectric WGM resonator,
variations in the background refractive index nm alter the detuning ∆ between both HOs.
Furthermore, altering nm simultaneously affects the coupling strength κ between NP and
WGM. Considering these effects and combining Eq. 4.7 with Eq. 4.5, the BRIS of the
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hybrid system can be expressed as follows:

BRISHY = BRISWGM +
∂∆λ

∂∆
(BRISNP −BRISWGM) +

∂∆λ

∂κ
· ∂κ
∂nm

. (4.8)

According to Eq. 4.8, the BRIS of the hybrid system is modified compared to the BRIS
of the uncoupled WGM-HO by the second and third term in Eq. 4.8, which we denote by
detuning term and coupling term, respectively. The detuning term accounts for the fact
that the relative detuning ∆ between WGM-HO and NP-HO is altered when changing the
background refractive index nm. The coupling term describes additional changes in the
BRIS due to variations in the coupling strength κ induced by altering nm. It cannot be
fully described within the simple model of two coupled HOs. According to the full-wave
simulations presented in section 4.3, the coupling term is, however, expected to only lead
to minor modifications in the BRIS of the hybrid system. Therefore, we focus in the
following on discussing the dominant role of the detuning term on the BRIS enhancement.

Eq. 4.8 reveals that the detuning term is proportional to the difference in the BRIS values
of NP-HO and WGM-HO. Therefore, only NP-HOs with a BRIS much larger than that
of the WGM-HO notably modify the BRIS of the WGM-HO. For NP-HOs whose BRIS
equals that of the WGM-HO no change in BRIS is induced upon coupling.
From Eq. 4.8 we furthermore see that the functional dependency of the detuning term on
the wavelength detuning ∆ is governed by the derivative of the resonance wavelength shift
∆λ of the WGM-HO induced by coupling to the NP-HO with respect to the detuning ∆.
To closer examine this dependency, we plot the respective derivative ∂∆λ/∂∆ in Fig. 4.6
versus the detuning ∆ considering NP-HOs with different damping constants ΓNP. The
derivative ∂∆λ/∂∆ is seen to be strongly dispersive, as expected from Fig. 4.5, and either
positive or negative. Depending on the detuning ∆, the BRIS of the WGM-HO is, hence,
either enhanced or reduced due to the interaction with the NP-HO. How can we understand
this effect?
According to Eq. 4.8 and given that BRISNP>BRISWGM, the BRIS of the hybrid system
is reduced compared to the BRIS of the uncoupled WGM-HO for detuning regions ∆
for which ∂∆λ/∂∆<0, i.e. for detunings spectrally located between the two extrema in
∆λ(∆) (see Fig. 4.5). The reduction in BRIS in this detuning region is the result of
two opposing effects. On the one hand, increasing the background refractive index nm

shifts the resonances of both HOs toward longer wavelengths. As the BRIS of the NP-HO
is, however, larger than that of the WGM-HO, the resonance of the NP-HO experiences
a larger red shift than the resonance of the WGM-HO. Increasing nm, thus, increases
the relative detuning ∆. As ∂∆λ/∂∆ is negative in the spectral region between the two
extrema in ∆λ(∆) (see Fig. 4.5), the increase in detuning ∆ effectively shifts the resonance
of the WGM-HO toward shorter wavelengths. This effect counteracts the actual WGM
red shift and is responsible for the reduction in BRIS. Please note that the BRIS of the
WGM-HO in the hybrid system is maximally reduced over that of the isolated WGM-HO
for zero resonance wavelength detuning.
Contrary to the situation considered above, the coupling to the NP-HO is beneficial for
the BRIS of the WGM-HO if the coupled system is operated at detunings ∆ for which the

40



4.2 Coupled harmonic oscillator model for NP–WGM interaction

Increasing 
coupling k

-0.010

-0.005

  0.00

0.005

  0.01

0.015

Decreasing
damping NPG

-90 -60 -30 0 30 60 90

 D
e
ri
va

tiv
e

 ∂
D
l
/∂
D
 (

a
rb

.u
.)

Wavelength detuning D=l0

NP
-l0

WGM
 (nm)

Figure 4.6: Derivative ∂∆λ/∂∆ of the resonance wavelength shift ∆λ of the WGM-HO induced
upon coupling to the NP-HO for different wavelength detunings ∆=λ0

NP−λ0
WGM and varying damp-

ing factors ΓNP [161]. ∂∆λ/∂∆ describes modifications in the BRIS of a hybrid NP-WGM sensor
over a bare WGM sensor. Depending on the detuning ∆, the coupling of the NP-HO to the WGM-
HO can either lead to an enhancement or a reduction in BRIS. A maximal BRIS enhancement
is observed for NP-HOs with resonance wavelengths slightly blue detuned from the WGM-HO.
The higher the Q-factor of the NP-HO and the higher the coupling strength κ, the larger are the
enhancement effects.

derivative ∂∆λ/∂∆ is positive, i.e. for detunings blue- and red shifted from the maximum
and the minimum in ∆λ(∆), respectively (see Fig. 4.5). Due to the positive slope of
∆λ(∆), the actual red shift of the resonance of the WGM-HO due to the increase in
nm is now accompanied by an effective red shift due to the increased relative detuning
∆. Both effects leading to a red shift of the WGM-HO’s resonance wavelength add up
constructively in this detuning region and, thus, lead to an enhancement in BRIS. A
maximal BRIS enhancement is achieved when operating the hybrid system at detunings
corresponding to the turning point blue shifted from the maximum in ∆λ(∆) for which
the derivative ∂∆λ/∂∆ exhibits its maximal positive value.
Let’s now briefly discuss the impact of the damping constant ΓNP of the NP-HO and the
coupling strength κ on the BRIS of the coupled system. According to Fig. 4.6, the BRIS
of the hybrid system is larger, the weaker the damping of the NP-HO and the larger the
coupling strength (indicated by purple arrows). For strongly damped NP-HOs or small
coupling strengths, the beneficial effect of the NP-HO on the BRIS of the WGM-HO almost
vanishes. Please note that variations in the coupling strength do not alter the optimal
detuning corresponding to the maximal BRIS enhancement, but only lead to a rescaling
of the curves shown in Fig. 4.6. Contrary, variations in the damping of the NP-HO affect
the optimal operation conditions of the hybrid sensor.

The results obtained from the HO-model suggest to use plasmonic NPs with high-quality
resonances, high BRIS values, and resonance wavelengths slightly blue detuned from the
operational WGM to maximally enhance the BRIS of a dielectric WGM resonator.
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4.2.4 Summary and conclusions

The simple model of two coupled harmonic oscillators (HOs) derived in this section pro-
vides elementary insight into the coupling process between WGMs and plasmonic reso-
nances sustained by metallic NPs and succeeds in mapping out a strategy on how to boost
the sensitivity of dielectric WGM resonators.
The HO-model predicts that both the optical properties of a WGM, i.e. its Q-factor and
spectral resonance position, and the BRIS strongly depend on the resonance wavelength
detuning between WGM and plasmonic resonance. Depending on the relative detuning,
the coupling of a plasmonic NP to a WGM resonator is shown to spectrally shift the op-
erational WGM either toward longer or shorter wavelengths. It is furthermore shown that
the BRIS of a WGM resonator can be enhanced or reduced via the coupling to a plasmonic
NP. A maximal BRIS enhancement is predicted for operational WGM wavelengths slightly
red detuned from the plasmonic resonance. The enhancement in BRIS is demonstrated to
sensitively depend also on the properties of the plasmonic NP, i.e. its Q-factor and BRIS.
The HO-model suggests that only metallic NPs with high-quality plasmonic resonances
and high BRIS values notably exceeding that of the operational WGM significantly en-
hance the sensitivity of a WGM resonator toward bulk refractive index changes.
Please note that the optical properties of the plasmonic NP and the WGM resonator are
not captured in the simple-HO model. Therefore, the HO-model can only make qualita-
tive statements about the optical response of WGMs to the coupling to plasmonic NPs
and associated sensitivity enhancement effects. To quantify the respective effects, ex-
act calculations or numerical simulations of hybrid NP–WGM resonators are needed (see
sections 4.3 and 4.4).

4.3 Multi-Mie simulations of a WGM microsphere coupled
to an idealized plasmonic NP

To prove the concept of using plasmonic NPs to enhance the sensitivity of a WGM res-
onator and verify the results obtained from the coupled harmonic oscillator model (HO-
model), full electromagnetic simulations of hybrid NP–WGM sensors based on exact calcu-
lations using multi-Mie simulations are performed and presented in this section. To study
the coupling between plasmonic NPs and WGMs in a fundamental manner, an idealized
hybrid system comprised of a dielectric WGM microsphere with 2 µm radius coupled to an
artificial plasmonic NP made from a metal with Drude permittivity is considered. Mod-
eling the plasmonic NP as an idealized Drude-metal NP allows to freely tune the optical
properties of the plasmonic resonance and to analyze the impact of the plasmonic resonance
wavelength and linewidth on the optical and sensing properties of WGMs individually.

After introducing the multi-Mie scattering formalism used to simulate the electromagnetic
properties of hybrid NP–WGM sensors in section 4.3.1, we introduce in section 4.3.2 the
concept of the Drude-metal NPs (DNPs). We proceed to discuss consequences of the
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coupling between DNPs and WGMs and present simulation results for the optical and
sensing properties of the idealized hybrid system in sections 4.3.3 and 4.3.4, respectively.
Throughout the section, we relate the multi-Mie simulation results to those obtained from
the simple HO-model. The excellent qualitative agreement between both formalisms shows
that the mechanisms underlying the sensitivity enhancement in hybrid systems are already
well captured by the simple HO-model. A short summary and concluding remarks are
given at the end of the section.

The simulations presented in this section were performed by Steffen A. Schmid during
his master’s thesis [158] and are based on a multiple-scattering algorithm documented
in [162,163]. Radius N. S. Surydharma from the Insitute of Theoretical Solid State Physics
(TFP) at KIT, with whom I supervised Steffen A. Schmid, notably contributed to the
results presented in this section by assisting Steffen A. Schmid in adapting the algorithm
to the specific problem of electromagnetic scattering by a hybrid NP–WGM resonator.

4.3.1 Multi-Mie scattering theory of hybrid sensors

In the following, we outline the multi-Mie scattering formalism used to analytically cal-
culate the electromagnetic response of hybrid NP–WGM sensors comprised of a dielectric
WGM microsphere with a single spherical plasmonic NP attached to its surface. For
details regarding this formalism, the interested reader is referred to [162,164].

The multi-Mie scattering formalism describes the electromagnetic scattering by an aggre-
gate of arbitrarily arranged and mutual interacting spheres of arbitrary sizes made from
homogeneous, linear, local and isotropic materials. It resorts to the analytic framework
of the classical Mie theory for a single isolated sphere [54] and makes use of an addition
theorem for vector spherical harmonics (VSHs) to account for the mutual interaction of
the spheres in the cluster [164]. In full analogy to Mie theory for an isolated sphere, solving
the electromagnetic scattering problem of a cluster of spheres in the framework of multi-
Mie theory requires relating incident fields to scattered fields. To this end, we consider
time-harmonic electric fields E(r, ω) oscillating at angular frequency ω and assume that
the cluster of spheres is embedded in a homogeneous, nonabsorbing background medium.
Exploiting the spherical symmetry of each constituent in the cluster, the incident, internal
and scattered fields of each sphere j in the cluster can be expanded into a series of VSHs
M(rj ,Θj , ϕj) and N(rj ,Θj , ϕj), which represent TE- and TM-polarized fields [57]. Using
VSHs as the basis set, the electric field Ej

inc(r,Θ, ϕ, ω) incident onto sphere j and the

electric field Ej
sca(r,Θ, ϕ, ω) scattered from the sphere can be expanded as follows:

Ej
inc(r, ω) =

N∑
n=1

n∑
m=−n

pjnm(ω)Nnm(rj ,Θj , ϕj) + qjnm(ω)Mnm(rj ,Θj , ϕj) (4.9)

Ej
sca(r, ω) =

N∑
n=1

n∑
m=−n

ajnm(ω)Nnm(rj ,Θj , ϕj) + bjnm(ω)Mnm(rj ,Θj , ϕj). (4.10)

[pjnm(ω), qjnm(ω)] and [ajnm(ω), bjnm(ω)] are the expansion coefficients for the incident and
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the scattered field, respectively. For a given illumination, they fully describe the inter-
action of light with the scatterer. n and m are the quantum numbers of the respective
multipole moments, N denotes the maximal multipolar order considered in the expansion.
From now on, we skip the frequency dependency to simplify the notation.
Applying the boundary conditions at the surface of sphere j and exploiting the orthog-
onality of the VSHs, the scattering coefficients (ajnm, b

j
nm) can be expressed in terms of

the expansion coefficients (pjnm, q
j
nm) of the incident field and the physical properties of

the sphere, i.e. its radius and refractive index, which are encoded in the so-called Mie-
coefficient of the corresponding isolated sphere. Importantly and contrary to the case of
an isolated sphere, the total field Ej

inc impinging onto sphere j in the cluster is a super-
position of the external incident field Eext and the field Esca(l, j) scattered from all other
spheres l 6=j in the cluster:

Ej
inc = Eext +

∑
l 6=j

Esca(l, j). (4.11)

To relate the expansion coefficients of the total incident field to the scattered field from
sphere j, it is necessary to transform the VSHs from the spherical coordinate system
centered about the origin of sphere l to the one centered about sphere j. This transfor-
mation, denoted by (l, j) in Eq. 4.11, can be accomplished using an addition theorem of
VSHs (Eq. 4 and 5 in [163]). One finally obtains a set of self-consistent equations for the
complex valued scattering coefficients ajnm and bjnm, which can be solved numerically us-
ing the so-called T -matrix formalism. The T -matrix is unique to a scatterer and describes
how an incident electric field is scattered by a given object. The total field scattered by
the cluster can be obtained by superimposing the scattered fields from all spheres in the
cluster.
With the scattering coefficients and the expansion coefficients of the external incident field
at hand, all physical quantities of interest can be directly computed, e.g., local electric
fields, scattering or extinction cross sections. In this work, the scattering cross section
of the WGM sphere in the hybrid NP–WGM cluster is of particular interest, as it deter-
mines the spectrum of the hybrid resonator. An explicit expression for the scattering cross
section is provided in [164].

To efficiently compute the scattering response, we exploit that the plasmonic NP coupled
to the WGM microsphere is small compared to the wavelength of light, which allows to
approximate its spectral resonance features by an electric dipole resonance (N=1) [58].
The complexity of the linear system of equations for the scattering coefficients can be
further reduced by localizing the plasmonic NP in the x−y plane, i.e. attaching it to the
equator of the microsphere. Here, the dominant modes are the fundamental modes (n=m)
and we can, hence, safely assume that the interaction of the plasmonic NP with modes
with mode numbers n 6=m can be neglected.
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4.3.2 Drude-metal NPs with freely tunable optical parameters

In the following, we briefly look into the resonant character of plasmonic NPs made from
real metals and motivate why artificial NPs made from a Drude-metal are an excellent
choice to systematically study hybrid sensors. In this context, we discuss the optical and
sensing properties of the DNPs used below to boost the sensitivity of a small dielectric
WGM microsphere.

Optical response of plasmonic NPs made from real metals

For plasmonic NPs being small compared to the wavelength of the incident light, the optical
response to a stimulating light field can be well described within an electrostatic approxi-
mation [58]. Their resonant character becomes evident from the frequency-dependency of
far-field quantities, such as the scattering cross section. For a subwavelength plasmonic
NP with radius RNP and complex permittivity εNP(λ) embedded in a homogeneous back-
ground medium with permittivity εm, the scattering cross section Csca in the quasi-static
limit is given by [58]:

Csca ≈
8

3
πk4

0R
6
NP

∣∣∣∣ εNP(λ)− εm
εNP(λ) + 2εm

∣∣∣∣2 . (4.12)

Resonances occur if the real part of the denominator in Eq. 4.12 vanishes, which is the
case for Re[εNP(λ)]=−2εm. This condition is known as the Fröhlich condition. For gold
and silver NPs, the LSPR occurs in the visible region of the electromagnetic spectrum.
Resonance tuning in a given dielectric environment is achieved by controlling the NP size
and shape [165]. For spherical gold NPs in water, e.g., an increase in the NP radius
from 10 to 50 nm spectrally shifts the plasmonic resonance wavelength from ∼520 nm to
∼570 nm. Due to increased absorption losses with increasing NP dimension, the red shift of
the plasmonic resonance is, however, accompanied by a Q-factor reduction. Therefore, the
optical properties of plasmonic NPs made from real metals cannot be tuned independently
of each other, which prevents studying the individual impact of the plasmonic resonance
wavelength and linewidth on the electromagnetic response of WGMs in a hybrid resonator.

Optical properties and sensitivity of DNPs

To systematically analyze the NP–WGM interaction and provide fundamental insight into
processes governing the sensitivity enhancement in hybrid systems, we therefore model the
plasmonic NP as an idealized NP made from an artificial metal with Drude-permittivity
[57]:

εDrude(ω) = 1−
ω2

p

ω2 + iγω
. (4.13)

Eq. 4.13 describes the optical response of freely moving conduction electrons in the bulk
material to an applied time-harmonic electromagnetic field with angular frequency ω.
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Figure 4.7: Simulated scattering cross section Csca of weakly (black), intermediately (red), and
strongly (blue) damped DNPs in air with 25 nm radius and resonance wavelength λ0

DNP=616 nm
[166]. Increasing the damping of the DNPs leads to a resonance broadening and a reduced optical
response. From the full width at half maximum of the scattering peak, the Q-factors of the DNPs
with weak, intermediate, and strong damping are determined to be 32, 16, and 9, respectively.

Damping due to collisions among the free electron is considered via the damping factor γ.
ωp= ne2

meffε0
denotes the bulk plasma frequency of a metal with electron density n, electron

charge e, effective electron mass meff, and free space permittivity ε0. Contrary to real
plasmonic NPs, the resonance wavelength and linewidth of the plasmonic resonance of
a DNP can be tuned independently of each other via the Drude parameters ωp and γ.
The possibility to freely tune the spectral position of DNPs over the entire spectral range
while keeping the NP dimension and the Q-factor constant makes DNPs ideal candidates
to fundamentally study the coupling between plasmonic resonances and WGMs.

To provide insight into the resonant character of DNPs, we calculate their scattering
cross section Csca using Mie theory for an isolated sphere in the electrostatic approx-
imation [58]. We consider DNPs with a radius of 25 nm and varying damping factors
γ1=1·1014, γ2=5·1014, and γ3=1·1015 corresponding to weak, intermediate, and strong
damping, respectively. Air (nm=1) is considered as surrounding medium and a plane
wave is used to excite the DNPs.
To study the influence of the damping factor on the optical response of DNPs, we show
in Fig. 4.7 the scattering cross sections Csca of a weakly (black), an intermediately (red),
and a strongly (blue) damped DNP. For better comparability, all three curves are centered
around the same wavelength λ=616 nm. Please note that spectral tuning of the plasmonic
resonance can be easily achieved by simply varying the Drude parameter ωp without af-
fecting the resonance linewidth. Coupling of the DNP to the incoming light field is seen to
result in a Lorentzian-shaped peak in the scattering cross section. Increasing the damping
factor γ leads to a resonance broadening and a reduced optical response. At resonance,
Csca is proportional to the inverse of the plasmonic resonance linewidth. This behavior
corresponds to that of a damped harmonic oscillator driven by an external field and jus-
tifies modeling plasmonic NPs as harmonic oscillators – as done in section 4.2. From the
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Idealized plasmonic NP
made from Drude-metal

50 nm

R = 2 µm
WGM microsphere

equator

10 nm

Figure 4.8: Schematic illustration of the idealized hybrid sensor composed of a dielectric WGM
microsphere (blue) with 2 µm radius coupled to single idealized plasmonic NP (yellow) with 25 nm
radius made from a Drude-metal. For computational reasons, the DNP is located at a 10 nm
surface-to-surface distance at the equator of the WGM microsphere (white dashed line) where the
fundamental WGMs are localized.

spectral width of the plasmonic resonances shown in Fig. 4.7, the Q-factors of the DNPs
with weak, intermediate, and strong damping are determined to be 32, 16, 9, respectively.

To determine the sensitivity of isolated DNPs to slight changes in the background refractive
index nm, we track their resonance wavelengths λ0

DNP corresponding to the maximum in
Csca while varying nm. Fitting a linear function to the data λ0

DNP(nm) yields a BRIS
of ∼300 nm/RIU, which is a factor of ∼5 larger compared to the BRIS of the isolated
dielectric microsphere the DNPs will be coupled to.

4.3.3 Optical properties of the idealized hybrid system

To study the NP–WGM interaction, we rigorously simulate the idealized hybrid system
composed of a dielectric WGM microsphere with 2 µm radius and refractive index nR=1.49
coupled to a single DNP with 25 nm radius using the multi-Mie scattering formalism in-
troduced in section 4.3.1. To maximize the mode overlap between WGM and plasmonic
resonance and, hence, the NP–WGM coupling strength, the DNP is attached to the equator
of the WGM microsphere where the fundamental modes are localized. Due to computation
issues, the DNP is not directly attached to the surface of the WGM sphere, but a 10 nm
surface-to-surface distance apart, as illustrated in Fig. 4.8.
In the following, we analyze the interaction of a single fundamental WGM with the plas-
monic resonance of a DNP. We restrict the discussion to a TM-polarized WGM with the
electric field distribution being mainly radial in character, azimuthal mode number m=25,
resonance wavelength λ≈616 nm and Q-factor Q≈2400. TE-modes with the electric field
pointing in a direction parallel to the sphere surface can be treated in full analogy. Since
TE-modes show qualitatively the same functional dependency like TM-modes when cou-
pled to plasmonic NPs, they are not specifically considered here. However, we’d like to
point out that compared to TM-modes, TE-modes in spherical resonators show a reduced
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Figure 4.9: Q-factor degradation (a) and resonance wavelength shift ∆λ (b) of a fundamental
WGM (m=25) in the investigated microsphere induced upon coupling to a single DNP for different
wavelength detunings ∆=λ0

DNP−λ0
WGM and DNP damping factors [strong (blue), intermediate

(red), weak damping (black)] [166]. In line with the predictions from the coupled HO-model, the
Q-factor of the hybrid WGM is maximally degraded if the resonance wavelengths of WGM and
DNP coincide (∆=0) and approaches that of an isolated WGM (horizontal gray line) for large
absolute detunings. The functional dependency of the induced WGM shift ∆λ on the wavelength
detuning ∆ and the DNP damping is in excellent qualitatively accordance with the coupled-HO
results. DNPs with resonance wavelengths slightly blue detuned from the operational WGM induce
a maximal red shift. The higher the Q-factor of the DNP, the larger is the induced WGM shift.

spatial mode overlap with their surrounding. Consequently, effects related to the coupling
of NPs are reduced. As in the experiment, where the plasmonic NP is excited via the
leakage of the WGM, we model the exciting field in the multi-Mie simulations with the
electromagnetic field of the considered WGM itself.
As coupling of a DNP to the WGM sphere breaks the spherical symmetry, the degeneracy
of the clock- and counterclockwise propagating WGMs is lifted [41,167]. For ultra-high-Q
WGMs, this effect can give rise to the phenomenon of mode splitting [46]. However, for
the underlying hybrid system, broadening of the WGM due to absorption and scattering
losses introduced by the lossy DNP exceeds the amount of mode splitting. Therefore, mode
splitting cannot be resolved in the investigated system. Instead, coupling of the DNP to
the WGM resonator only induces a broadening and a spectral shift of WGMs [168].

In analogy to the analysis presented in section 4.2, we study the optical response of the
considered WGM to the coupling to DNPs with varying damping factors γ as a function
of the resonance wavelength detuning ∆=λ0

DNP−λ0
WGM between plasmonic resonance and

WGM. To this end, the plasmonic resonance of the DNP coupled to the WGM sphere is
spectrally shifted with respect to the WGM while keeping the resonance linewidth of the
DNP fixed.
Figure 4.9(a) shows the Q-factor of the hybrid WGM as a function of the wavelength
detuning ∆ for weakly (black), intermediately (red), and strongly (blue) damped DNPs.
The functional dependency of the WGM’s Q-factor on the detuning is qualitatively in
excellent accordance with the results obtained from the simple HO-model [Fig. 4.4(b)].
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As predicted by the HO-model, the Q-factor of the hybrid WGM is maximally degraded
for zero resonance wavelength detuning and approaches that of the isolated WGM in the
limit of large absolute detunings. Increasing the Q-factor of the plasmonic resonance leads
to sharper features in Fig. 4.9(a) and a reduced Q-factor for zero detuning.

To gain further insight into the optical response of the WGM microsphere to the coupling to
a single DNP, we plot in Fig. 4.9(b) the WGM wavelength shift ∆λ=λHY−λ0

WGM induced
upon coupling to DNPs with varying damping factors γ as a function of the resonance
detuning ∆. λHY denotes the resonance wavelength of the hybrid WGM.
Comparing the multi-Mie simulation results for the induced WGM shift ∆λ in Fig. 4.9(b)
with the corresponding results obtained from the simple HO-model (Fig. 4.5) reveals a
perfect qualitative agreement. The dispersive behavior of the induced WGM shift, i.e. its
functional dependency on the detuning ∆, is seen to be well reproduced. Depending on
the detuning, coupling of the WGM to the DNP shifts the WGM either toward longer
or shorter wavelengths. A maximal red (blue) shift of the WGM is observed for DNPs
with their plasmonic resonance being slightly blue (red) detuned from the exciting WGM.
As predicted by the HO-model, increasing the NP damping lowers the magnitude of the
induced WGM shift while simultaneously shifting the maximum and minimum values of
∆λ toward larger absolute detunings. For the DNPs considered here, the induced WGM
shifts ∆λ range from ∼25 pm in the case of strongly damped DNPs (blue) to ∼100 pm for
weakly damped DNPs (black).

Combining the results for the induced WGM shift ∆λ with the results for the hybrid sys-
tem’s Q-factor allows identifying two distinct coupling regimes [41].
For zero detuning, the coupling of a DNP to a WGM does not affect the spectral position of
the WGM. Instead, coupling to the DNP only leads to a drastic broadening of the WGM,
as electromagnetic energy is efficiently transferred from the WGM to the lossy DNP for
∆=0. Coupling in this regime can be, therefore, referred to as purely resistive. Away
from zero detuning, the coupling of the DNP to the WGM sphere induces a non-vanishing
spectral shift whose magnitude and sign is determined by the exact value of the resonance
detuning ∆. In this regime, coupling is, hence, not only resistive but also partly reactive.
For practical applications of hybrid NP–WGM resonators, e.g. when operated as a biosen-
sor, reactive coupling should dominate over resistive coupling. In line with the results
obtained from the HO-model, the above considerations, thus, suggest to operate hybrid
NP–WGM resonators at wavelengths slightly red detuned from the plasmonic resonance.

We’d like to note that the multi-Mie simulation results presented here underestimate effects
related to the NP–WGM coupling. This is first of all due to the fact that in contrast to
experiments, where NPs are directly attached to the WGM sphere surface, the DNPs in
the simulations are attached a 10 nm distance apart from the WGM sphere surface. Since
the evanescent field of the WGM decays exponentially away from the resonator surface,
the increased distance of the DNP to the WGM sphere results in a reduced mode overlap
of WGM and NP field and, thus, a reduced coupling strength. Furthermore, treating
the DNP coupled to the WGM sphere within an electrostatic approximation additionally
leads to reduced values for the NP-WGM coupling strength [169]. Even though the DNP
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coupled to the WGM sphere is much smaller than the excitation wavelength, the strong
field gradient associated with the rapid fall off of the WGM field away from the resonator
surface can lead to a notable decay of the WGM across the DNP [169]. The assumption
of a homogeneous field penetrating the DNP is, therefore, only limitedly valid. Omitting
higher order multipole contributions is shown in [169] to result in reduced values for the
NP-WGM coupling strength.
Both effects combined therefore slightly underestimate the NP–WGM coupling strength.
According to section 4.2, however, reducing the coupling strength only leads to a rescaling
of the physical quantities related to the NP–WGM coupling, i.e. it lowers the induced
WGM shift and the BRIS of the hybrid system. For the purpose of this section, which
aims at qualitatively comparing the multi-Mie results with the results from the simple
HO-model, it is, hence, sufficient to be aware of these effects.

4.3.4 Sensitivity enhancement in the idealized hybrid system

To check whether the design guidelines derived from the HO-model correctly predict the
optimal operation conditions for hybrid NP–WGM sensors, we calculate the BRIS of the
hybrid DNP–WGM system in the following as a function of the resonance wavelength
detuning ∆ using the multi-Mie scattering algorithm.
To this end, the idealized hybrid system is simulated in different dielectric environments
with refractive indices between nm=1.0 and nm=1.001 while tracking the resonance wave-
length λHY of the fundamental TE-polarized WGM with mode number m=25. The BRIS
of the hybrid WGM is obtained from the resonance wavelength shift induced per change
in refractive index unit (RIU). In analogy to the figures presented in section 4.2.3 and to
account for the influence of the DNP damping, we plot the BRIS of the hybrid WGM in
Fig. 4.10 versus the detuning ∆ and for varying DNP damping factors γ. The horizontal
grey dashed line in Fig. 4.10 serves as a reference line marking the BRIS of the corre-
sponding WGM supported by the isolated microsphere (∼60 nm/RIU). The comparison
with Fig. 4.6 reveals that the simple HO-model captures the main physics of hybrid sen-
sors.
As predicted by the HO-model, the detuning ∆ determines whether the coupling of the
WGM to the plasmonic resonance leads to an enhancement or a reduction in BRIS. A
maximum BRIS enhancement is again observed for WGMs with resonance wavelengths
slightly red detuned with respect to the plasmonic resonance. In line with the results
obtained from the HO-model, the optimal detuning corresponds to the turning point blue
shifted with respect to the maximum in the WGM shift ∆λ(∆) with its exact value being
determined by the Q-factor of the plasmonic NP. The higher the Q-factors of the plasmonic
NPs coupled to the WGM microsphere, the larger is the BRIS enhancement. Whereas the
coupling of WGMs to weakly damped DNPs gives rise to strongly pronounced effects in
the BRIS of the hybrid system and a maximal increase in BRIS by ∼1 nm/RIU (BRIS
enhancement of ∼1 %), coupling to a strongly damped DNP leads to much less pronounced
effects with an almost vanishing positive effect on the BRIS. For zero detuning, the BRIS of
the hybrid system exhibits a global minimum and is, hence, maximally reduced compared
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Figure 4.10: Functional dependency of the BRIS of the investigated hybrid DNP–WGM micro-
sphere on the wavelength detuning ∆=λ0

DNP−λ0
WGM and the damping factor of the DNP [166].

Considered is a fundamental WGM with azimuthal mode number m=25. The BRIS of an isolated
WGM in the bare dielectric microsphere is marked by the horizontal dashed line. Depending on
the detuning ∆, the BRIS of the WGM sphere is either increased or decreased due to the coupling
to the DNP. A maximal increase in BRIS is observed for weakly damped DNPs with resonance
wavelengths slightly blue detuned from the WGM. The results are in perfect accordance with the
predictions from the coupled HO-model.

to that of the bare dielectric WGM sphere.

Please note that the simulation results for the BRIS of the hybrid DNP–WGM resonator
presented in Fig. 4.10 arise from the superposition of two effects discussed in section 4.2.3.
First, they consider that the relative detuning between DNP and WGM is altered when
changing the background refractive index. The respective contribution to the BRIS was
seen to be captured in the detuning term. Second, they consider that the coupling strength
between DNP and WGM is simultaneously affected when changing nm. This effect was seen
to contribute to the resulting BRIS via the coupling term, whose functional dependency
on the detuning could not be derived within the formalism of two coupled HOs. As
the detuning term derived from the HO-model was seen to be almost perfectly symmetric
with respect to the y-axis ∆=0, the slight asymmetry observed in the multi-Mie simulation
results for the BRIS of the hybrid system in Fig. 4.10 might be attributed to contributions
from the coupling term.

4.3.5 Summary and conclusions

The multi-Mie simulation results of the optical and sensing properties of the idealized
hybrid system composed of a small dielectric microsphere and an artificial plasmonic NP
made from a Drude-metal are in excellent accordance with those obtained from the simple
HO-model in section 4.2. They, hence, underpin the strength of the simple HO-model in
providing a basic and intuitive understanding of the interplay between WGMs and plas-
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monic resonances sustained by metallic NPs.
The physical insights obtained from both the HO-model and the multi-Mie simulations of
the idealized hybrid sensor system provide general guidelines on how to boost the sensitiv-
ity of bare dielectric WGM resonators by exploiting the plasmonic enhancement associated
with metallic NPs. In particular, they point up the most relevant design parameters for
hybrid sensors and demonstrate that the detuning between plasmonic resonance and excit-
ing WGM together with the Q-factor of the plasmonic resonance play a crucial role when
optimizing the performance of a hybrid sensor. High-Q plasmonic NPs with resonance
wavelengths slightly blue detuned from the operational WGM wavelength are shown to
maximally boost the sensitivity of a WGM resonator when immobilized within the sensing
region of a WGM.

Please note that although the multi-Mie simulations presented in this section are capable
of quantifying sensitivity enhancement effects, the simulation results cannot be directly
transferred to experimental hybrid sensor systems. This is first due to the fact that the
plasmonic NPs considered in the idealized hybrid system are made from an artificial metal
whose optical properties differ from those of real metals. In particular, as the Q-factors
of the considered DNPs exceed those of plasmonic NPs made from, e.g., silver or gold,
the predicted sensitivity enhancement is expected to overestimate that encountered in
realistic hybrid sensors. Second, the WGM sphere considered in the multi-Mie simula-
tions is considerably smaller than typical WGM resonators employed in experiments (see
section 3.1). Keeping the size of the WGM sphere small was, however, indispensable to
efficiently simulate hybrid resonators and perform large parameter sweeps. To quantify
the BRIS of experimentally relevant hybrid sensor systems and assess the impact of the
number density of plasmonic NPs on the BRIS enhancement, numerical simulations of
gold-NP-coated polymeric microdisks are performed in the next section.

4.4 Finite-element method simulations of polymeric micro-
disks coupled to densely packed gold NPs

Motivated by the previous findings, we analyze in this section whether the sensing capa-
bility of a state-of-the-art polymeric WGM microdisk (see section 3.1.2) can be notably
improved via the coupling to a high number density of randomly distributed plasmonic
NPs.
For simplicity and with regard to an easy handling in experiment, we consider spherical
gold NPs as the plasmonic component in the hybrid NP–WGM system. Gold is well suited
for sensing experiments due to its high chemical stability. Spherically symmetric NPs are
selected as their optical response is invariant with respect to the polarization direction of
the exciting WGM field. Contrary to anisotropic NP geometries with an intrinsic polar-
ization dependence, this eliminates the need to control the NP orientation relative to the
exciting WGM field to ensure an optimal sensing performance.
To simulate the gold-NP-coated microdisks, we rely on an effective medium concept, i.e.
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we model the densely packed spherical gold NPs surrounding the WGM microdisk as a
layer made from a homogeneous medium with effective properties. ”This effective treat-
ment of the layer of metallic NPs allows for an efficient tuning of its properties and is the
key to investigate resonator systems with huge NP densities” [170].

After introducing the theoretical and numerical framework to simulate gold-NP-coated
microdisks in section 4.4.1, we study in section 4.4.2 the impact of an effective plasmonic
shell with moderate gold NP filling fraction on the optical properties of WGMs. We
proceed in section 4.4.3 to analyze its impact on the BRIS of the WGM microdisk and
extend the discussion to plasmonic shells with higher NP densities. We identify optimal
operation conditions and gold NP filling fractions leading to the best sensing performance.
In section 4.4.4, we show that ultra-thin homogeneous gold coatings on dielectrics can
be mimicked by a random assembly of spherical gold NPs. A summary and concluding
remarks are given at the end of the section.

The results presented in this section have been developed in close collaboration with Radius
N. S. Suryadharma from the Institute of Theoretical Solid State Physics (TFP). Parts of
the results presented in this chapter were published in [170].

4.4.1 Effective medium approach to simulate gold-NP-coated microdisks

In the previous section, it was shown that the coupling of a WGM sustained by a small
dielectric WGM microsphere to the plasmonic resonance of a single metallic NP can give
rise to the formation of hybrid photonic–plasmonic resonances with superior sensitivity
compared to their bare dielectric counterparts. As the analysis was, however, based on
an idealized hybrid system with the plasmonic component made from an artificial Drude
metal and the dielectric component being much smaller than typical WGM resonators, a
direct transfer of the simulation results to realistic sensor systems was not possible.
Although the multi-Mie simulations presented in section 4.3 can be easily adapted to the
problem of scattering by a small central dielectric microsphere surrounded by a few plas-
monic NPs made from real metals, computational costs grow immensely when increasing
the WGM dimension or the number of plasmonic NPs. For WGM resonators with radii on
the order of tens of micrometers covered with densely packed plasmonic NPs, solving the
scattering problem in a self-consistent manner is, thus, not feasible at all. Therefore, and
to include the impact of the NP density on the sensitivity enhancement in hybrid systems,
an effective treatment of the NP layer is indispensable.

In the following, we introduce the effective medium approach used to model the layer of
densely arranged plasmonic NPs covering the WGM microdisk and detail the technical
means to simulate the hybrid microdisk using FEM simulations. We focus on a model
hybrid system comprised of a state-of-the-art polymeric WGM microdisk with 25 µm ra-
dius, 1.2 µm thickness, and permittivity εd=2.25, surrounded by spherical gold NPs with
25 nm radius, as sketched in Fig. 4.11. Such a hybrid system can be easily implemented
using bottom-up approaches which rely on the self-assembly of plasmonic NPs around the
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Figure 4.11: Graphical illustration of the effective medium approach to model gold-NP-coated
microdisks. The investigated hybrid system consists of a polymeric microdisk covered by ran-
domly distributed and densely packed spherical gold NPs (left). To efficiently simulate the hybrid
microdisk, the gold-NP layer is treated at the level of an effective medium and modeled as a homo-
geneous coating to which effective properties are assigned (right). Taken from [170] and adapted.

dielectric WGM microdisk [171,172]. With regard to the application as sensor, the hybrid
system is simulated in water (εm=1.77).

Clausius-Mossotti effective medium theory

To efficiently simulate the optical properties of the hybrid microdisk, we make use of an
effective medium approach. To this end, we consider the gold NP layer surrounding the
WGM microdisk as a two-component mixture made from identical spherical gold NPs with
permittivity εNP(λ) embedded in water. Since the spherical inclusions are small compared
to the wavelength of light, the interaction of the gold NP layer with light can be statistically
well described by means of an average dielectric function [58]. Consequently, the random
assembly of densely packed gold NPs surrounding the WGM microdisk can be modeled as
a homogeneous coating layer made from a medium with effective permittivity εeff(λ), as
graphically illustrated in Fig. 4.11. According to the Clausius-Mossotti effective medium
theory, the effective permittivity εeff(λ) of the NP composite can be calculated from the
properties of its constituents, namely the polarizability αNP(λ) of a single spherical gold
NP, the background permittivity εm, and the gold NP filling fraction f [173]:

εeff(λ) = εm
3 + 2fαNP(λ)

3− fαNP(λ)
, (4.14)

where f is defined as the number of gold NPs per unit volume. To fully include absorp-
tion and scattering losses associated with the individual lossy gold NPs in the effective
plasmonic shell, we calculate the polarizability αNP(λ) of a single spherical gold NP not
in the quasi-static approximation, but directly from Mie theory [174]:

αNP(λ) =

√
12πi

cZk

η2jl(ηx)[xl1(x)]′ − jl(x)[ηxjl(ηx)]′

jl(ηx)[xh
(1)
l (x)]′ − h(1)

l (x)[ηxjl(ηx)]′
. (4.15)
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Figure 4.12: Dependency of the real (a) and imaginary parts (b) of the complex effective permit-
tivity εeff of a homogeneous medium made from spherical gold NPs with 25 nm radius embedded in
water (εm=1.77) on the wavelength λ and the NP filling fraction f [174]. The real and imaginary
parts of the effective permittivity exhibit a strong Lorentzian dispersion around the plasmonic res-
onance of a single gold NP in water (λ0

Au=538 nm). Adjusting the gold NP filling fraction allows
to efficiently and widely tune the effective permittivity. The horizontal gray dashed line marks the
permittivity of the resonator material (εR=2.25). Taken from [170] and adapted.

Z denotes the background impedance, k the wavenumber in the surrounding medium, and

c0 the speed of light in vacuum. jl and h
(1)
l are the first-order spherical Bessel and Hankel

functions of first kind [175], η=
√
εNP/εm, and x=ω/c0

√
εmR, where ω denotes the angular

frequency. The prime denotes the differentiation with respect to the argument inside the
Bessel and Hankel functions.

We’d like to mention that the predictions of the Mie simulations regarding the spectral
response of a single gold NP strongly depend on the plugged-in dielectric function for
gold [176]. We use in the simulations bulk values for the gold permittivity determined
experimentally by Johnson and Christy [177] and, thus, neglect size-dependent corrections
to the dielectric function arising from enhanced electron-surface collisions in small NPs
[176, 178, 179]. Finite size effects become significant if the size of the NP is smaller or
comparable to the electron mean free path being 42 nm in gold [180] and translate to an
increased imaginary part of the gold permittivity. Since the size of the considered gold
NP is slightly larger than the mean free path of the conduction electrons, the simulation
results for the optical response of a WGM and the sensitivity enhancement presented in
the following sections can be considered as an upper bound.

Optical properties and tunability of effective plasmonic shell

To get insight into the optical properties of plasmonic shells made from spherical gold
NPs and to demonstrate that the respective effective permittivity can be efficiently tuned
by varying the gold NP filling fraction, we plot in Fig. 4.12(a) the real and imaginary
parts (b) of the effective permittivity of plasmonic shells with varying NP filling fractions
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f versus the wavelength λ. The plasmonic resonance wavelength λ0
Au of a single gold NP

with 25 nm radius in water is spectrally located at a wavelength of 538 nm, as determined
from the respective scattering cross section.
Both the real part ε′eff(λ) and the imaginary part ε′′eff(λ) of the effective permittivity possess
a Lorentzian dispersion around the plasmonic resonance associated with the single gold
NP. The larger the NP filling fraction in the effective plasmonic shell, the stronger is the
dispersion in the real part and the larger are the absorption and scattering losses in the
shell, which are encoded in the imaginary part of the effective permittivity. In the limit
of a vanishing NP filling fraction, the real part of the effective permittivity approaches
the constant background permittivity εm=1.77. For larger NP filling fractions, ε′eff(λ)
is modulated on top of the background permittivity with a local minimum (maximum)
slightly blue (red) shifted from the plasmonic resonance wavelength of the single gold NP.
Please note that the real part of the effective permittivity of plasmonic shells with NP
filling fractions above f≈0.04 (∼30 NPs/µm2) exceeds that of the polymeric microdisk
(horizontal grey dashed line) on the long-wavelength side of the plasmonic resonance.
The results plotted in Fig. 4.12 show that the effective permittivity of the plasmonic shell
wrapping the dielectric WGM microdisk can be efficiently and widely tuned by simply
adjusting the NP filling fraction.

Contrary to the artificial Drude-metal NPs considered in section 4.3, the optical response
of spherical gold NPs to an external excitation deviates from a perfect Lorentzian. This is
due to the fact that in addition to free electrons also interband transitions connected with
the oscillation of bound electrons significantly contribute to the dielectric function of gold
for wavelengths below 650 nm [181]. Such additive contributions to the dielectric function
of gold arise on the one hand from the excitation of electrons from the top of the d band
to states above the Fermi level in the conduction band. These transitions lead to modi-
fications in the dielectric function of gold in the visible at wavelengths λ<516.6 nm. On
the other hand, energetic-lower lying transitions from the 5d-band to unoccupied states in
the 6sp-band above the Fermi energy give rise to additive contributions in the red spectral
region below λ=688.8 nm [176]. Both interband contributions lead to a deviation of the
gold NP’s scattering response from a perfect Lorentzian and are furthermore responsible
for spectrally shifting the plasmonic resonance into the visible.

FEM simulations of hybrid microdisks

Treating the large number of gold NPs attached to the surface of the WGM microdisk at
the level of an effective medium allows to efficiently simulate the optical properties and
the sensing capabilities of the hybrid system. Since rotational symmetry is preserved when
modeling the densely packed NPs as a homogenous coating with an effective permittivity,
numerically efficient 2D simulations of the hybrid system can be performed.
To compute the eigenmodes of the hybrid microdisk and determine its optical and sensing
properties, we perform FEM simulations using the commercially available software package
JCMsuite [182]. The provided eigenmode solver allows to directly compute the resonance
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Figure 4.13: Impact of an effective plasmonic shell on the WGM field distribution in microdisks.
Cross-sectional electric field intensity distributions of fundamental TE-modes (m=392) sustained
by a bare microdisk (a) and a microdisk wrapped by a plasmonic shell with gold NP filling fraction
f=0.1 (∼80 NPs/µm2) (b). Due to the presence of the effective plasmonic coating, the WGM is
pushed further toward the resonator rim. The resulting increased mode overlap with the surround-
ing is responsible for the sensitivity enhancement in hybrid microdisks. (b) taken from [170].

frequency and linewidth of a hybrid mode from its complex eigenfrequency ω=ω′+iω′′,
which is the simulation output. The resonance frequency is given by the real part ω′ of
the complex eigenfrequency, the linewidth by its imaginary part ω′′. From the real and
imaginary parts of ω the Q-factor of the eigenmode can be calculated according to:

Q =
ω′

2ω′′
. (4.16)

To illustrate the effect of the effective plasmonic coating on the WGM field distribution,
we show in Fig. 4.13 the cross-sectional electric field intensity distributions of fundamental
TE-modes (m=392) sustained by a bare microdisk (a) and a hybrid microdisk with gold
NP filling fraction f=0.1 (∼80 NPs/µm2) (b). The white double line in Fig. 4.13(b) marks
the boundary of the plasmonic shell wrapping the dielectric microdisk. The thickness
of the plasmonic shell is 50 nm and corresponds to the diameter of a single gold NP. The
plasmonic shell wrapping the microdisk is seen to effectively push the WGM further toward
the outer rim of the microdisk, thus, increasing the spatial overlap of the WGM with the
surrounding. This effect is responsible for the sensitivity enhancement encountered in
gold-NP-coated microdisks (see section 4.4.3).

We want to stress at this point that the effective medium approach presented in this section
is not capable of describing the phenomenon of mode splitting. The deposition of plasmonic
NPs onto the microdisk surface introduces coupling between initially degenerate clockwise
and counterclockwise propagating WGMs which causes mode splitting if the coupling is
strong enough. To exclude that mode splitting plays a role in the current system and
to justify using the effective medium theory to model the gold NPs around the WGM
microdisk, we performed basic back-of-the-envelope calculations [121, 168]. From these
calculations, we inferred that the linewidth broadening due to absorption and scattering
losses brought into the system by the lossy gold NPs exceeds the amount of mode splitting.
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Since linewidth broadening is the dominant effect, mode splitting cannot be resolved in the
investigated parameter regime and the effective medium approach is, hence, well suited to
describe the coupling between WGMs and huge numbers of spherical gold NPs.

Verification of the effective medium approach

In the following, we verify using the Clausius-Mossotti effective medium theory to model
the randomly distributed gold NPs surrounding the WGM microdisk and discuss its scope
of application.
The Clausius-Mossotti relation is well known to be valid only for NP filling fractions
much smaller than unity, i.e. for f.0.15 [183, 184]. Above a certain NP filling fraction,
coupling between neighboring NPs becomes significant, giving rise to anisotropic effects
if the NPs are arranged in a monolayer [184, 185]. As a result of the absence of coupling
partners in the direction perpendicular to the plane of the gold NPs, electromagnetic
interparticle interactions in densely packed NP monolayers become strongly dependent on
the polarization direction of the incident light [185]. This effect related to a geometrical
anisotropy cannot be described with the Clausius-Mossotti effective medium theory.

To demonstrate that anisotropy effects play, however, a negligible role for the NP filling
fractions considered in this section and to ensure that the effective medium treatment ac-
curately describes the physics showing up in the considered hybrid microdisks, we compare
in the following simulation results of a hybrid WGM resonator obtained from the effective
medium approach with those obtained from exact calculations based on multi-Mie the-
ory [186].
As discussed above, a rigorous simulation of the investigated hybrid microdisks is not feasi-
ble due to the large resonator size and the high number density of gold NPs immobilized on
the microdisk surface. Thus, for reasons of comparability, we consider in the following the
largest possible hybrid system we can simulate using the multi-Mie scattering formalism,
which is a spherical polymeric WGM resonator with 1.5 µm radius (εd=2.25) surrounded
by 248 randomly distributed spherical gold NPs with 25 nm radius. This number of gold
NPs translates to a NP filling fraction of f=0.011 and is close to the NP filling fractions
considered throughout this section. For the simulations based on an effective medium ap-
proach, we therefore model the 248 gold NPs as a 50 nm thick homogeneous layer enclosing
the WGM microsphere with an effective permittivity defined by Eq. 4.14 using f=0.011.
Simulations of the hybrid system are performed in two different dielectric environments
(εm=1.0 and εm=1.014). The simulations consider that changing the background refrac-
tive index spectrally shifts the plasmonic resonance of a single gold NP and, hence, alters
the material properties of the plasmonic shell.
To include the role of possible anisotropy effects, we excite the hybrid WGM microsphere in
both simulation approaches with two polarizations, namely TE- and TM-polarized WGMs
with mode number m=18, and compare their scattering response. The simulation results
for the scattered power of the TE-mode and the TM-mode are plotted in Fig. 4.14(a)
and Fig. 4.14(b), respectively, as a function of the wavelength λ for two different back-
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Figure 4.14: Verification of the effective medium approach. Scattered power of TE- (a) and TM-
modes (b) with azimuthal mode number m=18 supported by a dielectric microsphere (εR=2.25)
with 1.5 µm radius surrounded by 248 randomly distributed gold NPs with 25 nm radius (see
inset) [186]. The red curves are obtained by rigorously simulating the hybrid microsphere using
exact calculations based on multi-Mie theory, the black curves are obtained by treating the gold NPs
at the level of an effective medium (f=0.011). Simulations are performed in two different dielectric
environments [εm=1.0 (solid curves) and εm=1.014 (dashed curves)]. The excellent accordance
between both simulation approaches and both polarizations demonstrates that the effective medium
approach accurately describes the hybrid system. Taken from [170] and adapted.

ground permittivities εm=1.0 (solid line) and εm=1.014 (dashed line). The black curves in
Fig. 4.14 correspond to results obtained by treating the gold NPs surrounding the WGM
microsphere at the level of an effective medium, the red curves are obtained from the exact
calculations based on multi-Mie theory. From Fig. 4.14 an excellent accordance between
both simulation approaches and both polarizations is obvious.
The slight differences in the spectral position of the WGMs (maxima in scattered power)
for the two distinct simulation approaches is a result of the averaging nature of the effec-
tive medium theory. In the exact calculation based on the multi-Mie scattering formalism
each constituent in the cluster is described individually. The simulation outcome, there-
fore, depends on the exact spatial arrangement of the spherical gold NPs in the cluster.
Slight modifications in the configuration of the NPs in the hybrid cluster, thus, lead to
slightly different eigenfrequencies of the considered WGM. In contrast, when treating the
gold NPs surrounding the WGM sphere at the level of an effective medium, one merely
averages over all possible NP configurations and does not consider the exact structure of
the hybrid system. Therefore, and due to the fact that we considered only one particular
NP arrangement in the exact Mie calculations, it is obvious that the resonance curves in
Fig. 4.14 slightly differ for both simulation approaches.
In the light of these facts, the effective medium approach can be considered as a powerful
tool to describe experimental systems containing randomly distributed NPs. Such random
distributions result, in particular, when depositing NPs via self-assembly techniques onto
the surface of dielectrics. As the exact arrangement of the NPs in such systems is mostly
unknown and as the effective medium theory accounts exactly for this situation, it is jus-
tified and furthermore obvious to treat the random assembly of gold NPs at the level of
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an effective medium.
To underpin the validity of the effective medium treatment even further, we additionally
compare the BRIS values of the considered TE- and TM-modes in the hybrid system ob-
tained from both simulation approaches. The BRIS of a particular WGM is deduced from
the spectral shift of the respective maximum in the scattered power in Fig. 4.14 induced
upon changing the background refractive index. From the exact calculations using multi-
Mie theory, we so obtain BRIS values of 21 nm/RIU for the TE-mode, and 83 nm/RIU
for the TM-mode. The simulations based on the effective medium approach yield the
same value for the BRIS of the TE-mode. The BRIS of the TM-mode is with 85 nm/RIU
slightly larger (less than 3%) compared to the value obtained from the exact calcula-
tion. Nevertheless, the accordance for the BRIS values obtained from both simulation
approaches and polarizations is excellent and, thus, confirms the validity of the effective
medium treatment.

The above analysis shows that the simulations based on the effective medium approach
accurately describe the optical response and the sensitivity for both TE- and TM-modes.
Therefore, coupling between neighboring gold NPs is negligible for the comparatively low
NP filling fraction considered here and we can safely exclude that anisotropy effects play
a notable role in the parameter regime investigated in this work. Very good agreement
between both simulation approaches can be expected up to NP filling fractions f=0.15 [183]
which is larger than the highest NP filling fraction considered in this section.

4.4.2 Optical properties of gold-NP-coated microdisks

Having set the theoretical framework to simulate hybrid microdisks with large numbers
of randomly distributed gold NPs, we investigate in this section the optical response of
WGMs to the presence of an effective plasmonic shell with moderate NP filling fraction
f=0.023 corresponding to a NP surface density of approximately ∼19 NPs/µm2.

To this end, we calculate the Q-factor degradation and the WGM shift induced upon
coupling to the plasmonic shell as a function of the wavelength detuning ∆=λ0

Au−λ0
WGM

between the plasmonic resonance wavelength λ0
Au of the plasmonic shell and the resonance

wavelength λ0
WGM of the exciting WGM sustained by the bare dielectric microdisk. The

wavelength detuning is implemented in the FEM simulations by varying the operational
wavelength with respect to the plasmon resonance wavelength. For this purpose, funda-
mental WGMs of varying azimuthal mode numbers m with resonance wavelengths between
470 nm and 650 nm are used to evanescently excite the plasmonic shell. The range of op-
eration wavelengths is chosen to fully cover the plasmonic resonance. For reasons already
discussed in 4.3.3, we focus on fundamental WGMs with the electric field being polarized
in the plane of the microdisk, i.e. TE-modes.
On the basis of Fig. 4.15, which shows the Q-factor (red curve) of hybrid WGMs of dif-
ferent azimuthal mode numbers together with the respective resonance wavelength shift
∆λ (black curve) induced upon coupling to the plasmonic shell for different detunings
∆, we closer examine the interaction of WGMs with the plasmonic resonance of the shell
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Figure 4.15: Optical response of fundamental TE-modes in the investigated microdisk to the pres-
ence of a plasmonic shell with gold NP filling fraction f=0.023 for different wavelength detunings
∆=λ0

Au−λ0
WGM. Both the Q-factor (red) and the resonance wavelength shift ∆λ (black) of a WGM

induced upon coupling to the plasmonic shell strongly depend on the detuning ∆. Strong resistive
coupling for ∆=0 maximally degrades the Q-factor. A maximal WGM red shift is predicted for
WGMs with resonance wavelengths slightly red detuned from the plasmonic resonance. Published
in [170] in a different form.

material. The induced WGM shift ∆λ is determined from the difference in the resonance
positions of a WGM after and before introducing the plasmonic shell wrapping the poly-
meric microdisk. As expected from the fundamental studies on the NP–WGM interaction
in sections 4.2 and 4.3, both the Q-factor of the hybrid modes and the induced WGM
shift ∆λ strongly depend on the resonance detuning ∆. Their functional dependency on
the detuning agrees qualitatively well with the predictions from the HO-model and the
multi-Mie simulations of an idealized hybrid system.

From Fig. 4.15 we see that the coupling of WGMs to the plasmonic shell strongly reduces
their Q-factors. Whereas simulated Q-factors of WGMs supported by the bare polymeric
microdisk are on the order of 107, they are reduced by more than four orders of magni-
tude due to the presence of the plasmonic shell. The strong reduction in Q-factor is a
result of the large imaginary part of the effective permittivity of the plasmonic shell in
the considered wavelength range [see Fig. 4.12(a)]. As dielectric losses can be neglected
compared to plasmonic losses and as the radiation-limited Q-factor is orders of magnitude
larger than the respective metal-loss limited Q-factor Qplasmon, the total Q-factor of the
hybrid microdisk is metal-loss-limited (Q−1≈Q−1

plasmon).
In accordance with the results from the HO-model and the multi-Mie simulations of ideal-
ized DNP-WGM resonators, the strongest Q-factor degradation is observed for operational
WGM wavelengths close to the plasmonic resonance. Due to strong resistive coupling in
this regime, Q-factors are reduced to values below 300. Contrary to the predictions from
the simplified models, the Q-factor of the hybrid microdisk is asymmetric with respect to
∆=0. For large absolute detunings, the Q-factors of WGMs with resonance wavelengths
blue detuned from the plasmonic resonance (∆>0) experience a stronger degradation as
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compared to red detuned WGMs (∆<0). According to the discussion in section 4.4.1, this
asymmetry in the spectral response can be traced back to the contribution of interband
transitions to the optical properties of gold [181]. Since their contribution to the effective
permittivity of the plasmonic shell is stronger for wavelengths on the short-wavelength side
of the gold NP resonance compared to the long-wavelength side, WGMs with resonance
wavelengths blue detuned from the plasmonic resonance experience a stronger damping
compared to red detuned WGMs.

Whereas the Q-factor of the hybrid modes is mainly determined by the imaginary part of
the effective permittivity of the plasmonic shell, the functional dependency of the induced
WGM shift ∆λ on the detuning ∆ is governed by the dispersive character of the real
part of the effective permittivity. This can be understood as follows: The larger the real
part of the effective shell permittivity, the further the WGM is pushed toward the rim of
the microdisk. As the plasmonic shell is, however, only 50 nm thick, this simultaneously
leads to an increased spatial overlap of the WGM with the surrounding, resulting in a
reduced effective refractive index of the considered WGM. Therefore, increasing the real
part of the effective permittivity of the plasmonic shell spectrally shifts the WGM toward
longer wavelengths [187]. From the comparison between Fig. 4.15 and Fig. 4.12(a) it is,
hence, obvious why WGMs red detuned with respect to the plasmonic resonance (∆<0)
experience larger spectral shifts compared to blue detuned WGMs (∆>0). In accordance
with the results from the simple HO-model and the multi-Mie simulations, the maximal
red shift of a WGM (∆λmax≈1 nm) is observed when operating the hybrid system at slight
negative detunings (∆≈−40 nm) for which ε′eff(λ) is close to its maximal value.
Please note that the coupling of WGMs to the plasmonic shell in the present system
shifts the WGMs always toward longer wavelengths – independently of the detuning. This
observation is not in compliance with the results from the HO-model and the multi-Mie
simulations with idealized plasmonic NPs, which predict a blue shift of WGMs for positive
detunings. This discrepancy can be, again, attributed to the specific material properties
of gold. In contrast to the idealized DNPs, where only free-electrons contribute to the
metal’s optical properties, the additional contributions of interband transitions to the
optical properties of gold NPs effectively cause a red shift of the WGMs which superimposes
the negative effect on the WGM shift caused by the free electrons in gold. For wavelengths
below the plasmon resonance of gold, this combined effect results in an overall red shift of
the WGMs.

Combining the simulation results for the induced WGM shifts and the Q-factors of the
hybrid WGMs implies operating the gold-NP-coated microdisk at wavelengths slightly red
detuned with respect to the plasmonic resonance of a single gold NP. This result is the
outcome of balancing between resistive effects causing linewidth broadening and reactive
effects causing WGM shifts. It is in excellent accordance with the predictions from the HO-
model (section 4.2) and the multi-Mie simulations of an idealized hybrid system considering
artificial plasmonic NPs made from a Drude-metal (section 4.3). Although the simplified
models are seen to correctly describe relevant aspects of the NP–WGM interaction, the
simulations of the realistic hybrid system presented in this section show the importance of
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considering the optical properties of real metals to fully describe and quantify the optical
response of WGMs to the coupling to plasmonic NPs.

4.4.3 Sensitivity enhancement in gold-NP-coated microdisks

In the following, we analyze to which extent the sensitivity of a bare dielectric microdisk
can be increased by covering it with an effective plasmonic shell made from a huge number
of randomly distributed gold NPs.
We first consider the hybrid microdisk introduced above with a fixed, moderate gold NP
filling fraction f=0.023 and analyze the functional dependency of its BRIS on the resonance
wavelength detuning ∆=λ0

Au−λ0
WGM. The analysis aims to identify optimal operational

conditions for hybrid microdisk sensors. Based on these findings, we then investigate
the impact of the gold NP filling fraction in the plasmonic shell on the achievable BRIS
enhancement in hybrid microdisks. For this purpose, FEM simulations of hybrid micro-
disks with varying NP filling fractions ranging from f=0.001 (∼1 NP/µm2) up to f=0.1
(∼80 NPs/µm2) are performed. We demonstrate that the strong Q-factor degradation of
the hybrid modes with increasing number density of gold NPs effectively counteracts the
sensitivity gain and, hence, ultimately limits the sensing performance of gold-NP-coated
microdisks.

Impact of resonance wavelength detuning on sensitivity enhancement in hybrid
microdisks

To illustrate the impact of the operational WGM wavelength on the BRIS of hybrid micro-
disks, we plot in Fig. 4.16(a) the BRIS of WGMs with different azimuthal mode numbers
m supported by the model hybrid microdisk with NP filling fraction f=0.023 (red dotted
line) against the resonance wavelength detuning ∆. The BRIS values of the corresponding
WGMs in the bare dielectric microdisk (black dotted line) serve as reference. The BRIS
of a particular WGM is calculated by tracking its resonance wavelength while increasing
the background permittivity stepwise from εm=1.77 to εm=1.78. Changes in the effective
permittivity of the plasmonic shell when altering the dielectric environment are considered
in each simulation step.
As expected from both the HO-model and the multi-Mie simulations with idealized plas-
monic NPs, the BRIS of the hybrid microdisk is modified over the BRIS of its bare di-
electric counterpart. Depending on the resonance detuning ∆, coupling to the plasmonic
shell either increases or decreases the BRIS of a particular WGM.
To quantify the BRIS enhancement due to the presence of the effective plasmonic shell, we
introduce the dimensionless BRIS enhancement factor η, defined as the ratio of the BRIS
of a hybrid WGM to the BRIS of the corresponding isolated WGM. This factor corrects
for the monotonic increase in BRIS of isolated WGMs with increasing wavelength. Plot-
ting the BRIS enhancement factor η for the investigated hybrid microdisk in Fig. 4.16(b)
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Figure 4.16: Sensitivity enhancement in a hybrid microdisk with gold NP filling fraction f=0.023.
(a) Functional dependency of the BRIS of the hybrid microdisk (red) and the corresponding bare
microdisk (black) on the resonance wavelength detuning ∆=λ0

Au−λ0
WGM. (b) The ratio of the BRIS

of a hybrid WGM to the BRIS of the corresponding isolated WGM defines the BRIS enhancement
factor η. Due to an optimal balance between linewidth broadening and sensitivity gain, the BRIS
of the hybrid microdisk is maximally enhanced over its bare dielectric counterpart (black dashed
line) for a detuning ∆≈−36 nm. Published in [170] in a different form.

against the resonance wavelength detuning ∆ (red dotted line), thus, allows to isolate the
net effect of the coupling between WGM and plasmonic shell on the sensitivity enhance-
ment. The black dashed line represents the case of a bare dielectric microdisk (η=1).
In accordance with the predictions from the HO-model (see Fig. 4.6) and the multi-Mie
simulations of an idealized hybrid system (see Fig. 4.10), coupling of a WGM with same
resonance wavelength as the plasmonic shell does not alter the BRIS. Although the sen-
sitivity of the plasmonic shell is in itself maximal when excited directly at its resonance,
strong resistive coupling at zero detuning counteracts the potential sensitivity gain. Away
from zero detuning, coupling of WGMs with resonance wavelengths red (blue) detuned
with respect to the plasmonic resonance enhances (reduces) the BRIS of the hybrid mi-
crodisk over its bare dielectric counterpart. The maximum enhancement in BRIS (η=1.5)
is predicted for slight negative detunings ∆≈−36 nm. This detuning value defines the
optimal operation wavelength for the hybrid microdisk when used as bulk refractive index
sensor and corresponds to approximately half the plasmonic resonance linewidth.

Superiority of plasmonic shell over all-dielectric high-index coating in sensing
applications

Before analyzing the role of the gold NP filling fraction on the BRIS of hybrid microdisks,
we’d like to emphasize that covering the polymeric microdisk with an effective plasmonic
shell outperforms a comparable system where only a thin high-index dielectric film is de-
posited onto the microdisk surface.
The reason for this is as follows: In the case of a bare lossless dielectric coating, only
the spectral position of a WGM is altered when changing the background permittivity.
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Figure 4.17: Simulated WGM wavelength shift ∆λ of a TE-mode (m=392) induced by changes
∆nm in the background refractive index for a gold-NP-coated microdisk with NP filling fraction
f=0.023 and effective permittivity εeff=1.7975+0.0097i (red) and a microdisk with comparable
high-index dielectric coating with permittivity εdiel=1.7975 (blue). The simulation results for a
bare microdisk without any coating serve as reference (black). The slope of a linear function fitted
to the simulation results yields the respective BRIS values. Covering the microdisk with an effective
plasmonic shell outperforms a comparable system with a high-index dielectric coating.

The material properties of the resonator system itself remain unaltered. In the case of a
microdisk covered with an effective plasmonic shell, the material properties of the coating
depend, however, also on the dielectric environment. Altering the refractive index of the
surrounding medium, hence, affects both the spectral position of a WGM and the material
properties of the resonator system.
To demonstrate that both effects combined lead to a superior sensing performance, we
compare the BRIS of the model hybrid microdisk with gold NP filling fraction f=0.023
with the BRIS of a comparable bare dielectric system for which the plasmonic shell is
replaced by a lossless high-index dielectric coating of same thickness. For optimal com-
parability, the real part of the bare dielectric coating is chosen such that it equals the
real part of the effective permittivity of the plasmonic shell (ε′eff=1.7975). To ensure an
optimal sensing performance of the hybrid microdisk, we consider in the FEM simulations
a TE-polarized WGM with mode number m=392 corresponding to the optimal detuning
∆≈−36 nm.
Figure 4.17 depicts the simulation results for the WGM wavelength shift ∆λ induced
upon changing the background refractive index nm for the hybrid microdisk (f=0.023)
with effective permittivity εeff=1.7975+0.0097i (red) and the microdisk with comparable
high-index dielectric coating (blue). The simulation result for a bare dielectric microdisk
without any coating is depicted in black and serves as reference. The BRIS-values for the
considered resonators are deduced from the slope of a linear function fitted to the simula-
tion results. The BRIS of the hybrid microdisk (27.7 nm/RIU) is seen to exceed the BRIS
of a bare dielectric microdisk with lossless high-index dielectric coating (22.6 nm/RIU) by
more than 20%, which demonstrates the superior sensing performance of the microdisk
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with effective plasmonic coating.

Impact of gold NP filling fraction on sensitivity enhancement in hybrid micro-
disks

The simulation results for the BRIS of the model hybrid microdisk with a plasmonic shell
of fixed gold NP filling fraction presented above showed that the operation wavelength
must be deliberately chosen to notably enhance its BRIS over that of a bare dielectric mi-
crodisk. Exciting the plasmonic shell evanescently with WGMs red detuned (∆≈−36 nm)
with respect to the plasmonic resonance was seen to result in a maximal sensitivity en-
hancement of ∼1.5. The BRIS enhancement was, however, at the cost of a strongly
degraded Q-factor. As the key performance parameters for sensing, namely the Q-factor
and the BRIS of the hybrid modes, are expected to critically depend also on the gold NP
filling fraction, we calculate both quantities in the following for a large range of NP filling
fractions between f=0.001 (∼1 NP/µm2) and f=0.1 (∼80 NPs/µm2) to identify optimal
sensor design parameters.
Whereas the BRIS of a hybrid mode is expected to increase monotonically with increas-
ing gold NP filling fraction due to the larger real part of the effective permittivity [see
Fig. 4.12(a)], its Q-factor is expected to decrease with increasing NP filling fraction due to
the larger imaginary part of the effective permittivity [see Fig. 4.12(b)]. These opposing
trends in the key parameters for sensing, thus, require balancing between high sensitivity
on the one hand and high spectral resolution on the other hand. On the basis of Fig. 4.18,
which depicts the FEM simulation results for the Q-factor (red triangles) and the BRIS
(red solid line) of a hybrid microdisk as a function of the NP filling fraction f , we present
in the following a strategy on how to identify the optimal gold NP filling fraction leading
to the best sensing performance. We consider hybrid microdisks of fixed geometry and
use again TE-polarized WGMs with mode number m=392 corresponding to the optimal
detuning ∆≈−36 nm to excite the plasmonic shells.
As expected, the BRIS of the considered WGM in the hybrid microdisk increases mono-
tonically with increasing NP filling fraction, whereas its Q-factor decreases rapidly with
increasing f . For the lowest gold NP filling fraction considered here (f=0.001), the optical
properties of the plasmonic shell are almost constant over the entire spectral region and
close to that of the surrounding medium [see Fig. 4.12(a)]. Both the Q-factor and the BRIS
of the hybrid WGM are close to that of a WGM supported by a bare dielectric microdisk.
With increasing NP filling fraction f , the real part of the effective permittivity of the
plasmonic shell is increased compared to the background permittivity and finally exceeds
the permittivity of the polymeric resonator material for f>0.04 (grey dashed horizontal
line in Fig. 4.14). As a consequence, the WGM is pushed further toward the resonator
edge, resulting in an increased mode overlap with the surrounding and an increased BRIS.
For the highest NP filling fraction considered here (f=0.1), a sensitivity enhancement by
almost half an order of magnitude over the BRIS of the bare dielectric microdisk is pre-
dicted. The beneficial effect of the sensitivity enhancement due to an increased number of
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Figure 4.18: Comparison of Q-factor (triangles) and BRIS (solid lines) of a microdisk with different
effective plasmonic coatings (red) with those of a microdisk with ultra-thin homogeneous gold
coatings of varying thicknesses (black). A TE-mode (m=392) is considered in both cases. The
increase in BRIS with increasing gold NP filling fraction f and gold film thickness is at the expense
of a strongly degraded Q-factor. The lowest tolerable Q-factor in the system is ∼220 (horizontal
blue line), restricting the BRIS enhancement in gold-NP-coated microdisks to a factor of ∼2. The
similarity in the key performance parameters for sensing in both hybrid systems suggests that ultra-
thin gold coatings can be mimicked by effective-medium coatings made from randomly assembled
gold NPs (indicated by green dotted line). Adapted from [170].
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Figure 4.19: Impact of ratio r between FSR and linewidth Γ of a WGM on the peak visibility.
Plotted is the superposition of multiple equally shaped Lorentzians, spectrally separated by a
fixed FSR, versus the normalized frequency ω/FSR for increasing ratios r (bottom to top). Two
neighboring Lorentzians can be clearly and individually resolved for r&0.59, which translates to
Q-factors Q>220. Taken from [170].

gold NPs is, however, at the expense of the cavity’s Q-factor. For hybrid microdisks with
NP filling fractions close to f=0.1, the respective Q-factors drop to values notably below
a hundred. This effect drastically lowers the sensor’s spectral resolution and ultimately
limits its performance.

To assure a proper performance of WGM sensors, fundamental WGMs of the same po-
larization with consecutive mode numbers m and m+1 must be resolved individually. To
identify the lowest tolerable Q-factor in the hybrid system for which two WGMs spec-
trally separated by their free spectral range (FSR) can be just resolved, we define the
ratio r=FSR/Γ between free spectral range FSR and linewidth Γ of a WGM. Plotting
the superposition of multiple equally shaped Lorentzians, spectrally separated by a fixed
FSR, in Fig. 4.19 versus the normalized frequency ω/FSR for increasing ratios r (bottom
to top) allows to make statements about the maximal permissible WGM linewidth Γ. As
expected, increasing the resonance linewidth Γ translates to a reduced peak visibility. As
visible from Fig. 4.19, two neighboring peaks in the spectrum can be well resolved above
a threshold ratio r&0.59. For the investigated hybrid microdisks with a FSR of ∼1.5 nm
in the considered wavelength range, this threshold value restricts permissible linewidths Γ
to less than ∼2.5 nm, which corresponds to Q-factors Q>220 (horizontal blue dashed line
in Fig. 4.19). To assure a proper sensing performance of hybrid microdisks, the maximal
gold NP filling fraction in the plasmonic shell should, therefore, not exceed values f&0.05
(∼40 NPs/µm2). This in turn implies that the maximal achievable sensitivity enhancement
in the present structure is restricted to a factor of ∼2.

We’d like to stress that standard parameters for the dielectric microdisk have been used
throughout the analysis and neither the photonic nor the plasmonic component in the
considered hybrid system have been subjected to an optimization process. Optimizing
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the cavity geometry and using alternative plasmonic NPs with superior optical properties
compared to spherical gold NPs, such as high-Q silica-silver core-shell NPs, is expected to
further improve the sensing performance of the hybrid system. Such an optimization is,
however, beyond the scope of this work.

4.4.4 Mimicking ultra-thin gold coatings in photonic devices by gold-NP
composites

In this section, we highlight analogies in the optical and sensing properties between dielec-
tric microdisks wrapped by an effective plasmonic shell and hybrid systems comprised of
the same dielectric core but coated with an ultra-thin gold film instead. Motivated by the
extremely challenging fabrication of ultra-smooth and homogenous gold films with thick-
nesses <20 nm [171,188] on curved dielectrics, we map out a strategy on how to mimic such
thin gold coatings by randomly distributed gold NPs forming an effective medium. Re-
placing ultra-thin gold films by effective medium coatings made from randomly distributed
plasmonic NPs is expected to be of practical relevance, as such effective NP layers can be
easily fabricated by means of self-assembly [171,172].

To compare both hybrid systems, we calculate the Q-factors and the BRIS of TE-polarized
WGMs with mode number m=392 sustained by microdisks with homogeneous gold coat-
ings of varying thicknesses using FEM simulations. We add the respective simulation
results for the Q-factor (black triangles) and the BRIS (black solid line) to Fig. 4.18 for
gold film thicknesses between 1 and 20 nm to directly relate gold film thicknesses to gold
NP filling fractions.
The functional dependency of both key performance parameters for sensing on the gold
film thickness is seen to correspond well to that observed for NP-coated microdisks with
varying gold NP filling fractions. These similarities imply that ultra-thin gold coatings
with thicknesses <20 nm can be mimicked and replaced by effective media made from
randomly distributed gold NPs. To make the connection between both systems clearer,
we focus on a gold-NP-coated microdisk with gold NP filling fraction f=0.051 and illus-
trate, using Fig. 4.18, how to map this system to a comparable system with homogeneous
gold coating. The considered NP-coated microdisk exhibits a BRIS of 43 nm/RIU and a
Q-factor Q≈230 close to the lowest tolerable Q-factor. As indicated by the green dashed
line in Fig. 4.18, a similar BRIS is obtained when replacing the plasmonic shell by a ho-
mogeneous gold coating with ∼13.5 nm thickness. Compared to the NP-coated microdisk,
the Q-factor of the WGM in the hybrid system with homogeneous gold coating is slightly
increased owing to reduced scattering losses in a smooth gold film.
We’d like to note that the proposed gold film thickness of ∼13.5 nm needed to achieve
a similar sensing performance as in the case of a plasmonic shell with f=0.051 must be
considered as an upper limit. This is due to the fact that we used experimentally deter-
mined bulk values for the gold permittivity in the FEM simulations [177] and neglected
additional contributions to the dielectric function of gold due to enhanced electron-surface
collisions present in very thin gold films (see also section 4.4.1) [189, 190]. Since the con-
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sidered gold film thicknesses are, however, significantly smaller than the electron mean
free path in gold, nonlocal effects and enhanced surface scattering in the ultra-thin gold
films are expected to notably increase the imaginary part of the gold permittivity over its
respective bulk value [178, 179]. As a consequence of the additional thickness-dependent
losses, even smaller gold film thicknesses than those deduced from Fig. 4.18 are, thus,
necessary to make the sensing performance of gold-coated microdisks comparable to that
of gold NP-coated microdisks.

The simulation results presented here show that dielectric microdisks coated with smooth
and homogeneous gold films with thicknesses <20 nm exhibit similar optical and sensing
properties like dielectric microdisks coated with an effective plasmonic shell. Whereas
the fabrication of ultra-thin gold films with the homogeneity and smoothness required for
practical applications is a big challenge [189, 190], effective plasmonic layers made from
randomly distributed gold NPs can be easily deposited on arbitrarily shaped dielectrics
using self-assembly techniques. The simulation results, therefore, ”[...] provide a power-
ful guideline for the design of novel hybrid photonic–plasmonic devices exhibiting similar
optical properties like hybrid systems with ultra-thin metal coatings but overcoming fab-
rication challenges related to the realization of gold films on micrometer-sized non-planar
dielectric substrates. In our case, ultra-thin homogeneous gold coatings with thickness
<15 nm can be well mimicked with randomly distributed gold NPs with a diameter of
50 nm forming an effective plasmonic shell” [170].

4.4.5 Summary and conclusions

In this section, we analyzed theoretically and numerically whether the BRIS of a state-of-
the-art polymeric microdisk can be notably improved by coating it with a huge number of
randomly distributed spherical gold NPs.

To efficiently simulate gold-NP-coated microdisks, the densely packed gold NPs on the
microdisk surface were treated at the level of an effective medium, i.e. modeled as a
smooth homogeneous layer with an effective permittivity. It was shown that the effective
permittivity of the plasmonic shell can be easily and widely tuned in the visible spectral
region by simply adjusting the gold NP filling fraction. This property was the key to study
the optical and sensing properties of hybrid microdisks for a large range of gold NP filling
fractions.
Performing FEM simulations of a hybrid microdisk wapped by a plasmonic shell with
moderate gold NP filling fraction, we demonstrated that the spectral resonance position,
Q-factor, and BRIS of a WGM strongly depend on the resonance wavelength detuning be-
tween the operational WGM and the plasmonic resonance of the effective plasmonic shell.
In excellent accordance with the predictions from the simple HO-model in section 4.2 and
the multi-Mie simulations in section 4.3, operating the hybrid microdisks at wavelengths
red detuned with respect to the plasmonic resonance by approximately half the plasmon
resonance linewidth leads to a maximal BRIS enhancement. The optimal detuning was
the outcome of balancing between sensitivity gain and linewidth broadening. Despite the
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remarkably good correspondence with the simplified theoretical models, the FEM simula-
tion results of the realistic hybrid sensor presented in this section, pointed out the need
to consider the optical properties of real metals to correctly predict and quantify effects
showing up in hybrid systems.
The BRIS of hybrid WGMs was shown to increase monotonically with increasing NP fill-
ing fraction due to the increased real part of the shell’s effective permittivity, leading to
an increased mode overlap with the surrounding. As the imaginary part of the plasmonic
shell’s effective permittivity was, however, simultaneously increased, the beneficial effect
on the BRIS of the hybrid system due to the larger number of gold NPs was accompanied
by a strong Q-factor reduction. This effect drastically lowered the hybrid sensor’s spectral
resolution and ultimately limited its sensing performance. A proper sensing performance
was predicted for hybrid microdisks with Q-factors &220 corresponding to gold NP fill-
ing fractions f<0.05. For this largest tolerable NP filling fraction, a BRIS enhancement
by a factor of ∼2 was demonstrated. Replacing the gold NPs in the hybrid system by
plasmonic NPs with higher Q-factors, such as silica–silver core–shell NPs, is expected to
further boost the BRIS.
The investigated NP-coated microdisks were demonstrated to possess similar optical and
sensing properties like microdisks coated with ultra-thin homogeneous gold films with
thicknesses below ∼20 nm. As the fabrication of ultra-thin homogeneous gold films on
curved dielectrics is a big challenge, we outlined a strategy on how to mimick such thin
gold films by an effective medium made from randomly distributed gold NPs. Since gold-
NP composites can be fabricated with ease using self-assembly techniques, the proposed
effective medium approach is expected to pave the way for novel hybrid devices whose per-
formance was so far restricted by the achievable smoothness and homogeneity of ultra-thin
gold coatings.

4.5 Experiments on sensing performance of polymeric mi-
crodisk lasers coated with densely packed gold NPs

In this section, we investigate experimentally whether the BRIS of a standard polymeric
microdisk can be measurably enhanced via the coupling to a large number of randomly
distributed gold NPs – as predicted theoretically.
The FEM simulations of gold-NP-coated microdisks in the previous section showed that
the increase in BRIS due to an increasing number of gold NPs on the microdisk surface is
accompanied by a strong Q-factor degradation. The reduction in Q-factor drastically low-
ers the hybrid sensor’s spectral resolution and imposes an upper bound on the achievable
BRIS enhancement. To overcome the respective limitations imposed by linewidth broad-
ening to a certain extent, we use active gold-NP-coated microdisks with integrated gain
medium in the sensing experiments. Contrary to their passive counterparts, the linewidth
of WGMs in active microdisks is reduced when operated above the lasing threshold [46,47],
which improves the spectral resolution.
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At the beginning of this section, we briefly discuss the lasing properties of PM597-doped
PMMA microdisks and investigate how their lasing wavelength and lasing threshold are
affected by the coupling to densely packed gold NPs. Optically characterizing hybrid mi-
crodisk lasers with different packing densities of gold NPs on the micro-photoluminescence
spectroscopy (µ-PL) setup, we determine in section 4.5.1 the largest tolerable gold NP fill-
ing fraction for which lasing operation in water is possible. In this context, we evaluate
whether lasing in the respective hybrid microdisk occurs at a wavelength close to the pre-
dicted optimal operational wavelength corresponding to a maximal BRIS enhancement.
We proceed in section 4.5.2 to quantify the BRIS enhancement for the hybrid microdisk
with largest tolerable gold NP filling fraction in BRIS measurements and discuss the result.
At the end of the section, a summary and concluding remarks are provided.

4.5.1 Lasing properties of gold-NP-coated microdisks

Standard PMMA microdisks (radius: 25 µm, thickness: 1.2 µm) doped with the laser dye
pyrromethene 597 (PM597) serve as resonator templates for the implementation of gold-
NP-coated WGM sensors (see section 3.1.2). Spherical gold NPs with 25 nm radius are
covalently attached in a high number density to the resonator surface using the immobi-
lization scheme presented in section 3.2.1 to ensure a reliable sensing performance. A nor-
malized absorption spectrum of the gold NPs in aqueous solution is shown in Fig. 4.20(a).
The plasmonic resonance of the gold NPs, as determined from the peak in the absorption
spectrum, is located at a wavelength λ=532 nm.
In the following, we analyze the impact of the gold NP filling fraction on the lasing wave-
length and lasing threshold and investigate whether lasing in gold-NP-coated microdisks
occurs at wavelengths close to the predicted optimal operational wavelength, i.e. red
detuned from the plasmonic resonance by ∼36 nm (see section 4.4.3).

Lasing condition

For lasing in a resonator to occur, the optical gain per round-trip has to overcome the
round-trip losses at the lasing wavelength [191]. This condition imposes a lower bound on
the number density of dye molecules which have to be excited into the first singlet state
from which stimulated emission occurs. Defining γ as the ratio of the number density of
dye molecules excited into the first singlet state to the total number density nt of dye
molecules, the minimal fraction γ=nS1/nt of dye molecules which need to be excited to
achieve lasing operation is given by the following threshold condition [192]:

γ(λ) ≥
2πnR
λQnt

+ σa(λ)

σa(λ) + σe(λ)
. (4.17)

σa(λ) and σe(λ) in Eq. 4.17 denote the absorption and emission cross sections of the laser
dye, respectively, nR the refractive index of the cavity, and Q its Q-factor. The global
minimum in γ(λ) determines the wavelength at which lasing occurs. Eq. 4.17 shows that
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Figure 4.20: (a) Measured normalized absorption spectrum of colloidal gold NPs with 25 nm radius
in water. The plasmonic resonance, as determined from the peak in the absorption spectrum, is
spectrally located at a wavelength λ≈532 nm. The inset shows a scanning electron micrograph of
densely packed gold NPs on a PMMA substrate. (b) Absorption (green) and emission (red) cross
sections of a ∼1 µm thick PM597-doped PMMA film. Data taken from [100]. With decreasing
Q-factor of the cavity, e.g. due to the incorporation of gold NPs, the lasing band (orange) in
active microdisks shifts from the long-wavelength side of the emission curve toward the maximum
in σe(λ) (indicated by arrow).

both the lasing wavelength and the corresponding lasing threshold Pthresh∝γ [97] critically
depend on the number density of dye molecules and the cavity’s Q-factor. The lasing
threshold is defined as the minimal pump power flux required to achieve laser emission at
a specific wavelength.
For the standard PM597-doped microdisks with Q-factors on the order of 104−105 in
aqueous environment, lasing is typically observed at wavelengths between ∼610 nm and
∼630 nm [51]. The respective lasing band is marked in Fig. 4.20(b), where we show the
absorption (green) and emission (red) cross sections of PM597 embedded in a ∼1 µm thick
PMMA film [100, 193]. As the result of an optimal balance between emission and reab-
sorption, lasing in bare PM597-doped PMMA microdisks occurs at wavelengths red-shifted
with respect to the maximum in σe(λ). However, if the Q-factor of the cavity decreases,
e.g. due to the incorporation of lossy gold NPs, the lasing band shifts toward regions with
higher gain to overcome the increased losses in the cavity. This effect results in a blue
shift of the lasing modes toward the maximum in the emission cross section of PM597 at
λ=588 nm, as indicated in Fig. 4.20(b), and is accompanied by an increase in the lasing
threshold.
These considerations suggest that lasing in gold-NP-coated PM597-doped microdisks oc-
curs at wavelengths red detuned from the plasmonic resonance of a single gold NP [see
Fig. 4.20(a)] and close to the optimal operational wavelength λopt≈570 nm for which a
maximal BRIS enhancement is predicted [see Fig. 4.16(b)]. Therefore, coupling of the
lasing modes to the gold NPs is expected to result in the desired BRIS enhancement.
However, owing to the strong decrease in Q-factor due to the incorporation of densely
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Figure 4.21: (a) Scanning electron micrograph showing a hybrid microdisk with largest toler-
able gold NP filling fraction fmax≈0.009 (∼7 NPs/µm2) from the top. (b) Characteristic in-
put–output curve to determine the lasing threshold of the hybrid microdisk. The onset of lasing is
marked by the kink. The lasing threshold is determined from the intersection of the two red lines
(Ethresh∼24 mJ/cm2 per pulse). The inset shows an emission spectrum for a pump fluence slightly
above the lasing threshold. The lasing mode appearing at lowest pump power is marked in red.

packed gold NPs, the lasing threshold of gold-NP-coated microdisks is expected to be
notably increased over that of bare polymeric microdisks.

Experimental characterization of lasing properties of hybrid microdisks

To asses the largest tolerable gold NP filling fraction for which laser emission in water is
possible for the pump power available in the experiment, the lasing performance of hybrid
microdisks with gold NP filling fractions between f≈0.003 and f≈0.015 was characterized
on the µ-PL setup introduced in section 3.3.1. Determining the largest tolerable gold NP
filling fraction is of particular interest, as it imposes an upper limit on the achievable BRIS
enhancement in the present system.

With regard to the application as sensors, the gold-NP-coated microlasers are placed in
a sample chamber which is integrated into the µ-PL setup and filled with water. Lasing
modes are observed for hybrid microdisks with gold NP filling fractions up to fmax≈0.009
(∼7 NPs/µm2). The gold NP filling fractions are determined from scanning electron micro-
graphs of the investigated samples by counting the number of gold NPs on the top surface
and the rim of the microdisks. A scanning electron micrograph of the hybrid microdisk
with largest tolerable gold NP filling fraction fmax≈0.009 is depicted in Fig. 4.21(a).
To determine the lasing threshold of the respective hybrid microdisk, the green pump laser
is loosely focused onto the top surface of the hybrid microdisk (spot size ∼0.013 mm2) and
PL-spectra are acquired while step-wise increasing the power of the pump laser. Plotting
the integrated intensity of the lasing mode appearing at the lowest pump power as a func-
tion of the pump fluence Epump per pulse results in the characteristic input-output curve
shown in Fig. 4.21(b). The onset of lasing is marked by the kink. The lasing threshold
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Ethresh of the hybrid microdisk is determined from the intersection of the two red lines
to be 24 mJ/cm2 per pulse. Compared to its bare dielectric counterpart with a lasing
threshold of 80 µJ/cm2 in water, the lasing threshold of the considered gold-NP coated
microdisk is increased by a factor of ∼300 due to huge plasmonic losses brought into the
system by the gold-NP-coating.
A lasing spectrum recorded for a pump fluence of 25 mJ/cm2 per pulse is shown in the
inset of Fig. 4.21(b). The lasing mode appearing at lowest pump power is marked in red
and spectrally located at a wavelength λ=602 nm. According to the results presented in
Fig. 4.16(b), a BRIS enhancement can be expected for the respective lasing mode, although
the lasing wavelength slightly differs from the optimal operational wavelength. We’d like
to note that the linewidth of the lasing mode is with δλ≈80 pm (Q≈7300) notably smaller
than the predicted linewidth of δλ≈150 pm (Q≈4000) which would be observed in the
respective passive cavity without gain medium (see Fig. 4.18). As expected, the spec-
tral resolution of the active hybrid microdisk is, thus, improved compared to its passive
counterpart without integrated laser dye.

4.5.2 Bulk refractive index sensing with gold-NP-coated microdisks

To quantify the BRIS of the hybrid microdisk with largest tolerable gold NP filling fraction
fmax≈0.009 and quantify the enhancement in sensitivity due to the incorporation of the
gold-NP coating, BRIS measurements on the respective hybrid microdisk and its bare
dielectric counterpart are performed.

During the BRIS measurement, the sample chamber containing the chip with the con-
sidered hybrid microdisk is filled alternately with water and water-glycerol mixtures of
increasing refractive indices while continuously recording lasing spectra. Tracking the
spectral position of a lasing mode over time reveals a step-wise spectral shift toward
longer wavelengths as soon as a high-index water-glycerol mixture flows into the sample
chamber. Plotting the induced WGM shift ∆λ versus the refractive index change ∆nm of
the surrounding produces Fig. 4.22. From the slope of a linear regression (red line) fitted
to the data points, the BRIS of the hybrid microdisk is determined to be 43 nm/RIU with
an error bound of ±2 nm/RIU, as obtained from the standard error of the linear regression.
This value for the BRIS of the hybrid microdisk with gold NP filling fraction fmax≈0.009
can be considered as an upper bound for the achievable sensitivity in experiments with
active hybrid microdisks in the present setup.
Due to the high pump powers necessary to bring the gold-NP coated microdisk into the
lasing regime, photobleaching of the laser dye constitutes a major problem during the
BRIS measurement. On the one hand, photobleaching leads to a gradual blue shift of the
WGMs, which counteracts the actual WGM red shift induced by increasing the refractive
index nm of the background medium. On the other hand, it drastically limits the number
of acquisition cycles and, thus, the sensor’s performance. When pumped with a repetition
rate of 20 Hz and a pump fluence of 25 mJ/cm2 per pulse, lasing modes in active resonators
typically disappear within a few acquisition cycles.
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Figure 4.22: Relative resonance wavelength shift ∆λ of a WGM in the hybrid microdisk with
largest tolerable gold NP filling fraction f≈0.009 induced upon changing the refractive index nm

of the surrounding medium. The slope of a linear function (red) fitted to the WGM shift ∆λ when
plotted versus the change ∆nm in background refractive index determines the BRIS of the hybrid
microdisk (43±2 nm/RIU). As the predicted BRIS enhancement factor for the investigated hybrid
microdisk is on the order of the measurement error, the beneficial effect of the NP-WGM coupling
on the BRIS could not be verified experimentally.

To evaluate whether the coupling of the gold NPs to the WGM microdisk leads to the
desired sensitivity enhancement, we relate the BRIS of the hybrid microdisk with gold NP
filling fraction fmax≈0.009 to the BRIS of its bare dielectric counterpart. The BRIS of the
PMMA microdisk prior to the gold-NP immobilization is determined to be 41 nm/RIU.
Therefore, no enhancement in sensitivity due to the coupling to the gold NPs is observed
within the limits of the measurement accuracy.

To explain this finding, we take a closer look into the FEM simulation results for a hybrid
microdisk with gold NP filling fraction fmax≈0.009 (see section 4.4).
From Fig. 4.18(b) we can deduce that even under optimal excitation conditions only an en-
hancement in BRIS by a factor of 1.14 can be expected for the respective hybrid microdisk.
This value corresponds to an absolute increase in BRIS by 2.7 nm/RIU. Considering that
the gold NPs used in the experiment are, according to the manufacturer specifications,
surrounded by a ∼2−4 nm thick dielectric functionalization layer, even smaller beneficial
effects on the BRIS can be expected. The thin functionalization layer surrounding the
gold NPs effectively screens the gold NP’s evanescent field from the surrounding, which
reduces the NP–WGM coupling strength and the BRIS of spherical gold NPs by ∼15−20%
compared to bare gold NPs without dielectric coating [158]. According to the results ob-
tained in section 4.2.3, both effects lower the BRIS of the hybrid microdisk. Furthermore,
the operation conditions for the hybrid microdisk in the experiment slightly differ from
the optimum. Therefore, the enhancement in BRIS is, according to the results shown in
Fig. 4.18(a), expected to be further reduced by ∼7% compared to the case of an optimal
detuning.
All effects combined make clear that the beneficial effect of the gold NPs on the BRIS is
even for the active hybrid microdisk with largest tolerable NP filling fraction quite small
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and on the order of the measurement error. Therefore, the predicted enhancement in BRIS
due to the coupling to the spherical gold NPs could not be verified experimentally.

4.5.3 Summary and conclusions

In this section, it was investigated experimentally whether the coating of polymeric micro-
disks with huge numbers of randomly distributed spherical gold NPs measurably enhances
their BRIS – as predicted theoretically by the FEM simulations in section 4.4.

To partly compensate for the linewidth broadening of WGMs induced by coupling to the
lossy gold-NP coating and improve the hybrid sensor’s spectral resolution, active PMMA
microdisks with integrated laser dye pyrromethene 597 (PM597) were used as resonator
templates. Compared to their passive counterparts without gain medium, WGMs in active
resonators exhibit a reduced linewidth when operated above the lasing threshold which
facilitates measuring tiny bulk refractive index changes. To ensure a reliable sensing perfor-
mance, the gold NPs were covalently attached to the microdisk surface using self-assembly
techniques. The lasing and sensing properties of the gold-NP-coated microdisks in aqueous
environment were characterized on a micro-photoluminescence spectroscopy setup.
It was shown that the lasing performance of active gold-NP-coated microdisks tremen-
dously degrades with increasing number density of gold NPs on the microdisk surface
due to strongly increased plasmonic losses. For the pump power available in the ex-
periment, lasing operation was achieved up to a modest gold NP filling fraction f≈0.009
(7 NPs/ µm2). For the respective hybrid microdisk, the lasing threshold Ethresh=24 mJ/cm2

was increased by two orders of magnitude compared to its bare dielectric counterpart. As
high pump powers were needed for the laser action, photobleaching of the laser dye was a
major problem that strongly degraded the device performance.
BRIS measurements on the hybrid microdisk with gold NP filling fraction f≈0.009 and
its bare dielectric counterpart were performed to assess the maximal BRIS enhancement
achievable with the present experimental system. The beneficial effect of the gold-NP
coating on the BRIS of the WGM microdisk could, however, not be verified experimen-
tally. This observation was explained by the fact that the predicted BRIS enhancement
factor η=1.14 for the investigated hybrid microdisk is quite small and on the order of the
measurement error.

The experimental results presented in this section made clear that the huge losses in gold
NPs ultimately limit the performance of active gold-NP-coated microdisks as bulk re-
fractive index sensors. As a result of strongly increased lasing thresholds with increasing
number density of gold NPs on the microdisk surface, high pump powers are needed to
achieve lasing operation in hybrid microdisks with gold NP filling fractions for which a
notable enhancement in sensitivity can be expected. However, for such high pump pow-
ers photobleaching of the integrated laser dye PM597 is strongly pronounced. This effect
drastically shortens the operational lifetime of the hybrid sensors and makes active hy-
brid microdisks, therefore, rather unsuitable for practical applications. The way out of
this dilemma can be seen in using plasmonic NPs with significantly higher-quality reso-
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nances and higher BRIS values to boost the BRIS of the hybrid system into a regime where
enhancement effects can be accessed even with modest pump powers. Up to now, the spec-
trum of available plasmonic materials and NP geometries which meet these requirements
is, however, severely restricted. Advances in material science are, thus, indispensable to
make hybrid NP–WM sensors competitive with their bare dielectric counterparts. So far,
the disadvantages of the plasmonic components, i.e. the huge plasmonic losses, dominate
by far the beneficial effects on the BRIS resulting from strongly enhanced fields at the
NP’s surface.

4.6 Summary and critical remark on hybrid NP–WGM res-
onators for bulk refractive index sensing

In this chapter, it was studied both theoretically and experimentally whether the sensitiv-
ity of dielectric WGM resonators can be enhanced by hybridizing WGMs with plasmonic
resonances sustained by small metallic nanoparticles (NPs) coupled to the resonator sur-
face. The strategy to boost the sensitivity relied on pushing the WGM’s field distribution
outside the resonator to enhance its interaction with the surrounding. The so-called bulk
refractive index sensitivity (BRIS), a measure for the spatial overlap of a WGM with the
surrounding, was used to quantify the sensitivity.

A fundamental analysis of hybrid NP–WGM sensors using a simple formalism of two cou-
pled harmonic oscillators and full-wave simulations of an idealized hybrid system based on
multi-Mie scattering theory demonstrated that the BRIS of a WGM resonator can be en-
hanced via the coupling to a single plasmonic NP. The associated enhancement effects were
shown to sensitively depend on the resonance wavelength detuning between the plasmonic
resonance and the operational WGM, and the properties of the plasmonic NP in the hy-
brid system, namely its Q-factor and BRIS. A maximal BRIS enhancement was predicted
for plasmonic NPs with resonance wavelengths slightly blue detuned from the operational
WGM. The respective optimal detuning was the outcome of balancing between sensitivity
gain and WGM linewidth broadening induced by coupling to the lossy metallic NPs. It
was, however, shown that a significant BRIS enhancement occurs only for plasmonic NPs
with comparatively high-quality resonances and high BRIS values notably exceeding the
BRIS of the underlying WGM resonator.
Finite-element method (FEM) simulations of a hybrid sensor composed of a polymeric
microdisk coated with randomly distributed and densely packed spherical gold NPs pro-
vided insight into the role of the number of gold NPs on the BRIS enhancement. It was
demonstrated that the BRIS of gold-NP-coated microdisks increases monotonically with
increasing number density of gold NPs on the microdisk surface. The beneficial effect on
the BRIS due to the increased number density of gold NPs was, however, seen to be at
the cost of a strongly degraded Q-factor, which drastically lowered the sensor’s spectral
resolution and ultimately restricted its sensing performance. For the largest tolerable gold
NP filling fraction f≈0.05 (∼40 NPs/ µm2) for which a proper sensing performance of the
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hybrid microdisks was ensured, a BRIS enhancement by a factor of ∼2 was predicted.
Sensing experiments on gold-NP-coated microdisks with integrated gain medium confirmed
that the huge losses in gold NPs are the major problem in hybrid sensors, ultimately lim-
iting the device performance. For the largest tolerable gold NP filling fraction f≈0.009
(∼7 NPs/ µm2) for which lasing operation in water was possible, the BRIS enhancement
was quite small and on the order of the measurement error. Therefore, the beneficial effect
of the gold-NP coating on the BRIS of WGM microdisks could not be verified experimen-
tally.

The theoretical and experimental results presented in this chapter suggest that the cou-
pling of gold NPs to WGM resonators is, so far, not beneficial to improve their performance
as bulk refractive index sensors. Although the incorporation of huge numbers of gold NPs
into WGM resonators can improve the BRIS by a factor of ∼2, this modest enhancement
in sensitivity cannot compensate for the strong WGM Q-factor degradation by several
orders of magnitude induced upon coupling to the lossy gold-NP coating. As the per-
formance of a sensor is quantified via the ratio of sensitivity to resonance linewidth, the
performance of the proposed gold-NP-coated WGM microdisks in bulk refractive index
sensing is, thus, at the moment worse than that of a bare dielectric WGM resonator.
Advances in material science are needed to make plasmonic-NP-coated WGM resonators
in the future competitive with their bare dielectric counterparts for what concerns bulk
refractive index sensing. In particular, the fabrication of novel plasmonic nanostructures
with higher-quality resonances and higher intrinsic BRIS values is critical to notably boost
the sensitivity of hybrid resonators while simultaneously improving their Q-factors.
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Chapter 5

Plasmonic, dielectric, and hybrid
modes in silver-coated polymeric
microwedges

In this chapter, we systematically study both theoretically and experimentally the modal
characteristics of a silver-coated polymeric wedge-like WGM resonator. This novel type of
resonator is carefully engineered to support distinct types of modes: pure surface plasmon
polariton (SPP) modes, pure dielectric (DE) modes, and hybrid photonic–plasmonic (HY)
modes with Q-factors exceeding a thousand and ultra-small modal volumes of only a few
cubic micrometers. Providing insight into the largely disparate properties of the distinct
eigenmodes and developing a strategy on how to access the individual resonant modes in
experiments in a controlled manner is at the heart of this chapter.

After highlighting the potential of metal-coated WGM resonators in photonic applications,
we examine in section 5.2 SPPs propagating along a plane metal–dielectric interface. From
their dispersion relation, we deduce first guidelines for the design of metal-coated WGM
resonators. We proceed in section 5.3 to introduce numerically efficient bent-waveguide
simulations to model hybrid WGM resonators and identify a cavity design which ensures
the existence of SPP, DE, and HY modes and guarantees that all three mode types can be
efficiently and selectively excited by means of a tapered optical fiber. In this context, we
highlight the need for a template WGM resonator with wedge-like geometry. We then sim-
ulate in section 5.4 the mode spectrum of a fabricated silver-coated polymeric microwedge
and work out differences in the modal properties of SPP, DE, and HY modes. Motivated
by uncertainties in the simulated spectral features, we develop a mode classification scheme
to unambiguously identify resonances observed in fiber transmission spectra. Performing
bent-waveguide simulations which explicitly include the coupling to the input fiber and
applying coupled-mode theory, we develop an experimental procedure based on mode fil-
tering to reliably classify modes in silver-coated microwedges. In section 5.5, we map the
theoretical results to the experiment and demonstrate that the proposed mode filtering
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technique was successfully applied in fiber–coupling experiments to categorize and selec-
tively excite SPP, DE, and HY modes in silver-coated polymeric microwedges. A summary
and concluding remarks are given at the end of the chapter.

The results presented in this chapter were developed in close cooperation with Patrick
Forster during his master’s thesis [84] and with the doctoral student Jens Oppermann from
the Institute of Theoretical Solid State Physics (TFP) at KIT with whom I supervised
Patrick Forster. The bent-waveguide simulations presented in this chapter to efficiently
simulate the modal properties of silver-coated WGM resonators and the coupling to a
tapered optical fiber are based on a code developed by Jens Oppermann during his master’s
thesis at TFP [194]. The code was adapted to the specific problem of coupling between a
straight fiber and a silver-coated polymeric wedge-like WGM resonator mainly by Patrick
Forster. Parts of the presented results are published in [85].

5.1 Benefits of metal-coated WGM resonators

Due to their high Q-factors in combination with relatively small mode volumes V , WGM
resonators have attracted considerable attention not only in photonic applications, where
they are used as ultra-sensitive biosensors [24, 120] or low-threshold microlasers [11, 195–
197], but also in fundamental research to study nonlinear optics [23, 198, 199] or cav-
ity quantum electrodynamics [20, 200–203]. However, as the mode volumes of WGMs in
purely dielectric resonators are limited by diffraction to typically a few hundred cubic
wavelengths [69] and as the strength of light–matter interactions is proportional to the
ratio Q/V , their performance in these fields is ultimately restricted.
To further boost light–matter interactions in WGM resonators, thus, strategies have to
be developed to break the diffraction limit. Here, SPP cavities come into play. They rely
on the collective excitation of a metal’s free electron gas, which coherently interacts with
an incoming electromagnetic field. This light–matter interaction leads to the formation of
SPPs which propagate along metal–dielectric interfaces and are accompanied by strongly
enhanced and localized electromagnetic fields [32]. Owing to the light-focusing character-
istic of SPPs, electromagnetic energy in SPP cavities can be squeezed down to nanometric
volumes [204–206]. However, there is a price to pay for breaking the diffraction barrier.
Owing to large ohmic losses in the metal, Q-factors of SPP cavities are typically �100
at wavelengths in the visible and near-infrared [31, 140–142] and, thus, several orders of
magnitude smaller than those of dielectric WGM resonators.
Inspired by the complementary characteristics of purely dielectric and purely SPP cavi-
ties, a promising strategy to increase the Q/V -ratio of common WGM resonators can be
seen in combining the ultra-small mode volumes of SPPs with the high Q-factors of DE
modes [39, 42, 147, 207–213]. Min et al. demonstrated, e.g., that SPP modes supported
by a silver-coated silica microdisk provide notably reduced mode volumes compared to
purely dielectric WGMs [39]. Although Q-factors of the SPP eigenmodes were close to
the theoretical loss-limited Q-factor, they were still only slightly above a thousand and,
hence, notably smaller than for their dielectric counterparts.
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To further increase the Q-factors while simultaneously preserving the small mode vol-
umes connected with SPPs, resonator designs allowing for the formation of HY modes
have been proposed, such as silica WGM microtoroids coated with a silver nanoring [42],
metal-coated microspheres [43], or metal-nanocapped microtubular cavities [44]. These
structures were shown to support HY modes with Q-factors >1000 and mode volumes as
small as one cubic wavelength and, thus, successfully combine the advantages of dielectric
and plasmonic modes.

5.2 Deducing general design guidelines for metal-coated res-
onators from fundamental properties of surface plasmon
polaritons (SPPs)

Optimizing the performance of photonic devices relying on the excitation of SPP modes
requires understanding the peculiarities of these surface modes. In this section, we provide
essential insight into the physical properties of SPPs by examining their dispersion rela-
tion. We study SPPs propagating along a plane metal–dielectric interface and deduce first
guidelines for the design of metal-coated resonators. The analysis of characteristic length
scales, effective mode indices, and Q-factors of SPPs helps identifying a suitable coating
metal and an operational wavelength regime for which SPP modes in metal-coated WGM
resonators possess the highest possible Q-factors and can be excited with the evanescent
field of a tapered optical fiber.

5.2.1 Dispersion relation of SPPs at a plane metal–dielectric interface

The dispersion relation of SPPs describes how the angular frequency ω is connected to the
wave vector component kSPP of SPPs parallel to the interface along which they propagate.
It can be found by seeking for eigenmodes of Maxwell’s equation which are localized
at the metal–dielectric interface with electromagnetic fields decaying exponentially into
both half-spaces and which fulfill the boundary conditions. In the following, we focus on
surface modes propagating in x-direction along a plane metal–dielectric interface located
at z=0, as graphically illustrated in Fig. 5.1(a). The lower half-space (z<0) with complex
permittivity ε2(ω)=ε′2(ω)+iε′′2(ω) represents the metallic medium, the upper half-space
(z>0) with permittivity ε1(ω) the dielectric for which we neglect absorption losses. To
simplify the notation, we drop the frequency dependency of the permittivities from now
on. The dispersion relation of SPPs is given by [181]:

kSPP = k′SPP + ik′′SPP = k0

√
ε1ε2
ε1 + ε2

, (5.1)

where k0=ω/c0 denotes the vacuum wave number. Due to the absorbing nature of metals,
the SPP wave number kSPP in Eq. 5.1 is complex with real part k′SPP and imaginary part
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Figure 5.1: (a) Schematic illustration of SPPs propagating along a plane interface between a
metallic half-space with complex permittivity ε2 and a dielectric half-space with real permittivity
ε1. SPPs are accompanied by strongly enhanced and localized electromagnetic fields which decay
exponentially away from the interface, as sketched on the right-hand section. The penetration
depths δ1 and δ2 characterize the decay of the z-component of the SPP electric field amplitude into
the dielectric and the metal, respectively. (b) Large negative real parts (red) of the permittivities
of silver (solid lines) and gold (dashed) together with small imaginary parts (blue) at optical
frequencies are a prerequisite for the formation of SPPs. Data taken from [177].

k′′SPP.
For an interface mode to exist, the wave vector component kSPP parallel to the interface
must be real to ensure propagation of the associated waves along the interface. Addi-

tionally, the normal components kj,z=
√
ε2j/(ε1 + ε2)k0 [181] of the wave vector must be

purely imaginary in both the dielectric (j=1) and the metal half-space (j=2) to account
for the ’bound’ nature of SPPs. Assuming that the metal’s imaginary part ε′′2 is small
compared to the metal’s real part ε′2, i.e. |ε′′2|�|ε′2|, it follows from these requirements that
the real parts must be of opposite sign if SPP modes are to be guided by the interface.
Since the permittivity ε1 of dielectrics is real and positive and common metals such as
silver or gold exhibit a large negative real part ε′2 of their permittivity together with a
small imaginary part ε′′2 at optical frequencies, localized surface modes can exist at such
metal–dielectric interfaces. It can be shown that SPPs are inherently TM-polarized [214],
i.e. the magnetic field is polarized tangential and the electric field mainly normal to the
interface. This peculiarity of SPPs will be important in the experiments on silver-coated
microwedges to distinguish between modes with plasmonic character and DE modes (see
section 5.5).

5.2.2 Characteristic length scales of SPPs

To select a suitable coating metal for polymeric WGM resonators which ensures a low-
loss propagation of SPPs at optical frequencies, we first examine the propagation length of
SPPs. We then introduce the SPP penetration depths into the metal and the dielectric half-
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space as additional relevant length scales for the design of metal-coated WGM resonators.

SPP propagation length

The SPP propagation length δSPP quantifies the distance SPPs propagate along the
metal–dielectric interface until their intensity is attenuated to 1/e. It can be directly
obtained from the imaginary part of the SPP wave vector, which characterizes the damp-
ing of the mode and is responsible for the exponential decay of the SPP’s electric field
amplitude [see Fig. 5.1(a)]. It is given by:

δSPP =
1

2k′′SPP

≈ 1

k0

(ε′2)2

ε′′2
, (5.2)

where the approximation in Eq. 5.2 is valid for low-loss metals, i.e. |ε′′2|�|ε′2|. Since pho-
tonic devices relying on SPPs benefit from long SPP propagation lengths, metals with a
large negative real part ε′2 and a small imaginary part ε′′2 of the permittivity in the wave-
length range of interest are required, according to Eq. 5.2, to ensure a good performance.
Among metallic elements, silver and gold fulfill these requirements in the visible and near-
infrared and are one of the best-performing materials for plasmonic applications in this
wavelength regime, as they exhibit much weaker damping rates compared to other met-
als. The real (red) and imaginary parts (blue) of the permittivities of silver (solid lines)
and gold (dashed) are plotted in Fig. 5.1(b) versus the wavelength λ. They have been
interpolated from the data sets from Johnson and Christy [177]. The reduced imaginary
part of the permittivity of silver compared to gold suggests using silver as coating material
for WGM resonators, as it leads to longer SPP propagation lengths. Therefore and with
regard to the experimental system, we focus throughout the rest of this section on SPPs
propagating along a plane silver–polymer interface. A real, constant permittivity ε1=2.25
is assumed for the polymer.

To identify a suitable wavelength regime for which SPP propagation lengths are maximal,
we plot in Fig. 5.2(a) the propagation length δSPP of SPPs supported by the plane sil-
ver–polymer interface versus the free space wavelength λ. The SPP propagation length
δSPP is seen to increase from ∼0.6 µm at λ=400 nm to ∼400 µm at λ=1600 nm. As the
SPP propagation length imposes an upper limit on the size of hybrid photonic–plasmonic
devices, increased SPP propagation lengths at longer wavelength favor the excitation of
SPPs at wavelengths in the near-infrared over the visible spectral range. However, due
to the absorbing nature of metals, even in the near-infrared the propagation lengths of
SPPs are severely restricted. To ensure a proper performance of silver-coated WGM res-
onators in the experiment, their resonator radii must be, thus, chosen such that SPP
modes propagate at least several times around the resonator circumference before their
energy is dissipated into heat.

85



Chapter 5. Plasmonic, dielectric, and hybrid modes in silver-coated polymeric
microwedges

400 600 800 1000 1200 1400 1600

1

10

100

400 600 800 1000 1200 1400 1600
0.01

0.1

1

SPP penetration 
depth d into polymer1 

 

a b

SPP penetration 
depth d  into silver2

Wavelength l (nm) Wavelength l (nm)S
P

P
 p

ro
p
a
g
a

tio
n
 le

n
g
th

 d
 (

µ
m

)
S

P
P

S
P

P
 p

e
n
e
tr

a
tio

n
 d

e
p
th

 d
 (

µ
m

)
1,
2

Figure 5.2: Characteristic length scales of SPPs sustained at a polymer–silver interface. (a) Longer
SPP propagation lengths δSPP at longer wavelengths λ favor exciting SPP modes in the near-IR.
(b) The SPP penetration depth δ2 into the silver half-space is with ∼20 nm largely independent
of λ and notably smaller than the penetration depth δ1 into the polymer half-space. Although
SPPs increasingly loose their light-focusing characteristic with increasing wavelength, the larger
penetration depth into the polymer at longer wavelength is critical to efficiently excite SPP modes
in silver-coated WGM resonators with a tapered-fiber eigenmode.

SPP penetration depth

The SPP penetration depth describes the decay of the SPP electric fields into the dielec-
tric or the metal half-space and is defined as the distance normal to the metal–dielectric
interface at which the electric field amplitude in the respective medium is decreased by
1/e of its maximal value at the interface.
The penetration depth δ1 into the dielectric quantifies the length scale over which SPP
modes can interact with their surrounding. It is not only important for sensing applica-
tions, but also plays a significant role when exciting SPPs in silver-coated WGM resonators
by means of a tapered optical fiber. Only if the SPP evanescent fields notably penetrate
through the polymeric resonator body into the surrounding medium, efficient coupling of
SPP modes to a fiber mode is possible. The penetration depth δ2 into the silver half-space
characterizes the field decay into the metal. It provides a measure for the maximal thick-
ness of silver films up to which SPPs supported on both sides of the film can interact with
each other or with light totally reflected in an adjacent prism [215].
The SPP penetration depths δ1 and δ2 can be obtained from the SPP wave numer kSPP

when considering that the total wave vector εjk0 in the dielectric (j=1) and the silver
(j=2) half-space is given by εjk

2
0=k2

SPP+k2
j,z. Assuming again that |ε′′2|�|ε′2|, the 1/e de-

cay lengths of the SPP’s electric fields δ1 and δ2 into the dielectric and the silver are given
by:

δ1 =
1

k0

√∣∣∣∣ε′2 + ε1
(ε1)2

∣∣∣∣ δ2 =
1

k0

√∣∣∣∣ε′2 + ε1
(ε′2)2

∣∣∣∣. (5.3)

From Fig. 5.2(b), where we plot the SPP penetration depths δ1 and δ2 into the polymer
and the silver half-space as a function of the free space wavelength λ, we see that the
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penetration depth into silver is considerably smaller compared to the penetration into
the polymer and is with δ2≈20 nm largely independent of λ. Contrary, the penetration
depth into the polymer half-space strongly depends on the wavelength and increases from
δ1≈40 nm at λ=400 nm to δ1≈1.3 µm at λ=1600 nm.

In the near-infrared, the SPP penetration depth δ1 into the polymer is seen to exceed
typical WGM resonator thicknesses of ∼1 µm and, in particular, those of polymeric mi-
crowedges in the edge region (see section 3.1.2). In the latter case, the SPP mode’s
evanescent field is, thus, expected to notably overlap with the eigenmode of a tapered
fiber approached to the silver-free bottom-surface of the WGM resonator from below
(see section 5.4.3). As a large evanescent field overlap is a prerequisite for an efficient
fiber–resonator coupling, operation wavelengths in the near-infrared are critical to effi-
ciently excite SPP modes in silver-coated WGM resonators.

5.2.3 Excitation of SPPs

To couple light into SPP modes, both energy and momentum conservation must be ful-
filled. To check whether both conditions can be fulfilled using a fiber–coupling scheme
and to see how SPP modes can be excited experimentally, we study in the following the
dispersion diagram of SPPs sustained at a plane silver–polymer interface, which is plotted
in Fig. 5.3(a). For simplicity, we consider only the real part of the silver permittivity in
the calculation of kSPP.

Figure 5.3 reveals that the SPP mode lies close to – but always below – the light line
ω = c0k0 (green line) in vacuum at low angular frequencies corresponding to wavelengths
in the visible and near-infrared (highlighted in blue and red, respectively). c0 denotes
the speed of light in vacuum. As SPPs are predominantly light-like in this wavelength
regime, their wavelength λSPP=2π/k′SPP is only slightly shorter than the wavelength of
the exciting light of same angular frequency. SPPs are, hence, well described as polaritons.
With increasing angular frequency ω, the SPP mode bends away from the light line and
approaches asymptotically the surface plasmon resonant frequency ωres (horizontal dashed
black line), whose spectral position is determined by the pole in the dispersion relation
(Eq. 5.1). The avoided crossing obvious from Fig. 5.3 manifests that SPPs arise from the
hybridization of surface plasmons and light. Please note that at frequencies close to ωres,
the SPP wavelength λSPP is significantly shorter than the corresponding wavelength of
the excitation light, which means that SPPs can efficiently squeeze down light to subwave-
length scales here. As the SPP wavelength is a measure for the mode localization, SPPs
increasingly lose their subwavelength confinement character with increasing wavelength,
which directly translates to increased mode volumes. This observation is in accordance
with the results for the SPP penetration depth δ1 into the polymer plotted in Fig. 5.2(b),
which characterizes the mode confinement perpendicular to the silver–polymer interface.
Importantly, as the SPP wave vector is always larger than the wave vector of a photon of
same frequency propagating in free space, SPPs cannot be excited directly by means of free-
space light. Instead, a momentum-enhancing scheme such as grating coupling [216, 217],
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Figure 5.3: Excitation of SPPs. Dispersion relation of SPPs at a plane polymer–silver interface
(red) together with the light line in vacuum (green) and in a dielectric with refractive index n=1.45
(blue). ωres denotes the surface plasmon resonant frequency. As the SPP dispersion relation lies
always below the light line in vacuum at optical frequencies, SPPs cannot be excited directly using
free-space light. Instead, a momentum-enhancing scheme is necessary to increase the exciting
light’s wavevector component parallel to the interface and excite SPPs. In this work, a near-field
coupling scheme utilizing the evanescent field of a tapered fiber is used to tilt the light line and
couple light into SPP modes.

prism coupling [218, 219] or near-field coupling [220, 221] is necessary to increase the ex-
citing light’s wavevector component parallel to the interface over its free-space value and
intersect the light line with the SPP dispersion relation. In this work, we make use of a
near-field coupling scheme utilizing the evanescent field of a tapered optical fiber to tilt
the light line and couple light into SPP modes.

Evanescent excitation of SPPs via tapered fiber

To investigate whether phase matching between a SPP mode and a tapered-fiber eigen-
mode can be fulfilled and to identify an optimal wavelength regime for mode excitation,
we relate the effective refractive indices of SPPs in the following to those of tapered optical
fibers.

Effective mode indices of tapered optical fibers at a given wavelength strongly depend
on the fiber radius RF in the tapered region. Plotting simulated values for the effective
refractive index nF of a conventional single mode fiber in Fig. 5.4(a) versus the fiber radius
RF for input wavelengths λ=600 nm (red) and λ=1500 nm (black) points out the range of
accessible fiber mode indices.
Whereas comparatively thin fibers with radii RF<500 nm exhibit effective mode indices
nF close to unity, nF rapidly increases with increasing fiber radius until the bulk refractive
index of silica (nSiO2≈1.45) is approached (green dashed line), from which the fiber is
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Figure 5.4: Evanescent excitation of SPPs using tapered fibers. (a) Effective refractive indices
nF of tapered-fiber eigenmodes for varying fiber radii RF and input wavelengths λ=600 nm (red)
and λ=1500 nm (black). Effective fiber mode indices increase with increasing fiber radius until
they approach the bulk refractive index nSiO2 of silica from which the fiber is made (green dashed
line). The larger the fiber radius, the smaller is the evanescent field overlap of the fiber mode with
the surrounding (see insets). (b) Effective refractive indices nSPP of SPPs propagating along a
plane silver–polymer interface are close to fiber mode indices only in the near-IR. Phase-matching
requires excitation wavelengths in the near-IR to couple light from a fiber into SPP modes.

made. The increase in fiber mode index with increasing fiber radius is accompanied by
a significant reduction in the spatial overlap of the fiber’s evanescent field with the sur-
rounding, as visible from the insets in Fig. 5.3(a), where the cross-sectional electric field
intensity distributions of two optical fibers with radii RF=0.4 µm (left) and RF=2.0 µm
(right) are plotted for an input wavelength λ=1500 nm.

The effective refractive index nSPP of SPPs sustained at a plane metal–dielectric interface
is determined by the real part of the SPP wave number and can be calculated as follows:

nSPP =
k′SPP

k0
≈
√
ε1

(
1− ε1

2ε′2

)
, (5.4)

where the approximation |ε′′2|�|ε′2| and |ε′2|�|ε1| is made. Eq. 5.4 shows that the dispersive
character of SPPs in the low-loss limit is mainly determined by the permittivity ε1 of the
dielectric.
To predict a wavelength regime for which phase matching between SPPs and a fiber
eigenmode is best fulfilled, we plot the effective refractive indices nSPP of SPPs sustained
at the plane silver–polymer interface in Fig. 5.4(b) versus the free space wavelength λ (red
line). Increasing the wavelength lowers the effective mode indices of SPPs from nSPP>2.0
at λ=400 nm toward nSPP≈1.5 at wavelengths in the near-infrared.

As effective mode indices of SPPs at the silver–polymer interface are close to accessible fiber
mode indices only in the near-infrared, phase matching requires using pump wavelengths in
the near-infrared to excite SPPs evanescently by means of a tapered optical fiber. However,
even in this wavelength regime, phase matching cannot be perfectly fulfilled, as the SPP
mode indices still slightly exceed those of tapered optical fibers.

89



Chapter 5. Plasmonic, dielectric, and hybrid modes in silver-coated polymeric
microwedges

400 600 800 1000 1200 1400 1600
0

500

1000

1500

2000

2500

Q
u
a
lit

y 
fa

ct
o
r 

Q
S

P
P

Wavelength l (nm)

Figure 5.5: Impact of excitation wavelength λ on the Q-factor of SPPs sustained at a plane
silver–polymer interface. Higher Q-factors at longer wavelengths favor exciting SPP modes at
wavelengths in the near-IR over the visible spectral range.

5.2.4 Q-factors of SPPs

We conclude the discussion about the properties of SPPs propagating along a plane silver-
polymer interface with examining their Q-factors. Although Q-factors of SPPs strongly
depend on the specific geometry of the underlying photonic structure, the Q-factors of
SPPs sustained at a plane metal–dielectric interface can be considered as a generic limiting
case. Assuming that the dielectric is weakly dispersive, the Q-factors of SPPs sustained
at the plane metal–dielectric interface in the low-loss limit are given by [222]:

QSPP =
k′SPP

2k′′SPP

≈ (ε′2)2

ε′′2
. (5.5)

From Eq. 5.5 we see that the Q-factors of SPPs are solely determined by the metal’s per-
mittivity. Plotting the Q-factors QSPP of SPPs sustained at the silver–polymer interface
in Fig. 5.5 versus the wavelength λ shows that the Q-factors tend to increase with increas-
ing wavelength with a local maximum at λ≈1100 nm. Whereas the Q-factors of SPPs for
wavelengths λ<600 nm are less than ∼200, they approach values exceeding a thousand
in the near-infrared. Increased Q-factors of SPPs at longer wavelengths, thus, provide
an additional argument for operating silver-coated WGM resonators in the near-infrared,
whose total Q-factor is metal-loss limited.

5.2.5 Conclusions

The results presented in this section show that silver is a suitable coating metal for WGM
resonators due to comparably weak damping rates at optical frequencies, enabling a low-
loss propagation of SPP modes. Operation wavelengths in the near-infrared are seen to be
critical to largely fulfill phase matching between SPP modes and the fundamental mode of
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a tapered optical fiber used to evanescently excite SPP modes in silver-coated polymeric
microwedges (see section 5.5). Despite increased mode volumes, the longer propagation
lengths, larger field penetration depths into the dielectric and increased Q-factors of SPPs
in the near-infrared compared to wavelengths in the visible spectral range are furthermore
beneficial from an experimental point of view.

However, as optical properties of SPPs also depend on the underlying geometry, the simple
model of SPPs sustained at a plane interface between two semi-infinite metal and dielectric
half-spaces can only provide first basic guidelines for the design of metal-coated WGM
resonators. As it is not capable of describing effects related to the finite thickness of the
silver coating layer and the polymeric resonator body, the optical properties of SPP modes
supported by silver-coated WGM resonators are expected to deviate from those calculated
here. Whereas strong deviations are expected for silver films being notably thinner than
the SPP penetration depth into silver (δ2≈20 nm), the optical properties of SPP modes
in silver-coated WGM resonators are expected to approach those calculated here in the
limit of thick silver coatings and polymeric resonator bodies being thick compared to the
penetration depth into the polymer.
To analyze the impact of the exact resonator geometry and the silver film thickness on
the modal properties of silver-coated WGM resonators, we introduce in the next section
a numerical framework based on the finite-element method (FEM) to efficiently model
modes in silver-coated WGM resonators.

5.3 Simulation-based optimization of silver-coated polymeric
WGM resonators

Based on numerically efficient FEM simulations using a bent-waveguide approach, we
identify in this section a promising polymeric WGM resonator template which supports
SPP, DE, and HY modes when coated with a thin silver layer from the top.

After introducing the bent-waveguide approach for efficient mode modeling in section
5.3.1, we discuss in section 5.3.2 why a wedge-like resonator geometry is indispensable for
the existence of SPP, DE, and HY modes and to efficiently and selectively excite them
by means of a tapered optical fiber. In this context, we study the impact of the exact
geometry of the underlying polymeric microwedge and the silver coating thickness on the
optical properties of SPP, DE, and HY modes. The results presented in this section build
the foundation for the later experiments.

5.3.1 Bent-waveguide approach for efficient mode modeling

To gain insight into the modal characteristics of silver-coated polymeric WGM microres-
onators, FEM simulations using the commercially available software JCMsuite are per-
formed [182].
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Figure 5.6: Schematic illustration of the bent-waveguide approach for mode modeling. Exploiting
the cylindrical symmetry of WGM resonators and the confinement of WGMs to the resonator rim
allows to drastically reduce the size of the simulation domain. Modeling the resonator rim as a
bent waveguide being concentric around the rotational axis of the resonator allows performing
numerically efficient 2D-simulations. Adapted from [85].

As polymeric WGM resonators with typically tens of micrometers in diameter are large
compared to the wavelength of light and a high local resolution is required to properly
resolve the mode profiles of WGMs, their numerical treatment is challenging. The task
of simulating the full three-dimensional structure gets even more demanding when intro-
ducing a thin silver layer with a thickness of a few up to a hundred nanometers on top
of the resonator surface. To accurately account for local field enhancements at the sil-
ver–polymer interface, extremely fine meshes are needed for the computation, leading to
tremendous computational costs. With the computational resources available, a rigorous
3D simulation of silver-coated WGM resonators is, therefore, not feasible.
To significantly reduce simulation costs while still being able to accurately describe modes
supported by silver-coated WGM resonators, we exploit their cylindrical symmetry to-
gether with the fact that WGMs are localized at the rim of the resonator. Exploiting
the rotational symmetry of WGM resonators allows to reduce the simulation domain from
three to two dimensions (see also section 4.4.1). Considering additionally that WGMs
are spatially confined only to a small region close to the resonator rim allows to further
significantly reduce the simulation domain, as graphically illustrated in Fig. 5.6. Instead
of simulating the whole 3D structure, it is, hence, sufficient to consider only the resonator
rim in the simulations, which ”can be modeled as a bent waveguide forming a concentric
ring around the rotational axis of the resonator” [85].
With this approach, the eigenmodes of a WGM resonator can be described by a set of dissi-
pative eigenmodes of a bent waveguide [194,223–225]. Using the propagation-mode solver
provided by JCMsuite, these modes are fully characterized by their complex effective re-
fractive index neff and their cross-sectional field distribution, which is the FEM-simulation
outcome. Using the resonance condition for WGMs (Eq. 2.1) and requiring that both
the amplitude and the phase of the mode’s field have to be reproduced after each round
trip through the loop, the resonance wavelength λm and the Q-factor Qm of a mode with
azimuthal mode number m can be directly calculated from the complex effective refractive
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index neff=n′eff+in′′eff [223]:

λm =
2πR

m
n′eff, (5.6)

Qm =
n′eff

2n′′eff

, (5.7)

where m∈Z. For an arbitrarily chosen input wavelength, the resonance condition is in
general not fulfilled and m 6∈Z. To account for the dispersive character of neff, Eq. 5.6 is
therefore solved in a self-consistent manner by iterating over the input wavelength until
a resonance λm is hit. The accuracy in determining the spectral resonance position of a
WGM is chosen such that the error is smaller than the resonance linewidth.

5.3.2 Optimization of hybrid resonator design for efficient and selective
mode excitation

With the numerically efficient bent-waveguide simulations at hand, we now turn to the
task of identifying an optimal hybrid WGM resonator design that supports SPP, DE, and
HY modes and ensures that all modes can be efficiently and selectively excited with the
evanescent field of a tapered optical fiber. The optimization process focuses on resonator
geometries which can be fabricated lithographically on a polymer basis, i.e. WGM res-
onators with disk-, goblet-, and wedge-like geometry (see section 3.1). Falling back to the
findings from section 5.2, wavelengths in the near-infrared around 1500 nm are used to
simulate the silver-coated WGM resonators of various geometries and air is considered as
surrounding medium. The permittivity values for silver and PMMA provided by John-
son and Christy [177] and Beadie [226], respectively, are used to consider the materials’
dispersive character.

Impact of cavity geometry on mode spectrum of silver-coated WGM resonators

On the basis of Fig. 5.7, which shows the cross-sectional electric field intensity distributions
of different first order modes supported by silver-coated WGM resonators with disk- (left),
goblet- (middle), and wedge-like geometry (right), we examine in the following which of
these resonators fulfills the above target requirements best. For the moment, we focus on
silver coatings with a thickness of 100 nm. The resonators are coated from the top with a
thin silver layer to ensure that the distinct cavity eigenmodes can be accessed evanescently
with a tapered optical fiber approached to the silver-free bottom surface of the resonators
from below. In the case of the disk- and goblet-like WGM resonators not only the top
resonator surface is coated with silver, but also the side surfaces. This is due to the fact
that experimentally, where silver is deposited onto the WGM resonators using physical
vapor deposition, one cannot prevent that silver atoms deposit also on the side surfaces of
these structures.
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Figure 5.7: Modal structure of silver-coated polymeric WGM resonators of varying geometries.
Comparing the cross-sectional electric field intensity distributions of first order modes supported
by a silver-coated PMMA microdisk (left), -goblet (middle), and -wedge (right) shows that only
the wedge-like WGM resonator supports SPP (top), DE (middle), and HY modes (bottom). The
electric field vectors of the cavity eigenmodes are indicated by arrows. Silver-coated microdisks
and -goblets do not support purely DE modes because TM- (red arrow) and TE-polarized (blue
arrow) DE modes in these structures couple to SPP modes localized at the resonators’ top and
side surfaces, respectively, to form HY modes. The wedge-like geometry is seen to effectively push
the distinct resonator modes into the surrounding and is responsible for spatially separating their
centers of gravity. Both effects pave the way for an efficient and selective excitation of SPP, DE,
and HY modes with the evanescent field of a tapered optical fiber.
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According to their distinct localization and polarization characteristics (indicated by ar-
rows), we can classify the cavity eigenmodes shown in Fig. 5.7 into three groups. The
eigenmodes in the top panel of Fig. 5.7, which are localized at the silver–polymer inter-
face and are polarized perpendicular to the interface are first order SPP (SPP1) modes.
These modes are supported by all three resonator types. The eigenmode shown in the
middle panel of Fig. 5.7, which is only existent in the wedge-like resonator, is a first order
DE (DE1) mode. It is localized mainly in the PMMA and polarized parallel to the sil-
ver–polymer interface. The eigenmodes shown in the bottom of Fig. 5.7, which are again
supported by all three resonator types, are first order HY (HY1) modes. Due to their SPP
character, these modes are TM-polarized and combine the mode localization characteristic
of DE and SPP modes.
From Fig. 5.7 we can conclude that only the silver-coated WGM resonator with wedge-like
geometry supports SPP, DE, and HY modes. In silver-coated microdisks and -goblets,
the DE modes with polarizations parallel (TE-modes) and perpendicular (TM-modes)
to the resonator plane readily couple to SPP modes sustained at the side and the top
silver-polymer interfaces, respectively, to form HY modes. Contrary, in silver-coated mi-
crowedges only DE modes with a polarization perpendicular to the silver layer can hy-
bridize with the inherently TM-polarized SPP modes sustained at the top silver–polymer
interface. Due to the absence of a coupling partner for the DE modes with a polarization
parallel to the interface, the hybrid microwedge supports all three mode types.
A further advantage of the hybrid microwedge over the resonators with disk- and gob-
let geometries is that the distinct eigenmodes get effectively ’pushed’ away from the sil-
ver–polymer interface owing to the inclined resonator edge. This effect results in an
increased evanescent field overlap of the distinct mode types with the surrounding and a
spatial separation of their centers of gravity, which is extremely beneficial from an experi-
mental point of view. Whereas the increased evanescent field overlap with the surrounding
paves the way for an efficient excitation of the distinct modes with the evanescent field
of a tapered optical fiber, the spatial separation of the modes is the foundation to selec-
tively address them (see section 5.5.2). These considerations show that a polymeric WGM
resonator with wedge-like geometry is an ideal template to build a hybrid system that
supports SPP, DE, and HY modes.

By analyzing the impact of the exact resonator geometry on the modal properties of
the distinct mode types, we motivate in the following why the fabricated silver-coated
microwedge shown in the scanning electron micrograph in Fig. 5.7 with resonator radius
redge=14.6 µm, wedge angle Θ=21.6◦, and silver coating thickness t=103 nm is a promising
experimental platform. The analysis focuses on modes with SPP character and aims at
identifying optimal cavity design parameters for which the Q-factors of the respective
modes are as high as possible and for which phase matching of the distinct eigenmodes
with a tapered-fiber eigenmode is largely fulfilled. The geometrical dimensions of the
fabricated silver-coated microwedge in Fig. 5.7 serve as starting point for the parameter
optimization and only selected parameters are swept through.
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Figure 5.8: Impact of resonator radius redge (a) and wedge angle Θ (b) on the Q-factors of SPP1
and HY1 modes in silver-coated polymeric microwedges. The Q-factors of the modes with SPP
character increase with increasing resonator radius and wedge angle. Owing to the strong localiza-
tion of the SPP1 mode at the silver–PMMA interface, its Q-factor is less sensitive to variations in
cavity geometry compared to the HY1 mode. For resonator radii redge.15 µm and wedge angles
Θ.20◦ the HY1 mode gets strongly pushed into the surrounding, which results in a rapid Q-factor
decay in this parameter regime.

Impact of resonator radius on modal properties of silver-coated microwedges

From Fig. 5.8(a), where the Q-factors of the SPP1 (black) and HY1 modes (blue) are
plotted versus the resonator radius redge, it is visible that the Q-factors of both modes
monotonically increase with increasing resonator radius. Q-factors exceeding 2500 are
predicted for the HY1 mode, Q-factors slightly above 1000 are predicted for the SPP1
mode. Whereas the Q-factor of the SPP1 mode increases only moderately in the investi-
gated parameter regime, the Q-factor of the HY1 mode rapidly increases when increasing
the resonator radius toward redge≈15 µm. For resonator radii redge<15 µm, the HY1 mode
is strongly ’pushed’ into the surrounding medium, leading to a rapid Q-factor decay.
To achieve reasonably high Q-factors for the HY1 mode, resonator radii of silver-coated
polymeric microwedges should, thus, not drop below values of redge≈15 µm. But, owing
to the finite propagation length of SPPs [see Fig. 5.2(a)], resonator radii should also not
exceed values larger than ∼20 µm to ensure that the SPP modes propagate several times
around the resonator circumference before their energy is dissipated into heat.

Impact of wedge angle on modal properties of silver-coated microwedges

Performing bent-waveguide simulations of silver-coated polmyeric microwedges for varying
wedge angles shows that wedge angles Θ.60◦ are critical for the existence of SPP, DE,
and HY modes. For larger wedge angles, the resonators do not support purely DE modes,
as they readily couple to SPP modes sustained at the top and the inclined side surface of
the micowedges to form HY modes.
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Reducing the wedge angle is seen to effectively ’push’ the distinct cavity eigenmodes into
the surrounding. Although the increased evanescent field overlap with the surrounding is
beneficial to efficiently excite the cavity eigenmodes with the evanescent field of a tapered
optical fiber, it negatively affects the modes’ Q-factors, as visible from Fig. 5.8(b), where
the Q-factors of the SPP1 (black) and HY1 modes (blue) are plotted versus the wedge
angle Θ. Whereas only a slight decrease in Q-factor is observed for the SPP1 mode due to
its strong localization at the silver–polymer interface, the HY1 mode’s Q-factor degrades
rapidly for wedge angles Θ.20◦ owing to a strongly increased mode overlap with the
surrounding. For wedge angles Θ<15◦, the Q-factors of the HY1 mode are less than 400
and, hence, even lower than those of the SPP1 modes. These considerations hint to the
tradeoff between maximizing the Q-factor of the distinct eigenmodes and simultaneously
maximizing the field overlap with an exciting tapered-fiber eigenmodes.

Impact of silver coating thickness on modal properties of silver-coated WGM
microwedges

In the following, we analyze the impact of the silver coating thickness on the effective
refractive indices of SPP1, DE1, and HY1 modes and the Q-factors of the modes with
SPP character.
To study the dispersive behavior of SPP1, DE1, and HY1 modes under variations of the
silver coating thickness and check whether the distinct modes can be excited with a tapered
optical fiber, we plot their effective refractive indices neff in Fig. 5.9(a) versus the silver
coating thickness t. The three distinct mode types are seen to differ in their effective mode
indices and their dispersive behavior, which indicates their distinct nature. Whereas the
effective refractive index of the DE1 mode (red) is with neff≈1.3 almost invariant against
variations in the silver layer thickness, the SPP1 mode (black) shows a strong dispersion
for silver coatings being thinner than the SPP penetration depth δ2≈20 nm into silver (see
section 5.2.2). For such thin silver films, a significant part of the SPP1 mode’s evanescent
field penetrates through the silver coating into the surrounding air, as visible from the
left inset in Fig. 5.9(a), where the electric field intensity distribution of a SPP1 mode
is shown exemplarily for a 10 nm thick silver coating. Furthermore, the SPP1 mode is
seen to be strongly localized at the interface, a property that is reflected in an increased
effective mode index. Although the tighter confinement of the SPP modes together with
the strong field enhancement at the silver–air interface in the case of thin silver coatings
is beneficial, e.g., for sensing applications, their comparatively high effective refractive
indices (neff>1.5) prevent the excitation of SPP modes by means of a tapered optical
fiber. To access SPP modes in silver-coated microwedges evanescently with a tapered-
fiber eigenmode, silver coating thicknesses exceeding the SPP penetration depth δ2 into
silver are necessary, according to Fig. 5.9(a), to bring their effective refractive indices
into a regime where phase matching between fiber and resonator mode is largely fulfilled.
For such comparatively thick silver coatings, the SPP1 mode is localized at the inner
silver–polymer interface, as visible from the right inset in Fig. 5.9(a), and the effective
refractive index (neff≈1.48) approaches the one calculated for SPPs propagating along
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Figure 5.9: Impact of silver layer thickness t on effective refractive indices neff and Q-factors of
SPP1, DE1, and HY1 modes supported by the investigated microwedge [227]. (a) Differences in the
dispersive behavior of the cavity eigenmodes under variations in the silver layer thickness indicate
the distinct nature of the modes. For silver layer thicknesses smaller than the penetration depth
δ2 into silver, the effective refractive index of the SPP1 mode is highly sensitive to variations in
t. The insets show the cross-sectional electric field intensity distributions of a SPP1 mode for
t=10 nm (left) and t=100 nm (right). For thin silver layers, the SPP1 mode is strongly confined
at the interface, which is reflected in an increased effective mode index. (b) Higher Q-factors of
the modes with SPP character for thicker silver layers together with the saturation behavior favor
coating polymeric microwedges with silver layers with t&70 nm. (a) Adapted from [85].

a plane silver–polymer interface (see section 5.2). The fact that the HY1 mode (blue)
exhibits an intermediate dispersive behavior and an effective mode index saturating at
the same silver coating thickness as that of the SPP1 mode shows that it indeed emerges
from the hybridization of a DE and a SPP mode. Owing to the large field overlap of the
HY1 mode with the surrounding, the HY1 mode exhibits the smallest effective mode index
among the three distinct mode types, approaching neff≈1.1 for thick silver coatings.
These results demonstrate that silver coatings being thick compared to the penetration
depth of SPPs into silver are indispensable to access all three mode types in silver-coated
microwedges evanescently with a tapered optical fiber. Whereas phase matching between
a fiber eigenmode and the DE1 and HY1 modes can be fulfilled for all considered silver
coating thicknesses, a phase-matched excitation of the SPP1 can only be achieved for
comparatively thick silver layers.

An additional argument for coating the polymeric microwedges with a comparatively thick
silver layer is provided by Fig. 5.9(b), where the Q-factors of the modes with plasmonic
character are plotted versus the silver coating thickness t.
The Q-factors of both the SPP1 and the HY1 mode increase monotonically with increasing
silver layer thickness until they reach saturation at silver layer thicknesses beyond t≈70 nm.
The higher Q-factors for thicker silver coatings together with the fact that the modal
properties of the SPP1 and the HY1 mode are invariant against slight deviations in the
thickness of the deposited silver film far above the saturation threshold favor coating the
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resonators with silver films with thicknesses t&70 nm.
We’d like to note that although the mode volumes of SPP1 and HY1 modes slightly
increase with increasing silver film thickness until they saturate beyond t≈δ2≈20 nm, the
increase in Q-factor dominates over the increase in mode volume. Therefore, silver layers
above the saturation threshold are also beneficial to maximize the Q/V -ratio of SPP1 and
HY1 modes supported by silver-coated microwedges.

Conclusions

The results presented in this section show that phase matching of SPP modes in silver-
coated polymeric microwedges with a tapered-fiber eigenmode in the near-infrared can
only be largely fulfilled for silver coatings being thick compared to the SPP penetration
depth δ2≈20 nm into silver. From an experimental point of view, the deposition of silver
layers with thicknesses t&70 nm is beneficial, as the optical properties of SPP, DE, and
HY modes are robust against uncertainties in the deposited silver layer thickness in this
regime. Wedge angles 20◦.Θ.60◦ ensure the existence of all three mode types, while
cavity radii redge&15 µm are critical for the high optical quality of the modes.
In the light of these facts, the silver-coated microwedge shown in the scanning electron
micrograph in Fig. 5.7 with resonator radius redge=14.6 µm, wedge angle Θ=21.6◦, and
silver coating thickness t=103 nm is an ideal platform to study the modal properties of
SPP, DE, and HY modes in fiber–coupling experiments. Throughout the rest of this
chapter, we focus on this structure.

5.4 Simulation of the modal characteristics of a fabricated
silver-coated polymeric microwedge

In this section, we provide a comprehensive insight into the modal properties of the silver-
coated polymeric microwedge and develop an experimental procedure based on mode fil-
tering to selectively excite and unambiguously identify SPP, DE, and HY modes in fiber
transmission spectra.

5.4.1 Modal properties of plasmonic (SPP), dielectric (DE), and hybrid
(HY) modes

Based on Fig. 5.10, where we show the intensity distributions (left) and vector plots of the
cross-sectional electric field (right) of all experimentally relevant modes supported by the
investigated microwedge, we identify SPP, DE, and HY modes and work out differences in
their modal properties. We focus on a set of modes with resonance wavelengths λm around
1550 nm. The resonance positions λm together with the Q-factors and mode volumes V
of the respective modes are listed in Fig. 5.10.
The upper two modes in Fig. 5.10 being localized at the silver–polymer interface with
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Figure 5.10: Intensity distributions (left) and vector plots (right) of the electric field of SPP1,
SPP2, DE1, DE2, and HY1 modes with resonance wavelengths λm around 1550 nm supported by
the investigated hybrid microwedge. The distinct mode localization and polarization characteristics
together with differences in the Q-factors and mode volumes V , as calculated from the electromag-
netic energy density (Eq. 2.7), indicate the distinct nature of the various cavity eigenmodes. Taken
from [85].

one and two modal maxima in radial direction can be identified as first- and second or-
der SPP modes (SPP1 and SPP2), respectively. In accordance with SPPs propagating
along a plane silver–PMMA interface, these modes are TM-polarized. The subsequent
two modes depicted in Fig. 5.10 are mainly localized inside the polymeric resonator body.
Together with the fact that they are polarized parallel to the silver–polymer interface, it
can be concluded that these modes are of purely dielectric nature. According to their field
distribution, they can be identified as the first- and second-order DE modes (DE1 and
DE2). The mode depicted in the bottom of Fig. 5.10 with one modal maximum close to
the silver–PMMA interface and one modal maximum close to the bottom surface of the
microwedge unites the mode localization characteristic of SPP and DE modes. As this
mode is mainly polarized perpendicular to the silver–polymer interface, hinting to its SPP
character, it can be identified as the HY1 mode. Although higher-order HY modes exist
in principle, they cannot be excited experimentally owing to their small effective refractive
indices close to unity. Therefore, they are not considered in Fig. 5.10.
Comparing the intensity distributions of the different eigenmodes, we notice that the cen-
ters of gravity of the modes increasingly shift from the resonator edge toward the rotational
axis of the resonator when moving from the top to the bottom in Fig. 5.10. Whereas the
SPP1 mode is localized closest to the resonator edge, the HY1 mode is localized furthest
inside the resonator. The spatial separation of the different eigenmodes in the silver-coated
microwedge together with their distinct polarization characteristics is the foundation to
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selectively address them with the evanescent field of a tapered fiber (see section 5.5.2).
The different nature of SPP, DE, and HY modes manifests itself additionally in impor-
tant figures-of-merit, such as the Q-factor and the mode volume V . In accordance with
our expectation, the SPP modes exhibit with Q≈900 the lowest Q-factors in the system
due to large ohmic losses in the metal. Owing to the light-focusing character of SPPs,
the SPP1 and SPP2 modes exhibit with V≈1.2 µm3 and V≈1.6 µm3, however, also the
smallest mode volumes. Their mode volumes are on the order of a cubic wavelength and,
thus, significantly smaller than the mode volumes of the low-loss DE1 and DE2 modes
(V≈51.4 µm3 and V≈39.0 µm3). Since the DE1 and DE2 modes are mainly localized in-
side the PMMA, their Q-factors (Q≈6400 and Q≈4800) exceed those of the SPP modes by
an order of magnitude. The HY1 mode is, finally, seen to successfully combine the low-loss
characteristic of the DE modes with the light-focusing characteristic of SPP modes, which
is reflected in intermediate values for the Q-factor (Q≈1900) and an ultra-small mode
volume of only V≈3.2 µm3, which is close to the value obtained for SPP modes.
We’d like to emphasize that the calculation of the mode volumes relies, according to
Eq. 2.7, on the electromagnetic field energy density u(r) in dispersive media, whose elec-
tric component is proportional to the derivative of ωε(r, ω) with respect to the angular
frequency ω. Since silver is strongly dispersive at optical frequencies, the volume integral
in Eq. 2.7 is governed by the field components of an eigenmode in the silver layer. A larger
field penetration of an eigenmode into the silver layer, hence, translates to a reduced mode
volume. The differences in the mode volumes of the distinct eigenmodes are, thus, not
apparent from Fig. 5.10, where only the electric field intensity distribution and not the
electromagnetic energy density of the modes is plotted.

The systematic analysis of the modal characteristic of the fabricated silver-coated poly-
meric microwedge shows that the hybrid resonator supports various mode types with
largely disparate properties. Differences in the spectral resonance positions, Q-factors,
polarization characteristics, and mode localization can be identified as experimentally rel-
evant criteria to distinguish between the various modes observed in fiber transmission
spectra.

5.4.2 Uncertainties in simulated spectral features

However, as the simulated values for the resonance positions λm and Q-factors of the
cavity eigenmodes are highly sensitive to slight deviations in the resonator geometry and
the material properties, an unambiguous identification of resonances in fiber transmission
spectra solely based on a quantitative comparison between simulated and experimentally
observed spectral features is challenging. Uncertainties in the resonator dimension, as ex-
tracted from scanning electron micrographs, together with uncertainties in the literature
values for the silver permittivity [228–231] translate to significant errors in the calculated
resonance wavelengths and Q-factors of the cavity modes.
Whereas uncertainties in the tabulated values of the silver permittivity most strongly af-
fect the modes with SPP character, leading easily to errors in the calculated Q-factors of

101



Chapter 5. Plasmonic, dielectric, and hybrid modes in silver-coated polymeric
microwedges

the SPP modes of a few hundred in the near-IR, uncertainties in the extracted resonator
geometry drastically affect the resonance positions of all mode types. For instance, errors
in the resonator radius of ±50 nm (±3 pixel in the scanning electron micrograph) lead to
deviations in the calculated resonance positions of δλm≈±5 nm for all mode types. Errors
in the wedge angle of δΘ≈±2◦ have an even larger impact on the calculated resonance
positions and influence the spectral positions of SPP, DE, and HY modes to a different
degree. Whereas the smallest error in the resonance wavelength is observed for the SPP1
modes (δλm≈±13 nm), the resonance wavelengths of the HY1 modes are with errors as
high as δλm≈±32 nm, which is almost twice the free spectral range, most strongly affected
by uncertainties in Θ [84].
Considering these large errors in the simulated spectral features makes clear that modes
observed in fiber transmission spectra cannot be unambiguously identified by simply com-
paring simulated and measured spectral resonance positions and Q-factors. Instead, a re-
liable mode classification scheme which is robust against slight deviations in the resonator
geometry and material parameters is needed to unequivocally assign the resonances.

5.4.3 Mode filtering technique for unambiguous mode classification

By performing FEM simulations of the silver-coated microwedge which explicitly include
the coupling to a tapered fiber and applying coupled-mode theory (CMT), we developed
a reliable mode classification scheme based on mode filtering to unambiguously identify
the various eigenmodes observed in fiber transmission spectra [232]. Instead of quantita-
tively comparing simulated and experimentally determined mode properties, the proposed
mode classification scheme exploits qualitative differences in the mode localization and
propagation to classify the modes. Therefore, it is robust against slight deviations in
resonator geometry and material properties. In analogy to the experiment, the fiber in
the FEM simulations is positioned underneath the silver-free bottom surface of the res-
onator to evanescently excite the distinct cavity eigenmodes, as illustrated in Fig. 5.11.
The simulation approach used to model the joint fiber–resonator sytem is detailed in the
appendix B.1.

To efficiently excite the cavity eigenmodes of a WGM resonator with the evanescent field
of a tapered fiber, two conditions need to be fulfilled. First, the effective refractive index
of the fundamental fiber mode and the cavity mode of interest must match to ensure
a coherent energy transfer between both systems. Second, the evanescent field of the
fiber mode must substantially overlap with the evanescent field of the considered cavity
eigenmode. Therefore, both the radius of the input fiber and its position relative to the
modal maximum of the cavity mode must be carefully adjusted.
However, the distinct eigenmodes supported by the model silver-coated microwedge differ
in their effective mode indices neff and their mode localization characteristic (see Fig. 5.10).
Whereas the SPP1 mode has an effective mode index around neff=1.48, the mode indices
of the DE1 mode (neff=1.27) and the HY1 mode (neff=1.1) are notably smaller in the
considered wavelength range. Consequently, phase matching cannot be simultaneously
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Figure 5.11: Illustration of the joint fiber–resonator system used to compute fiber–resonator cou-
pling efficiencies for varying horizontal fiber positions rF. The fiber in the FEM simulations is
moved horizontally underneath the silver-free bottom surface of the hybrid microwedge at a con-
stant vertical distance of 900 nm between the fiber axis and the bottom surface of the resonator.
Tuning the horizontal fiber position rF with respect to the resonator edge is the key to selectively
address and classify the distinct cavity eigenmodes.

optimized for SPP, DE, and HY modes for a given input fiber. Furthermore, since the
centers of gravity of the distinct eigenmodes are localized at different radial positions,
accessible resonator modes and associated fiber–resonator coupling efficiencies are expected
to strongly depend on the horizontal position of the fiber relative to the resonator edge.
Assuming that coupling into SPP, DE, and HY modes is possible for the same input fiber,
moving the fiber horizontally underneath the resonator from the resonator edge toward its
rotational axis should, thus, result in a successive excitation of SPP1, SPP2, DE1, DE2,
and HY1 modes, respectively.

To verify that tuning of the horizontal fiber position is the key to unambiguously classify
the resonator modes, we derive in the appendix B.2 a method to compute the power
P transferred from an input fiber to the distinct cavity eigenmodes as a function of
the horizontal fiber position rF. The transferred power P serves as a measure for the
fiber–resonator coupling efficiency and is proportional to the dip depth of Lorentzian-
shaped resonances observed in fiber transmission spectra.
Plotting the power P transferred from an input fiber with a radius of 700 nm into dis-
tinct eigenmodes with resonance wavelengths around 1500 nm versus the horizontal fiber
position rF produces Fig. 5.12(a). The selected fiber radius corresponds to a typical fiber
radius used in the experiment. Moving the fiber horizontally underneath the resonator at
a constant vertical distance of 900 nm between the fiber axis and the bottom surface of
the resonator from the resonator edge redge=14.6 µm toward its rotation axis (rF=0 µm) is
seen to result in a successive excitation of the SPP1, SPP2, DE1, DE2, and HY1 modes,
respectively. As expected from the values for the fiber–resonator coupling constants κ
calculated in the appendix B.2, the DE1 mode is most strongly excited. From Fig. 5.12(a)
it is expected, that all the five distinct modes can be observed experimentally in fiber
transmission spectra using an input fiber with a radius around 700 nm.
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Figure 5.12: Calculated power P transferred from fibers with radii RF=700 nm (a) and RF=1 µm
(b) to distinct cavity eigenmodes of the investigated silver-coated microwedge for varying horizon-
tal fiber positions rF [232]. Moving the fiber underneath the resonator from the resonator edge
redge=14.6 µm toward the rotation axis (rF=0 µm) results in a selective and successive excitation
of SPP1, SPP2, DE1, DE2, and HY1 modes, respectively. Increasing the fiber radius alters the
relative coupling efficiencies, but not the order of appearance of the modes when tuning the fiber
position, which is the basis for a reliable mode classification in fiber–coupling experiments.

To analyze the influence of the fiber radius on the phase-matched excitation of the dis-
tinct cavity eigenmodes, we plot in Fig. 5.12(b) the results for the transferred power P
for an input fiber with a radius of 1 µm. The comparison with Fig. 5.12(a) reveals that
increasing the fiber radius favors the excitation of the SPP1 mode and the DE2 mode,
while lowering the coupling into the HY1 and the SPP2 modes. The DE1 mode is again
seen to dominate over the other modes supported by the silver-coated model microwedge.
Furthermore, increasing the fiber radius is seen to shift the point of maximal coupling for
all modes toward smaller horizontal fiber positions rF. However, and this is the basis for
a reliable mode classification in experiments, the order of appearance when moving the
fiber from the resonator edge toward the rotation axis remains unaffected.

The results presented in this section suggest that SPP, DE, and HY modes can be effi-
ciently excited with the evanescent field of a tapered fiber using operation wavelengths
in the near-infrared. Owing to differences in the modal overlap and phase matching, the
fiber–resonator coupling efficiencies differ among the distinct eigenmodes supported by the
silver-coated microwedge and their relative excitation strength is determined by the fiber
radius. Tuning the horizontal fiber position with respect to the resonator edge is seen
to result in a selective excitation of the individual eigenmodes supported by the silver-
coated microwedge, which paves the way for a clear assignment of modes observed in fiber
transmission spectra.
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5.5 Identification of SPP, DE, and HY modes in a silver-
coated polymeric microwedge in fiber–coupling experi-
ments

Exploiting the largely disparate properties of SPP, DE, and HY modes and relying on
the mode filtering technique developed in the previous section, we analyze the modal
properties of the model silver-coated polymeric microwedge in this section experimentally.
Utilizing the orthogonality of the polarization of DE modes and modes with SPP character
in combination with Q-factor differences, we first present results of polarization-dependent
measurements to gain first experimental insight into the mode spectrum of the hybrid
microwedge. We then follow the proposed mode filtering technique to unambiguously
classify the resonator modes and demonstrate the existence of SPP, DE, and HY modes.
The measurements are performed on the fiber-coupling setup introduced in section 3.3.2.
To ensure sufficient phase matching between the fundamental fiber mode and the distinct
resonator eigenmodes, an input fiber tapered down to a radius of approximately 700 nm
is used (see section 5.3.1), which is positioned underneath the silver-free bottom surface
of the resonator. The radius of the tapered fiber in the coupling region is estimated from
top-view micrographs during the experiments.

5.5.1 Polarization-dependent excitation scheme for preliminary mode
classification

As controlling the input laser polarization plays the key role to discriminate between DE
modes and modes with SPP character in the experiment, we detail in the following the
technical means to identify an optimal input laser polarization state that maximizes the
coupling into a specific eigenmode (see also section 3.3.2).
Provided that phase matching between the fiber and the resonator mode is fulfilled and that
the horizontal fiber position is properly adjusted, optimal fiber–resonator coupling occurs
if the polarization vectors of the exciting fiber field and the resonator mode coincide. If the
wavelength of the tunable laser hits the mode’s resonance wavelength, the complete power
is transferred from the fiber into the resonator mode. The respective Lorentzian-shaped dip
observed in the fiber transmission spectrum is then most strongly pronounced. Deviations
from the optimal input fiber polarization reduce the fiber–resonator coupling efficiency
and lead to higher transmitted intensities at the cavity mode’s resonance wavelength and
less pronounced dips in the transmission spectrum.
The optimal polarization of the exciting fiber field can be determined by manually rotating
the paddles of the fiber polarization controller (FPC) integrated in the fiber–coupling setup
until the transmitted intensity at the resonance wavelength of the considered cavity mode
is minimal. We’d like to emphasize that the exact polarization state of the exciting field
in the tapered fiber region cannot be deduced from the paddle configuration of the FPC
owing to the high sensitivity of the fiber polarization toward slight bending and twisting
of the fiber. Such mechanical effects might, in particular and inevitably, lead to stress-
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induced rotations of the polarization of the fiber field in regions between the tapered
area and the fiber end where the transmission through the fiber is recorded. Therefore,
conclusions regarding the direction of the polarization vector of the exciting fiber field in
the coupling region cannot be drawn. Nevertheless, statements about the relative change
of the polarization angle of the fiber field during a fiber–coupling experiment can be made
once the fiber is fixed on the optical table. In particular, rotations of the exciting fiber
field by 90◦, as needed to optimally couple light either into DE modes or modes with SPP
character, can be identified.

Let’s now turn to the results of the polarization-sensitive excitation of the eigenmodes
supported by the model silver-coated microwedge. To demonstrate that controlling the
polarization of the exciting fiber field allows to discriminate between DE modes on the
one hand and modes with SPP character on the other hand and to provide insight into
a variety of supported eigenmodes, we show in Fig. 5.13 normalized fiber transmission
spectra for three different input laser polarization states (black, red, and blue arrows)
recorded at two different horizontal fiber positions rF≈13.75 µm (highlighted in gray) and
rF≈11.50 µm (highlighted in orange).
For the fiber positioned at rF≈13.75 µm close to the resonator edge and the input polariza-
tion state denoted by two black crossed arrows, two distinct mode types with significantly
differing linewidths are observed in the transmission spectrum (black curve), ”which re-
peat spectrally according to their free spectral ranges” [85]. Rotating the polarization
angle of the exciting fiber field is seen to alter the relative excitation of both mode types.
Whereas optimal coupling for the broad resonances with Q-factors around 600 (red curve)
is obtained for the polarization state denoted by the red arrow, optimal coupling into
the spectrally sharp resonances with Q-factors up to ∼3000 (blue curve) occurs if the
polarization vector of the exciting fiber field is rotated by 90◦ (blue arrow) with respect
to the optimal polarization angle identified for the spectrally broad resonances. Due to
the orthogonality of the polarizations of both mode types, maximizing the fiber–resonator
coupling efficiency for one mode type leads to the complete disappearance of the other
mode type in the transmission spectrum. Recalling that DE modes in the silver-coated
microwedge are polarized orthogonal to the modes with SPP character (see Fig. 5.10)
and considering the observed Q-factor differences of both mode types, we can now make
statements about the input fiber polarization.
Using the vector plots of the electric fields of the distinct cavity eigenmodes depicted in
Fig. 5.10, we can conclude that the polarization vector of the exciting fiber field maxi-
mizing the coupling into the spectrally broad resonances with SPP character (red arrow)
points in a direction perpendicular to the silver–polymer interface, whereas the one opti-
mally exciting the spectrally sharp DE modes is parallel to the silver–polymer interface
(blue arrow). The polarization state denoted by the black crossed arrows corresponds to a
polarization angle of the fiber field in-between the two optimal polarization angles, thus,
leading to the excitation of both mode types. Due to deviations from the optimal coupling
conditions, the coupling into both mode types is, however, reduced for this input polar-
ization state, which is reflected in less pronounced dips in the normalized transmission
spectrum.
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Figure 5.13: Polarization-dependent excitation of eigenmodes supported by the investigated silver-
coated microwedge. Normalized transmission spectra are recorded for three different polariza-
tions of the exciting fiber field (black, red, and blue arrows) and two horizontal fiber positions
rF=13.75 µm (gray) and rF=11.5 µm (orange). Controlling the input laser polarization allows to
discriminate between modes with SPP character and DE modes. Input laser polarizations per-
pendicular to the silver–polymer interface (red arrow) result in an optimal coupling to either SPP
modes (red) or HY1 modes (magenta) – depending on the fiber position. Input laser polarizations
parallel to the interface maximize the coupling into DE modes (blue). For polarization states in-
between (black arrows), both DE modes and modes with SPP character are excited, however, with
reduced coupling efficiencies. The remarkably good correspondence between simulated (vertical
dashed lines) and experimentally observed resonance positions for a set of modes with resonance
wavelengths around 1550 nm together with the distinct Q-factor ranges of the modes allows for a
preliminary mode classification. Taken from [85].

Positioning the fiber more toward the rotation axis of the resonator (rF≈11.50 µm) and
recording transmission spectra for the same three input polarizations (highlighted in orange
in Fig. 5.13) provides further insight into the mode spectrum of the resonator. Whereas the
spectrally sharp DE modes with a polarization parallel to the silver–polymer interface are
still present in the normalized transmission spectra (black and blue curves), the spectrally
broad resonances observed for the fiber positioned close the resonator edge (rF≈13.75 µm)
cannot be excited anymore. Instead, a new mode with intermediate linewidth and Q-factor
around ∼900 appears (black and magenta curve). This mode is optimally excited for an
input polarization perpendicular to the silver–polymer interface. From its SPP character,
the intermediate Q-factor, and the fact that it is localized at smaller horizontal fiber posi-
tions rF compared to the modes with SPP character observed at rF≈13.75 µm (red curve),
we assume that this mode is the HY1 mode.

To underpin this assumption and to make a first attempt to assign the experimentally
observed resonances in Fig. 5.13 to the simulated ones, we exemplarily mark the simu-
lated resonance positions for the SPP2, DE1, DE2, and HY1 modes around 1550 nm (see
Fig. 5.10) by vertical dashed lines in Fig. 5.13. The remarkably good accordance between
the simulated and the experimentally determined resonance positions suggests that the
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resonances observed in the red spectra are the SPP2 modes, the resonances in the blue
spectra the DE1 and the DE2 modes, and the resonance in the magenta spectrum the
HY1 modes. SPP1 modes are not observed in the spectra shown in Fig. 5.13, as their
excitation requires the tapered fiber being positioned even further toward the resonator
edge.

The results presented here show that controlling the input laser polarization in fiber-
coupling experiments plays a key role to discriminate between DE modes and modes
with plasmonic character supported by the silver-coated microwedge. In combination
with the distinct Q-factor ranges of the modes observed in fiber transmission spectra and
the remarkably good correspondence between simulated and experimentally determined
resonance positions a preliminary mode assignment is possible.

5.5.2 Selective excitation and classification of cavity eigenmodes using
mode filtering

Due to uncertainties in the simulated resonance wavelengths and Q-factors (see sec-
tion 5.4.2), we apply the experimental procedure proposed in section 5.4.3 to unambigu-
ously identify the distinct eigenmodes supported by the silver-coated microwedge and
confirm the mode assignment made in Fig. 5.13. I.e., we determine the coupling efficien-
cies c between the input fiber and the distinct cavity modes as a function of the horizontal
fiber position rF.
To this end, we first identify by means of the three selected normalized transmission
spectra shown in Fig. 5.14(a) all distinct eigenmodes supported by the fabricated hybrid
microwedge. Each spectrum is recorded with an input fiber polarization which maximizes
the coupling into the respective cavity eigenmodes. The upper spectrum recorded with the
exciting fiber field being polarized perpendicular to the silver–polymer interface is recorded
close to the resonator edge (redge≈14.6 µm) at a fiber position rF≈14 µm. In addition to
the SPP2 mode (red) already observed in Fig. 5.13, a second weakly pronounced broad res-
onance with a low Q-factor of ∼350 (black) is observed, which is assumed to be the SPP1
mode. The spectra in the middle and the bottom of Fig. 5.14(a) are recorded at fiber
positions rF≈12 µm and rF≈10 µm with the exciting fiber field being polarized parallel
and perpendicular to the silver–polymer interface, respectively. These spectra reveal the
DE1 (blue), DE2 (cyan), and HY1 mode (magenta) observed already in Fig. 5.13. In the
following, we focus on the set of the five distinct modes highlighted in color in Fig. 5.14(a)
with resonance wavelengths around 1550 nm, which are marked by vertical dashed lines.

To check whether the mode assignment in Fig. 5.13 is correct and to demonstrate that
the distinct cavity modes can be selectively excited, we track the five selected modes while
moving the input fiber stepwise from the resonator edge toward the rotation axis of the
silver-coated microwedge. At each horizontal fiber position, the input laser polarization is
switched between two specific polarization states corresponding to optimal coupling into
DE modes and modes with SPP character and the respective fiber–resonator coupling effi-
ciencies c are determined from the absolute dip depth of the resonances in the normalized
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Figure 5.14: Experimental classification of resonator modes. (a) Normalized fiber transmission
spectra recorded for horizontal fiber positions rF≈14 µm (top), 12 µm (middle), and 10 µm (bot-
tom). The three spectra provide an overview of all modes supported by the silver-coated mi-
crowedge and are recorded for an input laser polarization which maximizes the coupling into the
respective modes (indicated by arrows). Simulated resonance positions for the set of modes high-
lighted in color with resonance wavelengths around 1550 nm are marked by vertical dashed lines.
(b) Tracking the five distinct modes while tuning the horizontal fiber position results in a selec-
tive excitation of the various modes. The respective fiber-position-dependent coupling efficiencies
c are plotted against the horizontal fiber position rF (dots) and fitted with Lorentzian functions
(solid lines). The excellent correspondence with the simulation results in Fig. 5.12(a) allows for an
unambiguous mode classification. Adapted from [85].

transmission spectra (see section 3.3.2 for details).
Extracting the respective fiber–resonator coupling efficiencies c for all five modes under
optimal coupling conditions as a function of the horizontal fiber position rF and fitting the
data with Lorentzian functions produces Fig. 5.14(b). As the experimentally determined
coupling efficiency c is in first order approximations proportional to the transferred power
P and as the fiber radius in the experiment is furthermore comparable to that in the
FEM simulations [Fig. 5.12(a)], the experimental results presented in Fig. 5.14(b) can be
directly compared with the simulation results shown in Fig. 5.12(a).
From the comparison it is obvious that the experimental results for the fiber-position de-
pendent coupling efficiencies c are in excellent qualitative accordance with the predictions
from the simulations. As expected, moving the fiber horizontally from the resonator edge
toward the rotation axis of the resonator results in a selective excitation of the five distinct
cavity eigenmodes, which is manifested through the five spatially separated Lorentzians in
Fig. 5.14(b). According to their order of appearance when tuning the horizontal fiber po-
sition, the five Lorentzians corresponding to the modes highlighted in color in Fig. 5.14(a)
can now be unambiguously associated with the SPP1, SPP2, DE1, DE2, and HY1 modes.
For the input fiber positioned close to the resonator edge (14 µm<rF<redge), only the
SPP1 and SPP2 modes significantly overlap with the evanescent field of the fiber mode
and can be, hence, excited. As the SPP2 mode with an effective mode index nSPP2=1.40
is better phase-matched to the fundamental fiber mode (nF=1.29) as compared to the
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SPP1 mode (nSPP1=1.48), higher coupling efficiencies are obtained for the SPP2 mode.
However, as phase matching is also for the SPP2 mode not perfectly fulfilled, the maximal
coupling efficiency c≈0.6 at the optimal horizontal fiber position rF≈13.5 µm is notably
below unity. Moving the input fiber toward smaller horizontal fiber positions rF leads to
a successive excitation of the DE1, DE2, and HY1 mode, as predicted. In the case of the
DE1 mode (nDE1=1.27) phase matching with the tapered-fiber eigenmode is almost per-
fectly fulfilled, thus, resulting in coupling efficiencies close to unity at rF≈12 µm. In line
with the simulation results, the DE2 mode with an effective refractive index nDE2=1.20 is
only weakly excited, which is reflected in the small maximal coupling efficiency c≈0.1 at
rF≈11.75 µm. Contrary to the DE2 mode, the evanescent field of the HY1 mode exhibits
a large overlap with the exciting fiber mode, which is why the maximal coupling efficiency
is with c≈0.5 at rF≈10.25 µm notably increased compared to the DE2 mode – despite the
comparatively low effective refractive index of the HY1 mode (nHY1=1.10).

We’d like to emphasize that the fiber–resonator coupling efficiencies can be further in-
creased by optimizing the radius of the tapered fiber in the coupling region. As the fiber
radius determines the effective fiber mode index [see Fig. 5.3(b)], adjusting the fiber ra-
dius allows to perfectly phase-match the individual resonator modes to the tapered-fiber’s
eigenmode. Whereas input fibers with radii around 400 nm are optimal for exciting the
low-index HY1 modes, phase-matching with the high-index SPP1 modes is best fulfilled
for thicker input fibers with radii around ∼1.5 µm. Please note that as the distinct cavity
eigenmodes notably differ in their effective refractive indices, phase matching can, however,
not be simultaneously optimized for all cavity eigenmodes.

Conclusions

The experimental results presented in this section show that SPP, DE, and HY modes
supported by the silver-coated microwedge can be unambiguously identified from fiber
transmission spectra by following the mode filtering technique developed in section 5.4.3.
Tuning the horizontal fiber position with respect to the resonator edge and controlling
the input laser polarization is seen to result in a successive and selective excitation of the
individual cavity eigenmodes, which allows to clearly and reliably assign the simulated
resonances to the experimentally observed ones. Sufficient phase matching for the the-
oretically predicted SPP1, SPP2, DE1, DE2, and HY1 modes is demonstrated using an
input fiber with a radius of ∼700 nm. As the phase-matching condition is perfectly fulfilled
for the DE1 mode, coupling efficiencies close to unity are measured. Together with the
fact that input power transfers exceeding 50% are recorded for the SPP2 and the HY1
modes, these results demonstrate that the cavity eigenmodes of differing nature cannot
only be selectively, but also efficiently excited by means of a tapered optical fiber using
pump wavelengths in the near-infrared. The fiber-coupling scheme has, hence, proven its
strength in providing a comprehensive insight into the mode spectrum of a silver-coated
polymeric microwedge.
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5.6 Summary and conclusions

In this chapter, we proposed and characterized a silver-coated polymeric WGM resonator
with wedge-like geometry which was carefully engineered to support distinct types of eigen-
modes: purely plasmonic (SPP), purely dielectric (DE), and hybrid photonic-plasmonic
(HY) modes with Q-factors exceeding a thousand and ultra-small mode volumes. Re-
garding the resonator design, special emphasis was put on the possibility to efficiently and
selectively excite the distinct mode types via the evanescent field of a tapered optical fiber.

Studying the dispersion relation and physical properties of SPPs propagating along a plane
metal–dielectric interface allowed deriving first basic guidelines for the design of metal-
coated WGM resonators. Silver was identified as suitable coating metal for polymeric
WGM resonators, as it enables a low-loss propagation of SPPs at optical frequencies. Fur-
thermore, operational wavelengths in the near-infrared were shown to be indispensable to
provide phase matching with a tapered-fiber eigenmode and, hence, allow for an efficient
excitation of these surface modes. Based on these findings, numerically efficient finite-
element method (FEM) simulations using a bent-waveguide approach were performed for
wavelengths around 1500 nm to identify a WGM resonator template which fulfills the tar-
get requirements and can be fabricated on a polymer basis. Among different polymeric
resonator types, only a WGM resonator with wedge-like geometry was shown to support
SPP, DE, and HY modes when coated with a thin silver layer from the top. The inclined
resonator edge of this specific resonator type was furthermore seen to be critical to provide
a large evanescent field overlap of the individual resonator modes with the surrounding
and to spatially separate their modal centers of gravity from each other. Both peculiarities
were essential to efficiently and selective excite SPP, DE, and HY modes in silver-coated
microwedges.
Simulating the mode spectrum of an experimentally implemented polymeric microwedge
with a ∼100 nm thick silver coating confirmed the existence of SPP, DE, and HY modes
and hinted to the largely disparate properties of the various types of eigenmodes, i.e. dif-
ferences in Q-factor, mode volume, polarization, and mode localization. With Q-factors of
almost two thousand and ultra-small mode volumes V=3.2 µm3, the HY mode was shown
to successfully combine the low-loss characteristic of DE modes with the light-focusing
characteristic of SPP modes. Uncertainties in the simulated resonance wavelengths and
the Q-factors of the various resonator modes, pointed out the need to develop a reliable
experimental procedure to unambiguously identify resonances observed in fiber transmis-
sion spectra. Performing bent-waveguide simulations that explicitly include the coupling
to an input fiber and applying coupled-mode theory, a mode classification scheme based on
mode filtering was developed that exploits qualitative differences in the mode localization
and propagation of the distinct cavity eigenmodes to reliably and unequivocally classify
them. Computing the power transferred from the input fiber into the distinct cavity eigen-
modes as a function of the horizontal fiber position showed that SPP, DE, and HY modes
in silver-coated microwedges cannot only be efficiently, but also selectively excited using
the horizontal fiber position as tuning parameter. This behavior enables a robust mode
classification in the experiment.
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Following the proposed mode filtering technique while controlling the input laser polar-
ization, the existence of SPP, DE, and HY modes was demonstrated experimentally. The
experimental results were seen to be in excellent compliance with the simulation results.
Input power transfers exceeding 50% for all three distinct mode types hinted to the effec-
tiveness of the fiber–excitation scheme, whose strength lies in effectively phase-matching
the cavity eigenmodes to the fiber mode by optimizing the fiber thickness and the mode
overlap.

The theoretical and experimental results presented in this chapter provide a comprehensive
insight into the complex mode spectrum of silver-coated microwedges and show that the
proposed mode filtering technique is a powerful tool to unambiguously identify resonances
in fiber transmission spectra. The silver-coated microwedge developed in this work is
expected to be highly promising for future works on optoplasmonic WGM microcavities
where a clear identification of distinct mode types and a selective excitation is required.
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Chapter 6

Summary and perspective

Enhancing light–matter interactions in optical whispering-gallery-mode (WGM) resonators
is of great interest not only to reach unprecedented sensitivity in biosensing applications,
but also to explore quantum effects in cavity quantum electrodynamics experiments. The
goal of this thesis was to boost light–matter interactions in polymeric WGM resonators
by hybridizing WGMs with plasmonic resonances sustained by metallic nanostructures
coupled to the WGM resonator surface. To this end, two different types of hybrid pho-
tonic–plasmonic WGM resonators with promising optical properties were designed, ex-
perimentally implemented, and optically characterized: polymeric microdisks coated with
densely packed spherical gold nanoparticles (NPs) and silver-coated polymeric WGM mi-
crowedges.

Summary and conclusions

The theoretical and experimental investigations of gold-NP-coated WGM resonators fo-
cused on answering the question whether the locally enhanced light–matter interactions
in the vicinity of plasmonic NPs can be exploited to improve the performance of WGM
resonators as bulk refractive index sensors. Providing a fundamental understanding of the
interaction between plasmonic NPs and WGMs and deriving general design guidelines on
how to maximize the sensitivity were central issues. The bulk refractive index sensitivity
(BRIS), a measure for the spatial overlap of a mode with its surrounding, was used as a
figure-of-merit to quantify the sensitivity of WGM resonators. The strategy to enhance
the BRIS of WGM resonators relied on pushing the optical field distribution of WGMs
further outside the resonator to increase the interaction with the surrounding.
To provide elementary insight into the coupling between WGMs and plasmonic resonances
sustained by plasmonic NPs, a basic model of two coupled harmonic oscillators was in-
troduced. It was shown that this simple model captures fundamental properties of hybrid
NP–WGM resonators and succeeds in mapping out a strategy on how to boost the BRIS of
WGM resonators. Both the optical properties and the sensitivity of WGMs were shown to
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strongly depend on the resonance wavelength detuning between the plasmonic resonance
and the operational WGM and the Q-factor of the plasmonic resonance. Depending on
the relative detuning, the coupling between WGMs and plasmonic resonances was demon-
strated to result either in an enhancement or a reduction in BRIS. A maximal BRIS
enhancement was predicted for operational WGMs with resonance wavelengths slightly
red detuned from the plasmonic resonance. The respective optimal detuning was the out-
come of balancing between WGM linewidth broadening and sensitivity gain. A notable
BRIS enhancement was predicted, however, only for plasmonic NPs with comparatively
high-quality plasmonic resonances and high intrinsic sensitivities significantly exceeding
that of the dielectric WGM resonator.
The results from the coupled harmonic oscillator model were verified using exact analytical
calculations of the optical and sensing properties of an idealized hybrid system comprised
of a small WGM microsphere coupled to a single artificial plasmonic NP made from a
Drude-metal. Using the concept of a Drude-metal allowed to systematically study hybrid
NP–WGM sensors. The multi-Mie simulations of the idealized hybrid system confirmed
that the BRIS of WGM resonators can be enhanced via the coupling to plasmonic NPs,
but demonstrated that the enhancement effects due to the coupling to a single plasmonic
NP are small.
To assess the impact of the number density of plasmonic NPs on the BRIS enhancement,
finite-element method (FEM) simulations of a hybrid system comprised of a state-of-the-
art polymeric microdisk coated with a huge number of randomly distributed spherical
gold NPs were performed. To efficiently simulate the hybrid system, the layer of gold
NPs covering the microdisk was treated at the level of an effective medium, i.e., mod-
eled as a homogeneous coating made from a medium with an effective permittivity. It
was demonstrated that the effective permittivity of the plasmonic coating can be easily
and widely tuned in the visible spectral range by simply adjusting the gold NP filling
fraction in the shell. This property was the key to study the impact of huge numbers
on gold NPs on the optical and sensing properties of WGMs. Again, a maximal BRIS
enhancement was predicted for operational WGMs with resonance wavelengths slightly
red detuned from the resonance of a single gold NP by approximately half the plasmonic
resonance linewidth. The BRIS of the gold-NP-coated microdisks was shown to increase
with increasing number density of gold NPs as a result of an increased mode overlap with
the surrounding. However, the beneficial effect on the BRIS due to an increased number of
gold NPs was accompanied by a strong Q-factor reduction, which drastically lowered the
sensor’s spectral resolution. It was judged that a proper sensing performance is guaran-
teed for hybrid microdisks with Q-factors >220 corresponding to gold NP filling fractions
f<0.05 (∼40 NPs/ µm2). For this largest tolerable gold NP filling fraction, a BRIS en-
hancement by a factor of ∼2 was demonstrated. The optical and sensing properties of
the gold-NP-coated microdisks were seen to be similar to those of microdisks coated with
ultra-thin homogeneous gold films with thicknesses <20 nm.
Sensing experiments on gold-NP-coated poly(methyl methacrylate) (PMMA) microdisks
with integrated laser dye pyrromethene 597 were conducted on a micro-photoluminescence
spectroscopy setup to quantify the BRIS enhancement experimentally. To ensure a reli-
able sensing performance, the gold NPs were covalently attached to the microdisk surface

114



using an immobilization scheme based on chemical vapor deposition polymerization to
activate the PMMA surface and self-assembly techniques. The improved spectral reso-
lution of active microdisks compared to their passive counterparts when operated above
the lasing threshold allowed to partly compensate for the linewidth broadening of WGMs
induced by the coupling to the lossy gold-NP coating. The lasing performance of the
hybrid microdisks was shown to strongly degrade with increasing number density of gold
NPs on the resonator surface due to increased plasmonic losses. Lasing operation in water
was possible up to a modest gold NP filling fraction f≈0.009 (∼7 NPs/ µm2), imposing an
upper bound on the achievable sensitivity enhancement in the experimental system. As
the BRIS enhancement was even for the hybrid microdisk with the largest tolerable gold
NP filling fraction quite small and on the order of the measurement error, the beneficial
effect of the gold-NP coating on the BRIS of PMMA microdisks could not be verified
experimentally.
The experimental and theoretical results combined made clear that the coupling of gold
NPs to WGM microresonators is, so far, not beneficial to improve their performance as
bulk refractive index sensors. Although theoretically a BRIS enhancement by a factor of
∼2 was predicted for microdisks coated with densely packed gold NPs, this modest en-
hancement factor cannot compensate for the strong WGM Q-factor degradation induced
by the lossy gold-NP coating. As the performance of a sensor is determined by the ratio
of sensitivity to resonance linewidth, the proposed gold-NP-coated microdisks can, hence,
not compete with their bare dielectric counterparts for what concerns bulk refractive index
sensing.

Apart from gold-NP-coated WGM resonators, another type of hybrid photonic–plasmonic
WGM resonator was developed and studied both theoretically and experimentally in this
work: a silver-coated polymeric WGM resonator with wedge-like geometry. This novel type
of resonator was carefully engineered to support modes of distinct nature, namely purely
plasmonic (SPP), purely dielectric (DE), and hybrid photonic–plasmonic (HY) modes with
high Q-factors and ultra-small mode volumes. Providing a comprehensive insight into its
mode spectrum and developing a strategy on how to efficiently and selectively excite the
individual cavity eigenmodes with the evanescent field of a tapered optical fiber was a key
issue.
Based on the analysis of fundamental physical properties of surface plasmon polaritons
(SPPs) sustained at a metal–polymer interface, first guidelines for the design of metal-
coated WGM resonators were derived. Silver was identified as a suitable coating metal
enabling a low-loss propagation of SPPs at optical frequencies. Operation wavelengths in
the near-infrared were shown to be critical to fulfill phase matching between SPP modes
and the fundamental mode of a tapered optical fiber. Optimizing the hybrid cavity design
using numerically efficient FEM simulations based on a bent-waveguide approach pointed
out the need for a silver-coated resonator with wedge-like geometry to efficiently and se-
lectively excite SPP, DE and HY modes. The wedge-like cavity geometry provides a large
evanescent field overlap of the resonator modes with the surrounding, as required for an
efficient mode excitation using tapered fibers, and is responsible for spatially separating
the centers of gravity of the different modes from each other. This peculiarity is the key
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for a selective excitation of the individual cavity eigenmodes.
PMMA microwedges with an ultra-smooth cavity surface and Q-factors on the order of
105 were fabricated using electron beam lithography together with conventional etching
techniques. A post-lithographic thermal reflow process was at the heart of the fabrication
process. It transformed lithographically structured microdisks into the desired wedge-like
geometry due to surface tension while simultaneously smoothening the resonator surface.
Electron beam physical vapor deposition was used to coat the resonator templates from
the top with an ultra-smooth ∼100 nm thick silver film, enabling the formation of high-Q
SPP modes at the polymer–silver interface.
Simulating the mode spectrum of a fabricated silver-coated PMMA microwedge demon-
strated the existence of DE, SPP, and HY modes with Q-factors exceeding a thousand
and ultra-small mode volumes V≈3.2 µm3 and hinted to the largely disparate properties
of the distinct cavity eigenmodes, i.e. differences in Q-factor, mode volume, polarization,
and mode localization. Motivated by uncertainties in simulated spectral features, an ex-
perimental procedure based on mode filtering was developed to unambiguously classify
the individual resonator modes observed in fiber transmission spectra. To this end, bent-
waveguide simulations of the joint fiber–resonator system were performed and coupled-
mode theory was applied to extract fiber-position-dependent coupling efficiencies between
the individual cavity eigenmodes and a tapered-fiber eigenmode. It was demonstrated both
theoretically and experimentally that SPP, DE, and HY modes in silver-coated polymeric
microwedges can be selectively excited by tuning the fiber position relative to the resonator
while controlling the polarization of the incoming laser light. Following this procedure
allowed for an unambiguous classification of SPP, DE, and HY modes in fiber–coupling
experiments. The experimental results were seen to be in excellent compliance with theory.
Input power transfers exceeding 50% for all three mode types demonstrated the effective-
ness of the fiber-excitation scheme, whose strength lies in effectively phase-matching the
resonator and fiber eigenmodes by optimizing the fiber thickness and the mode overlap.

Recommendations for future research

As the high intrinsic absorption of gold ultimately limits the performance of gold-NP
coated microdisks in bulk refractive index sensing, advances in material science are criti-
cal to make plasmonic-NP-coated WGM resonators competitive with their dielectric coun-
terparts. In particular, the development of novel plasmonic nanostructures with notably
higher-quality resonances and higher intrinsic BRIS values is needed to bridge the gap
between hybrid and conventional WGM resonators. Combining conventional WGM res-
onators with such tailored plasmonic NPs is considered worthy of investigation. So far,
silica–silver core–shell NPs with comparatively high-quality plasmonic resonances and
nanocrescents [135] or shape- and dispersion-engineered Ag-Ti nanohelices [131], exhibiting
one of the highest sensitivities measured to date, are among the most promising plasmonic
nanostructures.
The gold-NP-coated WGM resonators developed in this work are expected to occupy a
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privileged niche in ensemble-based sensing schemes where analytes specifically bind to the
surface of the gold NPs. Contrary to bulk refractive index sensing where the beneficial
effect of the gold NPs on the BRIS enhancement is modest due to the strong local confine-
ment of plasmonic hotspots to the immediate vicinity of gold NPs, the greatly elevated
field intensities at the gold NP surface can be directly exploited in such sensing schemes
to boost WGM signals induced by adsorbing biomolecules by several orders of magnitude.
WGM resonators coated with densely packed gold NPs or novel plasmonic NPs, thus,
hold great potential in significantly lowering the detection limit compared to conventional
WGM resonators in that field of application.
The FEM simulations of gold-NP-coated microdisks pointed out the possibility to mimick
ultra-thin homogeneous gold coatings with thicknesses <20 nm by self-assembled gold-NP
composites. Whereas the fabrication of ultra-thin gold coatings on curved dielectrics with
the homogeneity and smoothness required for practical applications is a big challenge,
a random assembly of gold NPs on arbitrarily shaped dielectrics can be achieved with
ease using self-assembly techniques. The FEM simulation results, hence, provide powerful
guidelines for the design of novel hybrid photonic–plasmonic devices whose performance
was so far restricted by the achievable quality of ultra-thin gold coatings.

The silver-coated polymeric wedge-like WGM resonators are expected to be highly promis-
ing for future works on optoplasmonic WGM resonators where a clear identification and
selective excitation of different mode types is demanded.
The differing dispersive characters of SPP, DE, and HY modes might be exploited, e.g.,
in sensing applications for self-referencing, enabling a direct determination of analyte con-
centrations from relative mode shifts.
Besides, the possibility to switch between dielectric and plasmonic excitation channels in
a controlled manner might be of great interest in cavity quantum electrodynamics experi-
ments, as it allows to tune the coupling between the resonator and an embedded quantum
emitter. In this context, it might be useful to optimize silver-coated WGM microwedges
with regard to a higher Q/V -ratio to further enhance the coupling strength between light
and matter.
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Appendix A

Immobilization of gold
nanoparticles on polymeric WGM
resonators

In the following, a protocol for the covalent immobilization of amine-functionalized spher-
ical gold nanoparticles (NPs) (NanopartzTM Inc., Loveland, CO, USA) on PMMA res-
onators coated with a thin polymeric layer containing reactive pentafluorophenyl esters
(PFP-ester) is given. The thin film coatings made from poly[(4-pentafluorophenyl ester-
p-xylylene)-co-(p-xylylene)] were fabricated at the Institute of Functional Interfaces (In-
stitut für Funktionelle Grenzflächen, IFG) at KIT by Dr. Meike König using chemical
vapor deposition (CVD) polymerization. Details regarding their fabrication can be found
in [90–93].

The provided parameters for the self-assembling of gold NPs refer to the fabrication of the
gold-NP-coated WGM microdisk investigated in section 4.5 with labeling MD0039.
In a first step, the stock suspension (2,7 nM) containing the colloidal gold NPs was diluted
in phosphate buffered saline (PBS) in a ratio of 1:150. The suspension was homogenized
by ultrasonification for 5 minutes followed by 2 minutes vigorous vortex mixing to prevent
the agglomeration of the gold NPs.
To covalently attach the amine-functionalized colloidal gold NPs to the CVD-modified
PMMA microdisks, the sample was immersed in 1 ml of the diluted gold-NP solution for
24 hours and rinsed with distilled water afterwards. The self-assembly process resulted in
a gold-NP surface density of ∼7 NPs/ µm2. Varying the concentration of the colloidal gold
NPs in the suspension or the immersion time allows to adjust the resulting NP surface
density on the resonator surface.
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Appendix B

Numerical modeling of
fiber–resonator coupling

B.1 Bent-waveguide approach to simulate fiber–resonator
system

To simulate the fiber–resonator coupling, the input fiber is positioned underneath the
silver-free bottom surface of the silver-coated microwedge at sufficiently small distances to
the resonator surface to ensure a large overlap of the evanescent fields of fiber and resonator
modes. Since introducing a straight fiber, as used in the experiment, breaks the rotational
symmetry of the system, full 3D calculations would be necessary to rigorously simulate
the fiber–resonator coupling. However, for reasons already discussed in section 5.3.1,
performing such calculations is out of the question due to tremendous computational
costs.
To efficiently simulate the fiber–resonator coupling, thus, a strategy is needed to restore the
cylindrical symmetry. Instead of considering a straight fiber, we, thus, consider a bent fiber
in the FEM simulations which is positioned concentrically below the bottom surface of the
resonator, as graphically illustrated in Fig. B.1. The problem of simulating the coupling
between a straight fiber and the resonator is then reduced to simulating the coupling
between two bent waveguides. With this approach, numerically efficient 2D simulations
using the bent-waveguide approach presented in section 5.3.1 can be performed.
Please note that this idealized system differs from the experimental system in several
aspects, which are detailed below and have to be kept in mind when mapping the simulation
results to the real fiber–resonator system.

First, since the fiber in the FEM simulations is bent, its eigenmodes experience distortions
– contrary to modes supported by a straight fiber. The smaller the radius of curvature of
the bent fiber, the larger is the distortion effect and, hence, the error in the calculations.

121



Chapter B. Numerical modeling of fiber–resonator coupling

straight fiber bent waveguide

 
WGM 

resonator

Figure B.1: Bent-waveguide approach for simulating the fiber–resonator coupling. Left: Coupling
a straight fiber (red) to the silver-coated microwedge (grey) from below, as done in experiments,
breaks the rotational symmetry. Right: To restore the symmetry and perform efficient 2D simula-
tions, the hybrid microwedge is coupled to a closed bent waveguide which is positioned concentric
to and underneath the resonator. Adapted from [85].

However, as WGMs are localized close to the resonator edge, bent fibers with radii large
compared to the operational wavelength and large compared to the fiber’s waist diameter
are needed to efficiently excite the modes. In the investigated parameter regime, distortion
effects are, thus, assumed to play a negligible role.

Second, as a further consequence of the bend, the eigenmodes of the bent fiber experience
radiation losses – contrary to modes of a straight fiber. These losses enter the imaginary
part of the bent fiber’s effective mode index neff. Since they are nonphysical, only the real
part of the effective fiber mode index containing the physical information is considered in
the calculations.

Third, further deviations from the experimental system arise from the fact that the in-
teraction length between the bent fiber and the microwedge is infinite while being finite
in the case of a straight fiber coupled to the resonator. Due to the resulting infinite in-
teraction time, the power transferred from the bent fiber to the resonator is significantly
larger than for the straight-fiber case. This effect needs to be considered when extracting
fiber–resonator coupling efficiencies for the experimental system from the bent-waveguide
simulations.

Finally, and in contrast to straight waveguides, moving the bent fiber in the FEM sim-
ulations horizontally underneath the resonator affects the bent fiber’s effective refractive
index. This can be understood as follows: Contrary to straight fibers for which the ef-
fective fiber mode index is well-defined due to the translational symmetry of the guide,
the lack of translational symmetry in bent fibers requires an alternative definition of the
effective refractive index.
For this, we utilize the cylindrical symmetry of the system. Since the Lie group of rota-
tions around an axis is parametrized by a single angle φ, the phase change δφ is given in
analogy to the translationally symmetric case as δφ=η·φ, where η can be interpreted as an
angular wave number. Defining a reference radius rref, the phase change can be rewritten
as a function of the propagation length l along a circular path of radius rref according
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to: δφ=η/rref·l. This is formally identical to the translational case when one identifies
neff=η/rref. For sufficiently large radii of curvature rF of the bent fiber, i.e. small fiber
curvatures, we expect the wave number in the center of the fiber (rref=rF) to be close to
the value neff,0 of a straight fiber. This means that η≈neff,0·rF∝rF. Therefore, for cal-
culations relative to a fixed reference radius rref, we expect a linear relation between the
fiber’s radius and its effective refractive index.

B.2 Calculation of fiber-position-dependent coupling effi-
ciencies

To verify that tuning the horizontal fiber position results in a selective excitation of the dis-
tinct eigenmodes supported by the silver-coated microwedge, we perform bent-waveguide
simulations of the joint system for varying fiber positions [232].
To this end, the fiber in the simulations is moved horizontally from the resonator edge
toward the rotation axis of the resonator at a constant vertical distance of 900 nm between
the fiber axis and the bottom surface of the resonator (see Fig. 5.11). We focus on an
input fiber with 700 nm radius and consider pump wavelengths λF=1500 nm. The index
F is used in the following to denote quantities related to the input fiber, the index R is
used to label quantities related to the resonator.
Varying the horizontal fiber position rF with respect to the resonator edge manifests an
anticrossing of the effective refractive indices neff,F and neff,R of fundamental fiber and
resonator modes, respectively. The splitting in the effective refractive indices is a signa-
ture of fiber–resonator coupling taking place and can be translated to a resonance fre-
quency splitting ∆ω by exploiting the phase-matching condition. As coupling requires the
wavenumbers of fiber and resonator mode to match, i.e. kF=kR, the effective mode indices
and resonance frequencies of both modes are related by:

neff,R · ωR = neff,F · ωF. (B.1)

Using Eq. B.1 and defining the splitting in the effective refractive indices as
∆neff=neff,R−neff,F, the resonance frequency detuning ∆ω=ωR−ωF between resonator and
fiber mode can be expressed as follows:

∆ω = −∆neff

neff,R
ωF. (B.2)

The frequency detuning ∆ω between the considered fiber eigenmode and a DE1 mode is
plotted exemplarily in Fig. B.2 as a function of the horizontal fiber position rF (red dots).
The black dashed lines in Fig. B.2 denote the effective mode indices of fiber and DE1 mode
in the absence of coupling. The upper (lower) branch corresponds to a state of the joint
fiber–resonator system where the fields of fiber and DE1 mode are polarized antiparallel
(parallel) to each other, as indicated by the arrows in the insets in Fig. B.2. The fiber
eigenmode considered in Fig. B.2 exhibits a polarization parallel to the silver–polymer
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Figure B.2: Frequency splitting between a DE1 mode and an eigenmode of a tapered fiber with
700 nm radius. Tuning the horizontal fiber position rF with respect to the resonator edge redge in
the simulations reveals a splitting ∆ω in the resonance frequencies of fiber and resonator mode,
which is a signature of fiber–resonator coupling taking place. The simulation data (red dots) are
fitted with Eq. B.2 (blue solid lines) to extract the fiber–resonator coupling efficiency κ [232]. The
upper (lower) branch corresponds to a state, where the polarization vectors of fiber and resonator
mode are antiparallel (parallel) to each other (see insets). The asymptotes representing the fiber
and resonator states in the absence of coupling are indicated by black dashed lines. Adapted
from [85].

interface, which maximizes the coupling to the DE1 mode. Since we consider eigenstates
of the coupled fiber–resonator system, there exists also a second fiber eigenmode which
is polarized orthogonal to the considered one. However, this fiber mode does not couple
to the DE1 mode due to the polarization mismatch. We’d like to note that varying the
input fiber polarization alters the relative excitation of the two fiber eigenmodes and,
thus, affects the fiber–resonator coupling efficiency. In the following calculations, only
input polarizations maximizing the coupling efficiency are considered.

To understand the anticrossing behavior and to understand how to extract fiber–resonator
coupling efficiencies from the simulation results, we apply CMT.
Assuming weak coupling between the fiber and the resonator mode, the equations of
motion for the coupled system read:

d

dt

(
aF

aR

)
=

(
0 −iκ
−iκ −i∆ω

)
·
(
aF

aR

)
. (B.3)

κ is the fiber–resonator mode coupling constant, aF and aR denote the mode amplitudes
of fiber and resonator with natural frequencies ωF and ωR=ωF+∆ω, respectively. To solve
for the natural frequencies of the coupled system, we insert the time-harmonic ansatz
aF,R∝exp(−iωFt) into Eq. B.3 and find the eigenvalues ω+ and ω−:

ω± =
∆ω

2
±

√(
∆ω

2

)2

+ κ2. (B.4)

124



B.2 Calculation of fiber-position-dependent coupling efficiencies

To fit the anticrossing data shown in Fig. B.2, Eq. B.4 must be expressed in terms of the
horizontal fiber position rF. From Eq. B.2 we know that the frequency detuning ∆ω is
proportional to ∆neff and depends, hence, linearly on the fiber position rF (see section B.1).
Since the frequency detuning ∆ω must furthermore vanish for rF=r0, ∆ω depends linearly
on the radial detuning ∆r=rF−r0:

∆ω = α · (r − r0) ∝ ∆neff, (B.5)

With the aid of Eq. B.5, the fiber–resonator mode coupling constant κ can be determined
by fitting Eq. B.4 to the anticrossing data shown in Fig. B.2 (blue solid lines). It is given
by the splitting of the eigenvalues ω± at the zero detuning position r0:

2κ = ω+(r0)− ω−(r0). (B.6)

Calculating the coupling constants κ for the different eigenmodes supported by the investi-
gated silver-coated microwedge near the considered pump wavelength yields the following
values:

κSPP1 =1.10 · 1013s−1, (B.7a)

κSPP2 =1.33 · 1013s−1, (B.7b)

κDE1 =2.05 · 1013s−1, (B.7c)

κDE2 =4.61 · 1012s−1, (B.7d)

κHY1 =1.66 · 1013s−1. (B.7e)

According to these results, the fiber–resonator coupling is strongest for the DE1 mode and
weakest for the DE2 mode if an input fiber with 700 nm radius is used for mode excitation.

To map the simulation results to the experiment, we use a transfer-amplitude formalism
and relate the calculated coupling constants κ to the power P transferred from the input
fiber to the resonator eigenmodes. P serves as an experimentally observable quantity, as it
is proportional to the dip depth of resonances observed in fiber transmission spectra. In a
first step, the power transferred from the bent fiber into the individual cavity eigenmodes
is computed. The results are then transferred to the straight-fiber case to make predictions
about fiber-position-dependent coupling efficiencies in the experimental system.
Defining the normalized fiber and resonator states as:

|F 〉 := (1, 0)T , |R〉 := (0, 1)T , (B.8)

and assuming that at the time t=t0=0 only the fiber is excited, the initial state |Ψ(t0)〉
of the coupled system can be expressed in terms of the normalized eigenstates |±〉 corre-
sponding to the eigenvalues ω± in Eq. B.4:

|Ψ(t0)〉 = |F 〉 = 〈+|F |+〉+ 〈−|F |−〉 , (B.9)

|±〉 =
1√

ω2
± + κ2

(κ, ω±)T. (B.10)
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Chapter B. Numerical modeling of fiber–resonator coupling

The time-evolution of the system is described by the time-evolution operator
U(t)=exp(−iH(t−t0)/~) with eigenstates |±〉 and eigenvalues ω±. Applying U(t) to the
initial state |Ψ(t0)〉 yields the eigenstate of the coupled system at any later time t:

|Ψ(t)〉 = U(t) |F 〉 = e−iω+t 〈+|F |+〉+ e−iω−t 〈−|F |−〉 . (B.11)

To calculate the energy E transferred from the fiber mode into a resonator mode, we
calculate the transfer amplitude T , i.e. we project the eigenstate |Ψ(t)〉 onto the resonator
state |R〉:

T := 〈R|U(t) |F 〉 =
κω+

ω2
+ + κ2

e−iω+t +
κω−

ω2
− + κ2

e−iω−t. (B.12)

Since the energy E transferred from the bent fiber into a specific eigenmode is proportional
to the absolute square of the transfer amplitude T , it can be calculated from Eq. B.12
under the assumption that no light enters or leaves the system and by neglecting fast
oscillating terms:

E ∝ |T |2 ≈
κ2ω2

+(
ω2

+ + κ2
)2 +

κ2ω2
−(

ω2
− + κ2

)2
=

2κ2

(∆ω)2 + (2κ)2
. (B.13)

To transfer the result to the experimental system, we have to consider that the interac-
tion length over which the fiber and resonator modes can exchange energy is finite for
a straight fiber, while being infinite for a bent fiber. As a consequence, energy can be
transferred from a straight fiber to the cavity eigenmodes only during a finite interaction
time ∆t=tint, which significantly reduces the amount of transferred energy compared to
the bent-fiber case. The reduction in transferred energy can be estimated from the change
the resonator’s mode amplitude aR experiences during the finite interaction time tint under
optimal coupling conditions, i.e. ∆ω=0. Assuming that the coupling length LC≈tint for
the straight fiber coupled to the resonator is much smaller than in the case of the bent fiber
(tint�κ−1), the change ∆aR in resonator amplitude can be calculated from the equations
of motion (Eq. B.3) at resonance:

∆aR = aR(t+ tint)− aR(t) ≈ κ · tint · aF. (B.14)

Pumping the fiber at constant power and assuming that the interaction time tint is almost
independent of the fiber position rF, the power P transmitted from a straight fiber into a
cavity eigenmode can be determined by combing Eq. B.13 with Eq. B.14:

P ∝ (∆aR)2 |T |2 ∝ κ2 |T |2 ≈ 2κ4

(∆ω)2 + (2κ)2
. (B.15)

From Eq. B.15 we see that the power P transferred from the straight input fiber into a
specific cavity eigenmode has a Lorentzian line shape with a FWHM determined by the
respective fiber–resonator coupling constant κ and is centered around the zero detuning
position r0.

———————–
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sis, Karlsruhe Institute of Technology (KIT) (2013).

[109] G. Brambilla, F. Xu, and X. Feng, “Fabrication of Optical Fibre Nanowires and their
Optical and Mechanical Characterisation,” Electronics Letters 42, 517–518 (2006).

[110] M. Choi, J. W. Choi, S. Kim, S. Nizamoglu, S. K. Hahn, and S. H. Yun, “Light-
guiding hydrogels for cell-based sensing and optogenetic synthesis in vivo,” Nature
photonics 7, 987–994 (2013).

[111] A. M. Ruminski, M. M. Moore, and M. J. Sailor, “Humidity-Compensating Sensor
for Volatile Organic Compounds Using Stacked Porous Silicon Photonic Crystals,”
Advanced Functional Materials 18, 3418–3426 (2008).

[112] N. Liu, M. Mesch, T. Weiss, M. Hentschel, and H. Giessen, “Infrared perfect absorber
and its application as plasmonic sensor,” Nano letters 10, 2342–2348 (2010).

[113] K. M. Mayer and J. H. Hafner, “Localized Surface Plasmon Resonance Sensors,”
Chemical Reviews 111, 3828–3857 (2011).

[114] J. Homola, “Surface Plasmon Resonance Sensors for Detection of Chemical and
Biological Species,” Chemical Reviews 108, 462–493 (2008).

[115] M. S. Luchansky and R. C. Bailey, “High-Q Optical Sensors for Chemical and Bio-
logical Analysis,” Analytical Chemistry 84, 793–821 (2012).

[116] W. Lee, Y. Sun, H. Li, K. Reddy, M. Sumetsky, and X. Fan, “A Quasi-Droplet
Optofluidic Ring Resonator Laser Using a Micro-Bubble,” Applied Physics Letters
99, 1–4 (2011).

[117] D. Gandolfi, F. Ramiro-Manzano, F. J. Aparicio Rebollo, M. Ghulinyan, G. Pucker,
and L. Pavesi, “Role of edge inclination in an optical microdisk resonator for label-
free sensing,” Sensors 15, 4796–4809 (2015).

[118] I. M. White and X. Fan, “On the performance quantification of resonant refractive
index sensors,” Optics Express 16, 1020–1028 (2008).

[119] D. S. Weiss, V. Sandoghdar, J. Hare, V. Lefèvre-Seguin, J. M. Raimond, and
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Resonatoren,” Ph.D. Thesis, Karlsruhe Institute of Technology (KIT) (2017).

[194] J. Oppermann, “Quantum Many-Body Phenomena in Optical Whispering Gallery
Mode Resonators,” Master’s Thesis, Karlsruhe Institute of Technology (KIT) (2016).

[195] H. S. Hsu, C. Cai, and A. M. Armani, “Ultra-low-threshold Er:Yb sol-gel microlaser
on silicon,” Optics Express 17, 23265–23271 (2009).

[196] V. Sandoghdar, F. Treussart, J. Hare, V. Lefèvre-Seguin, J.-M. Raimond, and
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