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Chapter 1
Introduction
Nearly a century after Einstein’s theoretical description of the process of stimulated emission in 1916 [1], which formed the basis for first experimental realizations
of lasers by Townes and Maiman in the 1960s [2, 3], the development of novel devices and applications based on lasers are nowadays still a hot topic in science and
technology [4, 5]. One of the first type of cavities used to generate coherent laser
light through stimulated emission was a so-called whispering-gallery-mode resonator, where the light is confined via repeated total internal reflection at the boundary
of the dielectric structure, forming a whispering-gallery mode (WGM). Shortly after
the first experimental realization of a laser by Maiman, Garret et al. reported in
1961 whispering-gallery-mode lasing from polished spheres made of doped calcium
fluoride with diameters in the order of several millimeters [6].
Over the last years, advances in micro- and nano-fabrication have enabled continuous
down-scaling of these whispering-gallery-mode lasers. Devices with low-threshold or
even thresholdless lasers have been proposed and demonstrated as efficient sources of
radiation that operate at room temperature and occupy a small volume on a chip [5,
7,8]. Besides the investigation of lasing, the ability to achieve an ultra-high resonator
quality in combination with a small mode volume has made WGM microcavities
highly promising for a broad range of applications and scientific research, such as
non-linear optics [9–11], cavity quantum electrodynamics (c-QED) [12–14], optical
telecommunications [15, 16] and sensing [4, 17, 18].
One of the driving technological breakthroughs leading to the broad utilization of
WGM resonators was the development of surface-tension induced cavity geometries,
which were first demonstrated for the case of microspheres made from silicon dioxide
(SiO2 ) [19,20] and later transferred to on-chip resonators in the form of microtoroids
[21, 22]. Microcavities fabricated with a surface-tension induced reflow step can
1
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possess an atomic-scale surface finish [21], which leads to extremely long photon
lifetimes in the cavities. Unfortunately, the reflow process of SiO2 has to occur with
a high-power carbon dioxide (CO2 ) laser. This process has two major disadvantages.
Firstly, the CO2 laser produces temperatures above 1000 ◦ C on the silicon chip,
which hinders the additional integration of further components onto the same wafer.
Secondly, the reflow process using laser radiation is a serial fabrication technique,
so that microtoroids can hardly be produced on a large scale.
These limitations can be overcome by the employment of thermoplastic polymers
with a low glass-transition temperature (slightly above 100 ◦ C), such as poly(methyl
methacrylate) (PMMA), as cavity material instead of SiO2 . This allows for thermal
reflow at temperatures which are around one order of magnitude lower compared to
temperatures needed for reflow of SiO2 and therefore enables large-scale fabrication
of polymeric devices [23]. Besides this, polymers have the advantage of being lowcost materials [24] which can easily be tailored for different applications, e.g., by
integration of additional functional chemical components or gain media [25].
Low material costs and large-scale fabrication in combination with a surface-tension
induced cavity geometry make the utilization of polymeric whispering-gallery-mode
resonators highly attractive for biosensing applications where the development of
disposable sensor chips is of major interest [26]. These biosensors for the label-free
detection of molecules are promising for the point-of-care diagnosis, where the entire analysis system is ideally integrated in a compact hand-held device. This high
integration level is one of the primary properties for future label-free biosensors [27].
So far, experiments with passive WGM resonators with high quality factors demonstrated a sensitivity down to the single molecule level [17]. Despite this promising
prospect of an extremely high sensitivity, the technology used for the excitation of
WGMs in passive microcavities via tapered fibers is a major drawback for the development of commercial products based on passive, on-chip devices. Tapered fibers
can degrade within hours and require a positioning precision on the nanometer scale.
One solution to overcome the aforementioned technological difficulties of operating
passive high-Q microresonators is the use of active microcavities instead of passive
ones. In addition to the possibility of using the robust free-space excitation and
detection of lasing modes, active microcavities in principle allow for an even higher
detection sensitivity compared to their passive counterparts. This originates from
the narrower linewidths achievable with active cavities due to the compensation of
propagation losses in the presence of gain [28, 29]. Therefore, in combination with
the cost advantage of polymers, efficient on-chip polymeric WGM lasers are one of
the most attractive approaches for the realization of compact systems for label-free
molecule detection.

2

To achieve a high detection sensitivity utilizing photonic microstructures, two different strategies can be pursued. Firstly, the quality of the resonator should be
maximized, which can be achieved by using surface-tension-induced microcavity geometries. This results in multiple interactions of the photons circulating in the
cavity with the analyte, leading to a high sensitivity [18]. Secondly, the spatial overlap of the optical modes with the target molecules can be increased. A promising
approach predicted in theory to enhance the light-matter interaction is the employment of two coupled resonators, referred to as a photonic molecule (PM) [30, 31].
The spatial distribution of modes in PMs can be altered compared to single cavities,
such that sufficiently small coupling-gap sizes between two microcavities can result
in a significant field enhancement in the coupling-gap region [32]. The overlap of
the optical mode with the environment is significantly enlarged in this region. This
could make photonic molecules attractive for applications besides biosensing, where
a large light-matter interaction is required, such as c-QED [31].
The objective of this work comprises the development of efficient polymeric lasers
based on whispering-gallery modes with a focus on their application for label-free
biosensing. For this, surface-tension induced resonators as well as coupled microcavities forming a photonic molecule are fabricated and characterized. The integration
of efficient gain media into polymeric microresonators is a further central point of
this work. Different experimental approaches for the integration of organic gain
materials are investigated. The lasing characteristics are analyzed experimentally
using photoluminescence spectroscopy and interpreted by comparison with results
from finite element calculations.

Organization of the thesis
This thesis is structured in six chapters. In chapter 2, a general description of the
properties of whispering-gallery modes and their occurence in optical microcavities
is given. After establishing the figures of merit of optical microcavities, such as
whispering-gallery-mode resonators, a specific type of polymeric resonator with a
goblet-like geometry, which was developed by the surface-tension-induced reflow of
PMMA microdisks, is introduced. The optical properties of these microgoblet resonators without gain medium are characterized experimentally using tapered optical
fiber coupling as well as theoretically with finite element simulations.
An efficient type of gain medium, which is promising for integration in polymeric
microcavities, are organic laser dyes. A general discussion of the properties of dye
molecules and their application as gain medium is presented in chapter 3. For the
development of polymeric microgoblet lasers, PMMA was doped with the dyes rho3
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damine 6G and pyrromethene 597, resulting in optically pumped lasers emitting at
wavelengths around 600 nm. The operation of these WGM lasers in aqueous environments allows for their application as biosensors, and the label-free detection of
proteins with microgoblet lasers is presented in the last section of this chapter.
Besides direct doping of the polymer, two different approaches for the realization of
an extrinsic gain layer on top of microgoblet resonators are investigated in chapter 4.
In the first approach, dip-pen nanolithography (DPN) is utilized to coat the cavity circumference with a molecular ink doped with laser dyes. A second approach,
which allows for low-threshold lasing, is the deposition of a gain material with high
refractive index onto the microgoblets. For this, an organic semiconductor is used.
The modification of the optical modes in the presence of a coating with high refractive index is analyzed with finite element simulations and compared to experiments
where the effect of the gain layer thickness on the lasing properties is studied.
Chapter 5 begins with an overview of the optical properties and applications of
photonic molecules and photonic-molecule lasers. Subsequently, a lithographic fabrication method for the realization of strongly coupled polymeric microdisks is presented. The lasing properties of dye-doped photonic molecules are investigated using
spatially resolved microphotoluminescence spectroscopy. This technique allows for
the direct imaging of whispering-gallery modes in photonic molecules and enables
the study of the mode localization in these structures. Finally, photonic-molecule
lasing is investigated in aqueous environments. The properties of photonic molecules for sensing applications are characterized and compared to the case of single
microcavities.
In the last chapter, the most important results of this work are summarized, conclusions are drawn, and an outlook for future research in this field is given.

4

Chapter 2
Microgoblets as whispering
galleries
This chapter begins with a general description of the properties of whispering-gallery
modes and their occurence in optical microcavities. After describing the general
properties and figures of merit of whispering-gallery resonators, a specific type of
polymeric resonator with a goblet-like geometry, which was developed and investigated in this work, is introduced. The optical properties of microgoblet resonators
without gain medium were characterized experimentally using tapered optical fiber
coupling as well as theoretically with finite element simulations. These resonators
form the basis for the realization of microcavity lasers, which is presented in the
following chapters.

2.1

Whispering-gallery modes in optical microcavities

First studies of the phenomenon of whispering galleries were reported in literatur
in the early 19th century [33] and were explained by Lord Rayleigh [34, 35] at the
beginning of the 20th century based on observations made in St. Paul’s Cathedral
in London, where accustic waves, e.g., whispers, could be heard along the whole
circumference of the gallery, due to repeated reflections on the side walls.
In the 1930s similar phenomena were proposed for electromagnetic waves at optical frequencies [36], where light waves can be confined within dielectric media
with curved boundaries, if the refractive index of the dielectric structure is larger
5
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Figure 2.1: Scanning electron micrograph of a polymeric (a) microdisk [45] and (b)
microgoblet [23].

than that of the surrounding, leading to repeated (total) internal reflections and the
interference of the light wave with itself after a roundtrip. In the case of constructive interference, the waves in resonance form a so-called whispering-gallery mode
(WGM). The simplest geometries of dielectric microcavities in which WGMs can be
excited often have a rotational symmetry, such as spheres [6, 37, 38], disks [39–41],
toroids [21,42,43] and goblets [23]. Examples of two types of WGM resonators investigated in this work are depicted in Fig. 2.1, showing scanning electron micrographs
of a polymeric microdisk and microgoblet.
For a WGM microcavity consisting of a dielectric material with rotational symmetry,
radius R and refractive index n, the simple resonance condition for a WGM with
the free-space resonance wavelength λ0 leading to constructive interference in the
cavity is
2πR = Nφ λ0 /n

(2.1)

Nφ is an integer describing the number of wavelengths of the WGM within the
circumference of the cavity and is called azimuthal mode number in the following.
In this work, the typical microcavities have radii in the order of 10 µm, which is
much larger than light at visible wavelengths. Hence, the azimuthal mode number
Nφ is much larger than one. In this mesoscopic regime, a description of WGMs by
geometric optics is also valid and leads to the same results as wave optics [44]. For
cavities without rotational symmetry, the left side of equation 2.1 can be replaced
by the circumference of the resonator.

6
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Figure 2.2: Visualization of WGMs. (a) Geometry of an ideal microdisk with coordinate
system. (b) Microscope image showing excited WGMs in a dye-doped polymeric microcavity. (c) Results of numerical simulations showing a WGM with Nφ = 80 in an ideal
microdisk. The electric field component Ez of a WGM in the (ρ, φ)-plane is depicted. The
red color indicates the maximum, the blue color the minimum field strength.

Equation 2.1 does not give any information about the spatial distribution of the
electromagnetic field of the modes. It only states that a WGM has an Nφ -fold
rotational symmetry, which is an important parameter for the classification of modes
and can be directly derived from Maxwell’s equations.
Examples of visualized WGMs in resonators with rotational symmetry are depicted
in Fig. 2.2. Fig. 2.2 (b) shows an optical microscope image of an excited WGM in a
polymeric microcavity. Simulation results of an ideal microdisk with Nφ = 80 are
depicted in Fig. 2.2 (c), where the electric field in z-direction in the (ρ, φ)-plane of
the microdisk is shown. The field distribution was obtained by numerically solving
Maxwell’s equations for the geometry of a microdisk and shows how WGMs are
confined within a curved dielectric. These examples show that the electric field is
located close to the boundary of the microcavity. Only a small fraction of the electric
field (the evanescent field) is guided out of the cavity. The evanescent field of WGMs
mediates the interaction of the mode with the environment, which is a widely used
mechanism in sensing applications [18, 27, 46, 47].
7
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2.1.1

Classification of WGMs

In addition to the above stated condition (equation 2.1) for constructive interference
along the propagation in φ-direction, WGMs with low losses have to fulfill resonance
conditions in the ρ- and z-direction in order to be entirely confined within the threedimensional microcavity. Therefore, two further mode numbers, Nρ and Nz , are
introduced to describe the confinement in the direction lateral to the propagation
to fully classify whispering-gallery resonances. Nρ and Nz denote the number of
maxima minus one of the energy density in ρ- and z-direction respectively.
Besides the order of the resonance in the three directions, the two polarization states
transverse magnetic (TM) and transverse electric (TE) lead to slightly different
resonance wavelengths and have to be distinguished. Modes with an electric field
dominantly polarized perpendicular to the (ρ, φ)-plane are called TM modes, while
modes with a magnetic field polarized perpendicular to the (ρ, φ)-plane are called
N
TE modes. The abbreviated notation for WGMs in this work will be TMNφρ ,Nz or
N

TENφρ ,Nz .
Examples of the classification of WGMs in an ideal microdisk are depicted in Fig. 2.3,
~ 2 of different TE modes in the plane φ = 0 close to
where the energy density w = |E|
the rim of the microdisk is depicted. The TE381
0,0 mode is called fundamental mode
and has the largest resonance wavelength. The other modes with more than one
maximum of the energy density in the axial (z) or radial (ρ) direction are higherorder modes.

2.1.2

Optical properties of microcavities

The spatial and temporal confinement of WGMs in optical microcavities as well as
the optical density of states strongly depends on the geometry of the resonator and,
due to the strong overlap of WGMs with the surface of the cavity, on the surface
roughness of the dielectric structure. The following section will give an overview of
the characteristic figures of merit to generally quantify the confinement of energy in
optical microcavities and to show the dependency of these figures on the geometry
of the cavity.
Mode volume
A commonly used measure for a quantitative description of the spatial confinement of
modes in microcavities is the mode volume. The mode volume describes the spatial
8
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Figure 2.3: Example of the classification of WGMs in an ideal microdisk. The images
show cross-sections of the electric energy density in the plane φ = 0 close to the outer
boundary of the microdisk.

volume inside and outside the resonator in which the main part of the energy density
of a mode is confined.
Several different definitions are common for the computation of the mode volume,
depending on the physical problem. For example, for the description of non-linear
effects other definitions of an effective mode volume are more suitable than definitions used in quantum optics [48]. In the most common definition of mode volume
Vm , it is defined as the equivalent spatial volume the mode occupies, if the energy
density w is distributed homogeneously at the maximum value wmax [48]:
R
Vm =

R
~ r)|2 dV
(~r)|E(~
w(~r) dV
h
i
=
wmax
2
~
max (~r)|E(~r)|

(2.2)

Typical units for the mode volume of microcavities are µm3 or cubic wavelengths
(λ0 /n)3 .
Free spectral range
A further quantity depending on the geometry of a microcavity is the free spectral
range δλFSR (FSR). The FSR describes the spectral distance between consecutive
longitudinal modes (Nφ and Nφ + 1) with the same Nρ and Nz mode numbers and
9
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polarization, such as the spectral spacing between fundamental modes. The FSR
of WGMS in cavities with rotational symmetry can be calcuated with equation 2.1
and is given by [49]:

δλFSR =

λ20
λ20
≈
2πRn + λ0
2πRn

(2.3)

The approximation in the last step is valid for R  λ0 and is therefore valid for all
cavities investigated in this work. Values for the FSR of optical microcavities are
typically in the order of several nanometers.
Quality factor
The quality factor (Q-factor) is one of the most important figures of merit for quantification of the temporal confinement of energy in an optical microcavity and can
generally be used to characterize the dissipation in all types of resonant systems.
The Q-factor of a mode with eigenfrequency ω0 is defined as the ratio of the stored
energy U to the dissipated power −dU/dt per cycle of the electric field and can also
be expressed by the photon lifetime τ in the cavity [50]:
Q = ω0

U
stored energy
= ω0
= ω0 τ
dissipated power
−dU/dt

(2.4)

From this equation, the time dependency of the energy U (t) stored in the cavity can
be determined:
U = U0 e−ω0 t/Q

(2.5)

This equation shows that the cavity Q-factor can be directly determined by measuring the temporal decay of the energy in so-called cavity-ringdown measurements [21].
This type of measurement is difficult to perform experimentally. An alternative and
more practical way to determine the Q-factor is the measurement of the resonance
linewidth in the frequency domain. This approach is derived and discussed in the
following.
Due to the relation U (t) ∝ E(t)2 , the time dependency of the electric field is given
by
E(t) = E0 e−ω0 t/2Q e−iω0 t
10
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Fourier transformation of equation 2.6 results in the Lorentzian-shaped intensity
distribution of the resonance
I(ω) ∝

(ω − ω0

)2

1
+ (ω0 /2Q)2

(2.7)

This Lorentzian lineshape has a full width at half maximum of δω = ω0 /Q. The
Q-factor is therefore given as

Q=

λ0
ω0
≈
δω
δλ

(2.8)

and can thus be directly inferred from the linewidth of the resonance.

Loss mechanisms in optical microcavities
The Q-factor in microcavities is limited by the three main intrinsic loss mechanisms
−1
−1
absorption (Q−1
abs ), radiation (Qrad ) and surface scattering (Qss ) as well as an extrinsic loss (Q−1
ext ), which only occurs when light is coupled into the resonator by
an external coupler, such as a tapered optical fiber or a prism, and therefore can
also be dissipated via this channel. The total Q-factor can then be expressed by the
Q-factors resulting from these individual loss mechanims via [39]

1
1
1
1
1
=
+
+
+
Q
Qabs Qrad Qss Qext
1
1
=
+
Q0 Qext

(2.9)
(2.10)

The intrinsic loss mechanisms are summarized in the intrinsic Q-factor Q0 with
−1
−1
−1
Q−1
0 = Qabs + Qrad + Qss . In the following, the physical background of these three
contributions to Q0 are discussed and an order of magnitude estimation of each
contribution for the polymeric WGMs resonators investigated in this work will be
given.
Absorption losses
The absorption of the electromagnetic wave in the dielectric cavity material can be
expressed via the complex refractive index ñ = n + iκ or the linear attenuation
coefficient α = λ/(4πκ) and limits the Q-factor as follows [51]:
11
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Figure 2.4: Calculated absorbtion-limited Q-factors Qabs in PMMA based on absorption
spectra reported in literatur [52–54]. In PMMA microcavities, the Q-factors can reach
values in the order of 108 in the visible spectral region (a) and values in the order of 106
in the infra-red wavelength region (b).

Qabs =

n
2πn
=
2κ
αλ

(2.11)

The polymers used to fabricate microcavities in this work, e.g., poly(methyl methacrylate) (PMMA), have low absorption losses and are therefore ideal dielectric
materials for the realization of high-Q microresonators. In PMMA microcavities,
the absorption-limited Q-factor Qabs can reach values in the order of 108 at visible
wavelengths and values around 106 in the infra-red wavelength region (see Fig. 2.4).
Equation 2.11 implies that extinction losses of WGMs in resonators are identical to
those of plane waves in the bulk medium. However, this approach is not accurate for
Rayleigh scattering in WGM resonators, where small fluctuations in the dielectric
constant cause scattering which is partially re-emitted into the mode [55] and hence
do not cause energy losses as high as in the bulk material. Calculations show that
Qabs of WGMs can be up to almost one order of magnitude larger than expected
from the extinction coefficient of the bulk material [55].
Radiation losses
Due to the curved surface of WGM resonators, a small fraction of the energy of the
modes is inevitably lost by radiation. In the particle picture of light, this energy
loss can be described as tunneling of photons through a potential barrier. These
radiation losses are mainly determined by the curvature of the microcavity and
12
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Figure 2.5: Scanning electron micrographs of (a) a PMMA microdisk and (b) an enlarged
section of the cavity rim showing the surface roughness caused by lithographic structuring.

therefore strongly depend on the the radius R and the azimuthal mode number Nφ
of the microcavity. From analytical calculations it can be derived that the radiationlimited Q-factor increases exponentially with Nφ . As Nφ is proportional to the radius
(equation 2.1), the same dependency of Qrad for increasing radius can be derived.
Due to the strong dependency of Qrad on the cavity geometry, cavities investigated
in this work were designed such that radiation-limited losses are negligible compared
to the other loss mechanisms. The values of Qrad were inferred from numerical simulations (see section 2.2.5). Radiation-limited Q-factors of typical WGM resonators in
this work with a radius of R = 20 µm, Nφ = 280 and wavelength λ = 600 nm are in the
order of 1016 . In general, radiation losses increase significantly when the refractive
index contrast between cavity and environment becomes smaller, e.g., if the WGM
resonators are operated in aqueous environment. The lower refractive index contrast
results in a lowered potential barrier and thus increased tunneling of photons out of
the cavity. In aqueous environment, the WGMs in PMMA microcavities with the
above mentioned geometry have radiation-limited Q-factors in the order of 108 at
wavelengths around 600 nm.
Surface-scattering losses
As discussed in the previous section, WGMs are guided in dielectric cavities due
to repeated reflections along the cavity surface. Due to the large overlap of the
electric field of WGMs with the cavity surface, imperfections along the dielectric
interface cause surface-scattering losses. Especially in lithographically structured
microcavities, surface scattering is the dominating loss mechanism due to blemishes
on the nanometer scale. An example of lithographic roughness after the fabrication
of a PMMA microdisk is depicted on the scanning electron micrographs in Fig. 2.5.
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Q-factors of polymeric microcavities after lithographic fabrication range between 104
and 106 , depending on the lithography technique [23, 45].
One possibility to reduce the influence of surface scattering is to increase the dimensions of the microcavity. Analytical calculations estimating the dependency of the
surface-scattering limited Q-factor in microdisks show that Qss is proportional to
the radius of the resonator [39] due to a smaller overlap of the WGM with the cavity
surface. However, a larger cavity radius can have disadvantages for applications
like biosensing, where a large evanescent field is desirable to gain high sensitivities [18]. Furthermore, large cavity dimensions are unwanted due to limitations in
the achievable density of integrated photonic components.
Therefore, great efforts have been made over the last years to develop techniques to
increase Q-factors of on-chip microcavities after lithographic stucturing. A major
scientific breakthrough was achieved by the introduction of a surface-tension-induced
reflow step in the post-lithographic fabrication process. Q-factors above 108 were
reported for microtoroids with a nearly atomic-scale surface finish made from silicon
dioxide (SiO2 ) microdisks via carbon dioxide (CO2 ) laser reflow [21]. This reflow
step has two major disadvantages. Firstly, the CO2 laser produces temperatures
above 1000 ◦ C on the silicon chip, which hinders the additional integration of further
components on the same wafer. Secondly, the reflow process with laser is a serial
fabrication technique where every single microtoroid has to be addressed individually
by the machining laser, so that microtoroids can hardly be produced on a large scale.
These limitations can be overcome by using thermoplastic polymers with low glasstransition temperature, such as PMMA, as cavity material instead of SiO2 . The
lithographic fabrication on PMMA microcavities is discussed in the next section.

2.2

Passive high-Q microgoblet resonators1

In this section the fabrication process involving a surface-tension induced reflow step
of PMMA microdisks, resulting in a goblet-like cavity geometry, is introduced. The
optical properties of passive microgoblets, i.e., without gain medium, such as the
Q-factor and the mode structure, are characterized by tapered optical fiber coupling
and compared to finite-element simulations. The microgoblet resonators introduced
here form the basis for the realization of WGM lasers with low lasing threshold,
which will be discussed in the next chapter.
1

The results presented in this section have been published in [23].
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Figure 2.6: Fabrication of PMMA microgoblets. After exposure (a) and development
(b) of PMMA, the silicon substrate is etched using XeF2 (c). A thermal reflow (d) then
forms the goblet-like geometry of the cavities [23].

2.2.1

Lithographic fabrication of microgoblets

The PMMA microcavities are fabricated in a four-step process that is applicable for
mass production (Fig. 2.6). In a first step a 1 µm thick PMMA layer (MicroChem
PMMA 950k A7, 7 weight-% high molecular weight PMMA dissolved in anisole) is
spin-coated on top of a silicon substrate. The sample is baked at 110◦ C in order to
reduce the solvent content. While the sample cools down, stress develops between
the PMMA and the silicon substrate due to the different thermal expansion coefficients of the two materials2 . PMMA circles can then be patterned either by UV
lithography using deep UV light (λ = 240 to 250 nm) and a quartz-chromium mask
or by electron beam (e-beam) lithography (Fig. 2.6 (a)). In this work, samples were
fabricated using e-beam lithography. After development (Fig. 2.6 (b)), the exposed
silicon substrate is isotropically etched using XeF2 , resulting in free-standing PMMA
microdisks on silicon pedestals (Fig. 2.6 (c)).
The thermal expansion coefficient at room temperature of PMMA is 300 x 106 K−1 [56] and
2.5 x 106 K−1 for silicon [57].
2
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Figure 2.7: (a) Scanning electron micrograph of an array of PMMA microgoblets, where
the bottom right resonator marked by a white rectangle was cut by focused ion beam
(FIB). (b) Enlarged micrograph of the cut microgoblet showing the cross-section of the
cavity. The resonator was coated with platinum to enable the FIB cut.

In order to take advantage of the stress in the PMMA layer, a thermal reflow step
was developed that allows the reduction of surface roughness and the formation of
the goblet-like geometry. When the PMMA islands are melted during the reflow
process, the liquid photoresist surfaces are pulled into a shape which minimizes
the energy of the system [58]. By heating the sample for 30 s on a hotplate at
a temperature of 125 ◦ C to slightly above the glass transition temperature Tg of
PMMA (Tg ≈ 100 − 110 ◦ C, depending on how strongly the molecules are crosslinked), heat is transported in a well-defined manner through the silicon pedestal
to the center of the cavity. The temperature of the PMMA being above the glass
transition temperature allows the surface tension in the PMMA layer to smoothen
the cavity surface [58]. In addition, the glass transition state enables the formation
of a goblet resonator by allowing the PMMA to relax its residual stress in the rimregion and the upper side of the disk, while the central part of the lower side is fixed
by the pedestal (Fig. 2.6 (d)). This process is self-quenching, as after the stress has
relaxed no further forces apply to the microstructure, thus further treatment on the
hotplate has no effect.
A scanning electron micrograph of an array of PMMA microgoblets after fabrication is depicted in Fig. 2.7 (a). The fact that all resonators on the substrate are
fabricated with a single reflow step clearly demonstrates the fabrication advantages
of this type of microcavity compared to silica microtoroids or microspheres. To
visualize the cross-section of the microgoblets, focused ion beam (FIB) cuts of the
microstructure were made. The resonator on the bottom right of Fig. 2.7 (a) is
marked with a white rectangle and was cut by FIB. Figure 2.7 (b) gives an enlarged
view of the resonator cross-section. One can clearly see the goblet-like geometry
16
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formed by surface tension and the relaxing of the residual stress during the reflow
process. To quantify the improvement of the thermal reflow on the optical properties
of WGMs in goblet-shaped microcavities by measurement of the Q-factor, spectra
of the resonances were recorded by evanescently coupling light into the resonator
with a tapered optical fiber. The next sections give a mathematical description of
evanescent coupling of energy into microcavities. The analytical expressions derived
in the next section explain the characteristics of the resonance features observable
in transmission measurements by tapered optical fiber coupling.

2.2.2

Resonator-waveguide coupling

Free-space excitation of whispering-gallery modes in polymeric microcavities is inefficient due to different phase velocities of waves in air and polymer. Efficient excitation of WGMs requires a phase matching of wave vectors, which can be achieved
using a tapered waveguide, where the evanescent field overlaps with the modes of
the resonator. This technique has been proven to be suitable to couple light into
on-chip microcavities [59, 60].
A mathematical description of the resonator-waveguide coupling can be given by the
coupling-of-mode formalism [61] in combination with the slowly varying amplitude
approximation. This requires that the coupling between resonator and waveguide
is weak, so that the perturbation of the resonator and waveguide mode is small. In
the case of a strong coupling, analytical treatment would require the matrix model
of the coupling amplitudes [62]. Both models yield the same results as long as
the slowly varying amplitude approximation Ec (t + T ) − Ec (t) ≈ T dtd Ec (t) holds
for the cavity field Ec (t). T is the cavity round-trip time. With the coupling-ofmodes approach, the resonator-waveguide coupling can be described by the three
parameters ω0 (resonance frequency of the cavity), 1/τ0 (intrinsic cavity losses), and
1/τex (coupling losses to the waveguide) [61]:
d
a = iω0 a −
dt



1
1
+
2τ0 2τex


a + κs

(2.12)

The resonator mode is denoted as a and the waveguide mode is denoted as s3 . The
coupling coefficient is designated as κ and can be expressed by τex using time reversal
symmetry [61]: κ2 = 1/τex .
3

2

2

The quantities a and s have different units: |a| is a normalized energy and |s| is a normalized
power.
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Figure 2.8: Scheme of waveguide-resonator coupling. A fraction of the power of the
waveguide mode s is coupled in the resonator mode a. The transmitted signal t is a
superposition of the transmitted part of s and the fraction of a, which is coupled back
from the resonator into the waveguide. (Figure adapted from [59].)

Without waveguide, the energy loss of the resonator calculated by equation 2.12 is
given by
d
1
|a|2 = − |a|2
dt
τ0

(2.13)

The intrinsic Q-factor is therefore Q = ω0 τ0 , which is consistent with equation 2.4.
Insertion of the ansatz s ∝ exp(iωt) into equation 2.12 leads to the following expression for a:
a=

κs
i(ω − ω0 ) + (2τ0 )−1 + (2τex )−1

(2.14)

The transmitted field t in the waveguide (compare Fig. 2.8) is a superposition of the
transmitted waveguide mode and the fraction of a, which is coupled back from the
resonator into the waveguide. Using energy conservation, the transmission T = |t|2
can be expressed as [61]

T =
=

−1
τex
− τ0−1 − 2i(ω − ω0 )
−1 + τ −1 + 2i(ω − ω )
τex
0
0

2

−1
Q−1
ex − Q0 − 2i(ω − ω0 )
−1
Q−1
ex + Q0 + 2i(ω − ω0 )
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The coupling-limited Q-factor Qex is determined by the amount of coupling to the
waveguide with Qex = ω0 τex . Equation 2.16 shows that the transmission spectrum around the resonance frequency ω0 recorded through an evanescently coupled waveguide has a Lorentzian-shaped linewidth. If the coupling losses are low
(Qex  Q0 ), the intrinsic cavity Q-factors Q0 can be determined from the FWHM
of the Lorentzian-shaped dip in the transmission spectrum. This regime is called
undercoupled and is used to infer the Q-factor from transmission measurements.
On the other hand, if Q0  Qex the system is overcoupled and the loaded Q-factor
−1
with Q−1
= Q−1
ex + Q0 can be significantly lower than the intrinsic Q-factor itself.
l
For Q0 = Qex , the system is critically coupled. In this case the transmission drops
to zero at the resonance frequency ω0 . The transmission vanishes due to the interference of the cavity leakage field and transmitted pump field, which exhibit equal
magnitude but a relative phase shift π [63]. The entire power in the waveguide is
dropped into the resonator and leads to a high field build-up in the cavity.
The introduced coupling coefficient κ (see section 2.2.2) and respectively Qex strongly
depend on the distance between resonator and waveguide. In experiments, this
distance has to be precisely controlled and determines the coupling regime in which
the measurement occurs. In the following section the experimental setup used for
tapered optical fiber coupling is described.

2.2.3

Experimental setup for tapered optical fiber coupling

In order to access the evanescent field of the guided fundamental mode in the core
of single-mode fibers, the fiber cladding has to be removed. Flame brushing is
a commonly used fabrication technique to manufacture tapered fibers. A small
region (about 2 mm) of the fiber is heated by a flame and pulled apart by linear
motors [64]. The tapered region has a length of several millimeters. The fundamental
mode, which is guided by the refractive index difference between core and cladding,
undergoes an adiabatic transition to an air-guided mode. This air-guided region
is used for the evanescent coupling of light into the resonator. An schematic of
a tapered optical fiber is depicted in Fig. 2.9 (a). At the start of the stretching
process, the air-guided fiber region supports multiple waveguide modes. To ensure
that the air-guided region is single mode, the intensity transmitted through the
fiber is monitored during the stretching process. Multiple modes in the air-guided
region cause an oscillating signal due to beating. Further streching of the fiber taper
reduces the number of modes until the air-guided region becomes single mode and
the oscillations in the transmitted signal disappear. Typical minimum taper-waist
diameters for single-mode tapers for wavelengths in the region of 1300 nm are 1 µm.
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Figure 2.9: Measurement setup for tapered optical fiber coupling. (a) Tapered optical
fibers have a region where the mode is guided in air after an adiabatic transition from the
core-guided region. (b) Schematic of the transmission measurement setup to characterize
WGMs in microresonators.

A schematic of the optical setup for transmission measurements is depicted in
Fig. 2.9 (b). Central elements of the setup are a tunable, external-cavity laser source
with narrow linewidth, the tapered optical fiber and the microscopes for the relative
positioning of fiber and resonator.
In order to precisely align tapered fiber and microresonator, the tapered fiber was
positioned on a five-axis positioning stage with a maximum resolution of 20 nm and
monitored by two cameras from the top and the side. A microscope image showing a top view of a tapered fiber in close vicinity to a microgoblet is depicted in
Fig. 2.10 (a). Measurement of the mode spectrum and Q-factor of the goblet resonators was performed in the 630 nm and 1300 nm wavelength region using externalcavity diode lasers (ECDL)4 . The single-mode, tunable, external-cavity laser was
connected to a single-mode optical fiber with a tapered section. While bringing
the tapered section of the fiber close to the resonator, the tunable laser was conti4

The ECDL with a tuning range from 1280 nm to 1390 nm (INTUN TL1300-B, Thorlabs) had
a linewidth of 200 kHz and the ECDL with a tuning range from 633 nm to 637 nm (TLB-6304
Velocity, New Focus) had a linewidth smaller than 300 kHz.
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Figure 2.10: Microscope images of PMMA microgoblets. (a) Top view of the tapered
fiber and the microgoblet. (b) Light from the tunable ECDL with a wavelength around
634 nm is coupled into the cavity.

nously swept and the transmitted intensity was monitored using a photodiode. The
resonator-waveguide gap was adjusted until the cavity resonances appeared as sharp
dips in the transmission spectrum and could be measured [23]. With the ECDL at
634 nm a coarse adjustment of the tapered fiber was performed by monitoring the
scattered-light in the resonator during the alignment process. Fig. 2.10 (b) shows a
microscope image for a taper-resonator distance where the laser light is coupled into
the resonator.

2.2.4

Q-factor and modal Structure of WGMs in microgoblets

Transmission spectra of microgoblet resonators were recorded with the measurement
setup described in the previous section. To minimize the influence of the measurement process itself on the cavity Q-factor, measurements were performed in the
undercoupled regime in order to ensure that coupling losses to the waveguide are
negligible with Qex  Q0 [19]. Furthermore, the power of the ECDL was kept below several µW to avoid thermal distortion of the resonance linewidth due to field
build-up in the cavity.
A typical transmission spectrum of a microgoblet with a diameter of 42 µm in the
1300 nm wavelength region is shown in Fig. 2.11 (a). The modal spectrum reveals a
repeating comb-like structure, which can be attributed to the excitation of several
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Figure 2.11: Mode spectrum and Q-factors of passive microgoblet resonators in the
1300 nm wavelength region. (a) Transmission spectrum recorded through an evanescently
coupled tapered fiber. The free spectral range of a microgoblet with a diameter of 42 µm
is 9.4 nm [23]. (b) Q-factors of the WGMs in microgoblets are as high as 3×106 in the
1300 nm wavelength region and were inferred from the FWHM of the Lorentzian fit (solid
red line) of the resonance in the undercoupled regime [65].

different tranverse modes which are spectrally separated by the free spectral range.
Differing electric field distribution of different types of transverse cavity modes5
results in differing coupling strengths. This becomes apparent in the transmission
spectrum by the varying height of the dips of different transverse modes. The free
spectral range in Fig. 2.11 (a) can be clearly identified as 9.4 nm by the spectral
separation of the resonances with the lowest value of the transmitted intensity in
the minimum6 .
Q-factors of the WGMs were inferred from the FWHM of the Lorentzian-shaped
resonances in the transmission spectrum (see equation 2.8). Figure 2.11 (b) shows a
section of the transmission spectrum around 1301 nm with two resonance dips. The
Q-factors of the WGMs here are 2×106 and 3×106 . Compared to the Q-factors of
PMMA microdisks, which are between 104 and 105 , the effective reflow step leads to
an improvement of more than one order of magnitude. These Q-factors are as high
as in replica-molded polymer microtoroids [24, 43], while the goblet microresonators
take advantage of an inexpensive, large-scale compatible fabrication technique not
needing a master array of ultrahigh-Q silica microtoroids for replica molding [23].
5

The spatial energy density distribution of the WGMs in microgoblets is discussed and visualized
in the following section using finite element simulations.
6
These resonances are most likely the fundamental modes of the cavity, as these modes possess
the largest spatial overlap of the field distribution with the fundamental mode of the tapered fiber.
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Figure 2.12: Mode spectrum of microgoblets in the 630 nm wavelength region. The free
spectral range in this wavelength region is 1.9 nm.

Due to an ultrasmooth cavity surface and efficient coupling by a tapered fiber, the
Q-factors of the goblet microcavities seem to be limited by absorption losses of
PMMA rather than surface-scattering losses. This is supported by the fact that the
values of absorption-limited Q-factors for PMMA reported in literature are around
106 [53] for wavelengths around 1300 nm (compare Fig. 2.4 (b)). These values of Qabs
are in the same order of magnitude as the measured Q-factors. This indicates that
absorption losses in the infra-red wavelength region, mainly caused by vibrational
absorption bands of PMMA [66], play a major role in the Q-factor limitation.
To further investigate the role of the different loss mechanisms in PMMA microgoblets, Q-factors were measured in the visible spectral region around 630 nm. In
this wavelength region, absorption losses of PMMA are two orders of magnitude
lower than for infra-red wavelengths [52] with Qabs ≈ 108 (compare Fig. 2.4 (a)).
Measurements in this wavelength region should therefore give insight into whether
Q-factors of microgoblets are ultimately limited by absorption of bulk PMMA or by
surface-scattering losses.
A transmission spectrum of a tapered fiber coupled to a microgoblet in the wavelength region between 633 and 637 nm is depicted in Fig. 2.12. The free spectral
range in this wavelength region was found to be 1.9 nm. The Q-factors in this wavelength region took on values as high as 2×106 . These values are as high as in the
1300 nm wavelength region. This verifies the hypothesis that absorption losses at
infra-red wavelengths play a major role in the Q-factor limitations but are not the
only contributing loss mechanism. If this were so, the Q-factor would take on values
above 108 at 630 nm. Additional losses most likely originate from surface scattering
23

Chapter 2. Microgoblets as whispering galleries
caused by dust particles on the cavity surface and a small number of remaining
surface defects from the lithographic structuring.

2.2.5

Finite element simulations of WGMs in microgoblets

For a better understanding of the measured modes and for visualization of the spatial
distribution of the excited WGMs in the microgoblets, finite element (FEM) simulations were performed to solve Maxwell’s equations for a goblet-like geometry7 .
This is a simulation method especially suitable for calculation of eigenfrequencies,
field distributions and Q-factors of dielectric structures for time-harmonic electromagnetic waves. In this work, simulations using the eigensolver JCMResonance (part
of the simulation software package JCMSuite from JCMwave) were set up in cooperation with the Zuse Institute Berlin (ZIB).
Simulation method
The simulation method based on finite elements is a frequency domain eigensolver,
which looks for solutions of Maxwell’s equations within the computational domain
that satisfy the appropriate boundary conditions at the boundary of the cavity.
Using the time-harmonic ansatz for electromagnetic waves
~ r, t) = E(~
~ r)eiωt
E(~

(2.17)

~ and
reduces Maxwell’s equations to an eigenvalue problem with the eigenvector E
the eigenvalue ω 2 [67]:
~ − ω2E
~ =0
−1 ∇ × µ−1 ∇ × E

(2.18)

This eigenvalue problem is solved numerically by dividing the computational domain
into a grid of small patches. The electromagnetic fields are then approximated by
simple polynomial functions within these patches.
The three-dimensional simulation of microgoblets with geometric dimensions in the
order of 1000 cubic wavelengths requires high computational resources. The FEM
solver JCMResonance allows for considerable reduction of computational costs by
taking advantage of the rotational symmetry of the resonator. The eigenvalues were
7

Due to the reduced symmetry of microgoblets in comparison to ideal microdisks, analytical
calculations to solve Maxwell’s equations are not straightforward.
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Figure 2.13: Two-dimensional cross-section in radial direction of the microgoblet after
the initial triangulation of the computational domain. The left boundary is the rotation
axis. The other boundaries are formed by perfectly matched layers (PML). The inset shows
an enlarged section of the cavity boundary (marked red) after three adaptive refinement
steps. The cavity-air interface has the densest number of triangles.

thus computed using cylindrical coordinates, which reduces the problem to two
dimensions. A cross-section in radial direction of the microgoblet after triangulation
of the computional domain is shown in Fig. 2.13. The left boundary in Fig. 2.13 is the
rotation axis. The other boundaries are defined by so-called perfectly matched layers
(PML). These layers allow for transparent boundary conditions and prevent artefacts
of the finite computational area, e.g., back-reflection of energy, from influencing the
solutions.
The electric fields on the triangulated computional domain were approximated by
third order polynomials. This polynomial order was found to offer the best compromise between accuracy of the solutions, computation time and memory consumption.
In order to further reduce computational costs, an adaptive mesh refinement technique is incorportated in the software. This means that the mesh is refined in areas
of the computational domain where the deviation of the electric field from the previously computed field is especially high. The accuracy of the simulation is thus
increased successively. Further information about the algorithm and the adaptive
mesh refinement technique has been presented by Pomplun et al. [67].
The computed resonance frequency has a complex value ωres = ωreal + iωimag . The
real part of the resonance frequency denotes the temporal oscillation of the elec25
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Figure 2.14: Simulated modes of a microgoblet. The intensity distribution and resonance wavelength of the WGMs were calculated with JCMResonance. The azimuthal
mode number of the presented WGMs is Nφ = 105 [23].

tromagnetic field. The imaginary part can be related to the temporal decay of the
fields and was thus used to calculate the Q-factor of the resonances computed by
finite element simulations:
Q=

ωreal
2ωimag

(2.19)

Further details of the computation algorithm for calculation of WGMs using JCMResonance can be found elsewhere [68, 69].

Simulation of WGMs in microgoblets
The exact geometry of goblet-like cavities used for the numerical modeling of WGMs
was inferred from scanning electron micrographs of fabricated microgoblets. Figure 2.14 exemplarily shows the calculated intensity distributions of the TE105
Nρ ,Nz
modes in a goblet-shaped microresonator. In this case the maximum radius was
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19.6 µm and the minimum radius (radius of the silicon pedestal) was 10.7 µm. The
order of the modes was determined by manual review of the field strength of all
three components of the electric field as well as the energy density. The electric field
component with the highest field strength determines the polarization of the mode
as defined in section 2.1.1. The spectral positions of the resonances in Fig. 2.14 are
between 1290 nm and 1530 nm. The fundamental TE105
0,0 mode is located at the rim
of the cavity and has the highest resonance wavelength. As the radial order of the
modes increases, the maximum of intensity moves towards the center of the goblet.
In the analyzed wavelength region, only one higher order axial mode (TE/TM105
2,1 )
for each polarization was found. This is accounted for by the dimension and the
refractive index of the cavity. As the thickness of the resonator is in the order of
the wavelength and the refractive index contrast between PMMA and air is only
approximately 0.5, further higher axial modes are not confined in the cavity. The
free spectral range was found to be 9.4 nm and perfectly fits to the measured free
spectral range denoted in Fig 2.11 (a). Comparison of the simulation results with
the measurements clearly indicates that the modal structure of microgoblets in the
1300 nm wavelength region is dominated by the fundamental mode and higher order
radial modes of both polarizations [23].
At wavelengths around 630 nm, the number of modes in the axial direction was found
to increase compared to the infra-red wavelength region due to a shorter wavelength.
In addition to a larger number of modes, the free spectral range changed to a value of
1.9 nm, which is in good agreement with the experimentally measured value obtained
from tapered optical fiber coupling (compare Fig. 2.12 (a)).

2.3

Summary and conclusions

In this chapter, microgoblet resonators were introduced as a type of optical microcavity which supports whispering-gallery modes. The surface-tension induced,
goblet-shaped cavity geometry was fabricated by thermal reflow of PMMA microdisks standing on silicon pedestals. The reflow process resulted in a smooth
cavity surface with a greatly reduced number of lithographic blemishes. Compared
to resonators made of SiO2 , the low glass-transition temperature of PMMA enabled
a reflow at temperatures slightly above 100 ◦ C , which is around one order of magnitude lower compared to temperatures needed for reflow of SiO2 and allows for
large-scale fabrication of these polymeric devices. The optical properties of the passive on-chip microgoblets were characterized by tapered optical fiber coupling. The
Q-factors of the PMMA cavities took on values as high as 3 × 106 at wavelengths
around 1300 nm. The high optical quality of passive, polymeric microgoblet resona27
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tors and the simple integration of gain medium within polymeric host matrices are
ideal prerequisites for the development of on-chip lasers with low thresholds, which
is presented in the next chapter.
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lasers
For the development of lasers with low threshold, an efficient gain medium with
high amplification has to be integrated within the resonator without deteriorating
the quality of the cavity. Ideally, the gain medium is distributed homogeneously
throughout the entire optical mode of the cavity to achieve a high modal gain.
For polymeric resonators, organic laser dyes fulfill these requirements due to their
good compatibility with polymeric host matrices and their high internal quantum
efficiency. This makes dyes a suitable gain medium for integration within polymeric
microgoblets.
The following chapter begins with a general discussion of the properties of dye molecules and their application as gain medium. For the development of microgoblet
lasers, PMMA was doped with the dyes rhodamine 6G and pyrromethene 597, resulting in optically pumped microgoblet lasers emitting at wavelengths around 600 nm.
The operation of these WGM lasers in aqueous environment allows for their application as label-free biosensors and the label-free detection of proteins is presented
in the last section of this chapter.

3.1

Dye laser basics

Historically, the investigation of dyes as gain medium began in the 1960s shortly after
the first experimental demonstration of a laser [70]. The first dye lasers were based
on liquid solutions of dyes, which provides several advantages compared to solidstate lasers: The liquid can be easily cooled, bleached molecules can be exchanged
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and the cost of the gain medium is relatively low compared to crystals, typically
used for solid-state lasers. Furthermore, the broad gain spectrum enables tuning
of the dye laser emission over a wide range of wavelengths [71]. Dye lasers can be
operated either continuous-wave (cw) mode [72] or with ultra-short pulses [73].
Despite the above mentioned advantages of liquid dye lasers, a lot of effort has been
made over the last years to incorperate dyes in solid-state host matrices, such as
polymers. Solid-state dye lasers have the advantages of being non-volatile, nontoxic, mechanically stable and compact [74].
Two classes of dyes which are especially suitable for the incorporation in PMMA and
possess a high efficiency are xanthene and pyrromethene (PM) [75]. Due to their
advantageous properties, dyes from these two classes are investigated in this work for
the realization of dye-doped microgoblet lasers. Before the experimental realization
of the dye-doped polymeric microcavities is presented, the following section gives
a general introduction to organic dyes and their application as gain medium in
optically-pumped lasers.

3.1.1

Chemical structure of organic dyes

Strictly speaking, a dye is an organic compound, which has a high absorption in
the visible part of the spectrum originating from several conjugated double bonds.
Therefore, dyes belong to the class of unsaturated compounds [70]. Saturated molecules without double or triple bonds only absorb light at wavelengths below 160 nm.
The energy of such photons is above the dissociation energy of most chemical bonds.
Therefore, saturated hydrocarbons are not suitable as active medium in lasers. In a
wider sense, the word dye encompasses all substances containing conjugated double
bonds, which results in absorption of wavelengths above 200 nm [70].
In contrast to single bonds (σ bonds), double and triple bonds possess additional
π electrons for binding. A simple illustration of covalent binding of π electrons is
shown in Fig. 3.1, where the chemical structure of ethene is depicted. The molecular
plane of ethene is formed by a σ bond of the hybridized sp2 orbitals. The π bond
resulting from the atomic pz orbitals forms an electron cloud above and below the
molecular plane. Like ethene, dye molecules are essentially planar and the π electrons
of the carbon atoms typically form a charge cloud above and below the the molecular
plane linked by σ bonds of the conjugated chain. An example for delocalized πelectron clouds of a simple cyanine dye is depicted in Fig. 3.2. These delocalized
π electrons determine the optical transitions of the dye molecule. This part of the
molecule is referred to as chromophore and can be described by a simplified quantummechanical model, which is discussed in the next section.
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Figure 3.1: (a) Chemical structure of ethene. (b) The molecular plane is formed by a
σ bond of the hybridized sp2 orbitals. (c) The π bond resulting from the pz orbitals forms
an electron cloud above and below the molecular plane [76].

Figure 3.2: Clouds of delocalized π electrons (marked grey) in a cyanine dye seen from
(a) above the molecular plane and (b) from the side. (Adapted from [70].)

3.1.2

Free-electron model

The delocalized π electrons are assumed to move freely within their planar distributions above and below the molecular plane. The movement is only limited by the
repulsive potential of the methyl groups at the end of the dye chain. The electrostatic potential of a single π electron moving in the field of the molecule may be
considered as constant. The electronic states of a dye molecule can therefore be
approximated to first order by those of freely moving electrons in a potential well,
shown in Fig. 3.3. Assuming that the conjugated chain has a length L, the energy
of the nth eigenstate of electrons in a dye molecule En is given by
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Figure 3.3: Potential energy of a π electron moving along the carbon chain of cyanine.
The energy states of π electrons are approximated by a model of freely moving electrons in
a potential well (dashed blue line) of length L, which is given by the length of the carbon
chain. [70].

En =

h2 n2
8mL2

(3.1)

The mass of the electron is denoted as m, Planck’s constant is h and the quantum
number n gives the number of antinodes of the eigenfunction along the chain. Each
state can be occupied by two electrons with opposite spins (Pauli principle). The
total spin of the molecular state is therefore S = 0. The molecule is in the singlet
state S0 . For a dye in the ground state with 2N electrons, the lowest N states are
filled1 . The smallest energy needed to excite the molecule is given by the energy
difference between the highest occupied state EN and the lowest unoccupied energy
state EN +1 . With equation 3.1, this energy can be calculated as
∆Emin = EN +1 − EN =

h2
(2N + 1)
8mL2

(3.2)

This equation shows that, in first approximation, the spectral position of the absorption band of dyes is given by the chain length and the number of π electrons.
This model is relatively exact for large dye molecules. For smaller molecules, further
electron correlations have to be included in the free-electron model [70].

3.1.3

Optical transitions in dye molecules

The transition from the ground state S0 to the next highest energy state S1 of the
molecule, e.g., by absorption of a photon, occurs by an electron transition from
1

N is an odd number for stable molecules. Unpaired electron states only occur in highly reactive
radicals.
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the bonding π orbital to the anti-bonding π* orbital, resulting in a change of the
electron densities, and is accompanied by vibrations of the molecule. These electronic transitions are instantaneous in comparison to time scales of vibrations of the
nuclei. The approximation that an electronic transition occurs without changes of
the nuclei positions is called Franck-Condon principle. The transitions between S0
and S1 are therefore represented by vertical lines in diagrams where the potential
energy of the electronic molecular state (often approximated as Morse potential) is
plotted as function of the nuclei distance (Fig. 3.4 (a)). The horizontal lines in the
Morse potential represent the vibrational states, which are equidistant around the
equilibrium point due to the approximately quadratic potential in this region. A
transition is more likely to occur for overlapping wavefunctions of the vibrational
states of the initial and final state and can be calculated using quantum mechanics
by evaluation of the overlap integral of these wavefunctions. After excitation into
a higher singlet level (S1 or higher), the molecule undergoes a radiationless relaxation within picoseconds into the S1,ν 0 =0 level. From this level with a lifetime of
nanoseconds, a transition into the state S0,ν6=0 under spontaneous emission of a photon (fluorescence) can occur, followed by a further non-radiative relaxation into the
S0,ν=0 state. The large number of atoms in a dye gives rise to a large number of vibration modes. The absorption and emission spectra of dye molecules are therefore
typically broadened by several tens of nanometers, as depicted in Fig. 3.4 (b). The
separation between the maximum of the absorption and of the emission spectrum is
often referred to as Stokes shift.
In addition to the above discussed singlet state with S = 0, triplet states T with
parallel electron spin (S = 1) exist for all excited electronic states. Each triplet
state is located at a slightly lower energy than the corresponding singlet state and
can not be directly excited with electromagnetic radiation from the singlet ground
state due to the selection rule ∆S = 0. Hence, singlet-singlet as well as triplettriplet transitions are allowed, while optical singlet-triplet transitions are forbidden
[77]. Nevertheless, spin-orbit coupling enables the non-radiative transition from the
singlet to the triplet manifold. This process is called intersystem crossing (ISC)
and is slow (about 100 ns) compared to the spontaneous emission lifetime. This
short spontaneous emission lifetime (several nanoseconds) of dyes can be explained
by the very large dipole matrix element (≈ eL) originating from the large spatial
delocalization of π electrons.
The π-electron distribution was also found to play a major role for ISC. It was
empirically discovered that for π-electron distributions where the electrons of the
chromophore can make a loop the triplet yield is higher than for distributions where
the loop is blocked [70]. This could be explained by an increased orbital magnetic
moment caused by circulating electrons, which increases the spin-orbit coupling. A
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Figure 3.4: (a) Potential energy of the S0 and S1 state of a molecule as function of
the internuclear distance. The vibronic levels are denoted as ν and ν’ [77]. The transitions given by the Franck-Condon principle are indicated as vertical arrows, where the
absorption of a photon is marked in blue and the emission is marked in red. (b) Resulting
absorption and emission spectrum of dye molecules. The separation between the maxima
is called Stokes shift.

second type of structural feature of dye molecules leading to increased spin-orbit
coupling was found in chromophores where elements were substituted with heavy
atoms [70].
Triplet states are extremely long-lived with lifetimes up to 100 µs due to the forbidden spin-flip transition to the ground state [77]. The radiative transition from T1 to
S0 is often referred to as phosphorescence. The above discussed optical transitions
and conversion processes between the energy states of dyes are summarized and visualized in Fig. 3.5. The application of dyes as four-level gain medium in optically
pumped lasers is discussed in the following.

3.1.4

Dyes as gain medium

The essential building blocks of a laser (acronym for light amplification of by stimulated emission of radiation) are a light amplifying medium, a resonator for optical
feedback and a pump to achieve population inversion of the gain medium. Population inversion via optical pumping is only possible in active materials based on
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Figure 3.5: Energy diagram of the important states with spin configuration and processes
involved in optical transitions of dye molecules. Solid arrows mark radiative transitions
and broken lines indicate spin-forbidden transitions. Internal conversion processes are
marked by green zig-zag lines. The four states involved in lasing are marked bold and
numbered from one to four.

emitters with more than two energy levels, such as three- or four-level systems.
Four-level gain media are especially efficient, as already the absorption of a single
photon leads to an inverted population of this emitter. Laser dyes can be treated as
four-level systems due to the vibrationally broadened electronic states. The four levels of a dye molecule involved in lasing are numbered in Fig. 3.5 from one to four2 .
In principle, population inversion could also occur between the levels involved in
phosphorescence, although lasing from these levels has not been reported yet due
to losses arising from triplet-triplet absorption [70]. The non-radiative relaxation
processes of the singlet states are much faster than the radiative transitions, which
leads to an efficient build-up of an inverted population, resulting from accumulation
of dye molecules in level 3 (S1,ν 0 =0 ) and quick depletion of level 4 with S0,ν>0 . It is
important to note that the energy difference between vibrational levels is around
125 meV, which is considerably higher than kB T ≈ 25 meV at room temperature.
The higher vibronic levels of the singlet ground state are therefore not occupied at
room temperature.

Level 2 and level 4 in Fig. 3.5 can be any of the singlet states with ν 0 > 0 and ν > 0, respectively
(see Fig 3.4).
2
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Oscillation condition of dye lasers
For lasing operation, an additional prerequisite of the gain medium besides the
correct lifetimes of the energy states is a high probability for stimulated emission.
This is expressed in the following by the stimulated emission cross-section σe (λ).
This cross-section can be calculated by the following equation [70, 78]:

σe (λ) =

λ4 f (λ)Φf
8πcn2 τ

(3.3)

The normalized photoluminescence (PL) spectrum is denoted as f (λ) and the internal quantum efficiency is Φf . The vacuum speed of light is c, n is the refractive
index of the gain medium and τ is the fluorescence lifetime of the transition. From
equation 3.3 it can be seen that the stimulated emission cross-section is essentially
governed by the PL spectrum and is several tens of nanometers broad for typical
laser dyes [70]. The values of σe for dyes are in the order of 10−16 , which is several
orders of magnitude higher than in rare-earth-doped crystals [77] and comparable
to inorganic semiconductors, such as gallium arsenide [79].
In order to derive a simple oscillation condition for dye lasers, losses of the cavity
and the self-absorption of the dye have to be considered in addition to the crosssection for stimulated emission introduced in equation 3.3. A dye molecule can be
modeled as a four-level system, where n1 is the number density (per unit volume) of
molecules in the first excited singlet state and n0 is the number density of molecules
in the ground singlet state. The total number of dye molecules per unit volume is
given by nt = n0 + n1 . To achieve lasing in a cavity with Q-factor Q including dyes
as active material, the round-trip gain must overcome the total round-trip losses at
the lasing wavelength λ [78]:
n1 σe (λ) ≥

2πn
+ n0 σa (λ)
λQ

(3.4)

The cross-section for absorption is denoted as σa (λ). A minimum fraction of molecules γ = n1 /nt has to be excited to fulfill equation 3.4, which can be rewritten
as [80]
γ(λ) ≥

2πn/(λQnt ) + σa (λ)
σa (λ) + σe (λ)

(3.5)

The right side of equation 3.5 shows that the lasing threshold of dye lasers mainly
depends on the Q-factor and the number density of dyes in the cavity. The lasing
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occurs at wavelengths where γ(λ) is minimal and can be calculated by inserting
the cross-sections of absorption and stimulated emission into equation 3.5. The fact
that a higher dye concentration results in a lower lasing threshold as predicted by
equation 3.5 is somewhat misleading due to increased dye aggregation occuring at
high concentrations, which can lead to fluorescence quenching. An overview of the
most common degradation effects in dyes is given in the following section.

Influence of triplets and degradation mechanisms in dyes
The above discussed simple model of dyes as a four-level system neglects the influence of triplet states, which can be formed from excited singlet states by intersystem
crossing (see Fig. 3.5). Triplet states reduce the lasing effeciency due to several different reasons. The most obvious reason is the depopulation of the upper lasing level
S1,ν=0 , which reduces the population inversion and thus the optical gain. Another
loss mechanism associated with triplet formation is the absorption of photons contributing to stimulated emission by excitation of higher triplets states (T1 → Tn ).
The wavelength-dependent absorption cross-section of triplet states in typical laser
dyes have significant spectral overlap with the stimulated emission cross-section and
is around one order of magnitude smaller than σe [81]. Thus, for threshold reduction
the amount of generated triplet states should be as low as possible. The population
of triplet states can be held at an extremely low level by using a pulsed pump light.
A plausible approximation for the length of pump pulses in time to avoid triplet
formation can be derived by comparing the relevant time scale of the pump pulse
with the rate of intersystem crossing. If the pumping light energy density reaches
lasing threshold in a rise time which is small compared to the reciprocal intersystem
−1
crossing rate kST
= 100 ns of dyes [82], stimulated emission occurs faster than the
formation of triplets [70]. Typical risetimes of pump pulses should therefore be in
the order of several nanoseconds [25, 83] or shorter [84].
A further negative effect originating from triplet formation is the reaction of excited
triplet states with oxygen in the environment. This photo-oxidation process leads to
irreversible quenching of dyes and is even more pronounced at higher temperatures
due to an increased mobility of the dye. The active material is heated during the
optical pumping by non-radiative relaxation processes within the dye as discussed
in section 3.1.3 [82]. This excess energy after excitation is dissipated as heat to
the surrounding of the dye. For lasers with liquid dye solutions, this problem is
overcome by continously exchanging the dye solution in the pump beam. This can
be performed either actively, using a fluidic pump [85], or, alternatively, by using
diffusion for the exchange of dye molecules, which has the advantage of being a
passive process and doesn’t require an active exchange of the solution via fluidic
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pumps [86]. In dye-doped polymers, dissipation of heat has to be as efficient as
possible to obtain high operational lifetime. For this, the dye molecules have to be
stably embedded in polymeric host matrices [74, 87], e.g., by covalent linking of dye
molecules to the polymer chain [88].
Further degradation of dyes occurs through formation of aggregates, such as dimers.
These lower the quantum yield Φf , which is given by

Φf =

τ
τsp

(3.6)

The total lifetime of the S1 state is τ and the spontaneous emission lifetime of the
S1 state is τsp . These liftimes are connected by the relation [77]

1
1
=
+ kST
τ
τsp

(3.7)

Due to the short spontaneous emission lifetime resulting from the large oscillator
strength of dyes, the total lifetime of the S1 state is approximately given by τsp .
The quantum yield of diluted dye solutions is therefore nearly unity [89]. If dyes
are prepared as densely packed solid films or in solutions with dye concentrations
above 10−3 mol/l, aggregation of dye molecules leads to severe fluorescence quenching
[82, 90]. The quantum yield Φf drops to values below 20 % for dye concentrations
above 10−2 mol/l [90]. Therefore, a separation of the dye molecules by a polymeric
host matrix is important to prevent aggregation in order to obtain a high quantum
yield.

3.2

Dye-doped microgoblet lasers

For the realization of microgoblet dye lasers, the laser dyes rhodamine 6G (rh6G) and
pyrromethene 597 (PM597) were doped into the PMMA host matrix. In the following
section, first the doping process of PMMA with rh6G as well as the optical absorption
and emission properties of the dye-doped polymer are discussed. Afterwards, the
lasing properties, such as the concentration dependent lasing threshold and emission
spectrum, of dye-doped microgoblets are presented.
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3.2.1

Rhodamine-doped PMMA

The laser dye rhodamine 6G3 (Radiant Dyes) is not directly soluble in the solvent
of PMMA (anisole), used for the fabrication of goblet resonators (section 2.2.1).
Therefore, the dye is first dissolved in ethanol and subsequently added to the resist.
To ensure a homogeneous distribution of dye molecules in the resist, the solution
is stirred for 24 hours. Dye concentrations were chosen to be low enough to ensure
that no non-radiative recombination processes from dye aggregation occur.
Absorption and fluorescence measurements of rh6G-doped PMMA films were performed to characterize the optical properties of rh6G molecules in the PMMA matrix
and to determine the absorption and stimulated emission cross-section. For this,
dye-doped PMMA was spin-coated onto cover slips. To ensure good comparability
with the emission properties of dye-doped goblets, the parameters for the fabrication
of the films with a thickness around 1 µm were the same as for the fabrication of
goblet resonators (see section 2.2.1). The measurement of the absorption between
400 and 700 nm was carried out with the spectrophotometer Cary 100 (Varian) by
measuring the intensity It transmitted through the 1 µm-thick film and comparing it
to the incoming intensity I0 . The absorbance or optical density Aλ of an absorbing
medium with molar concentration C0 and thickness d can then be determined by
the following equation:
Aλ = − log (It /I0 ) = ε(λ)C0 d

(3.8)

The molar extinction coefficient is denoted as ε. As reference signal, the absorbance
of a cover slip with a 1 µm-thick film of un-doped PMMA on a cover slip was used
to eliminate the influence of the substrate and PMMA matrix. To determine the
molar extinction coefficient from equation 3.8 from the measured absorbance, the
concentration of the dye molecules in the spin-coated film has to be known. For
this, it was assumed that 95 % of the solvents evaporate during baking of the film
after spin-coating. The absorption cross-section σa is calculated by [70]
σa (λ) = 3.85×10−21 ε(λ)

(3.9)

The calculated absorption cross-section σa of rhodamine 6G in PMMA, which was
determined with a sample containing a dye concentration of 3 µmol/g solid content,
is depicted in Fig. 3.6 (b).
The fluorescence spectrum was measured using the fluorospectrometer Fluorolog-3
3

The chemical structure of rhodamine 6G is depicted in Fig. 3.6 (a).
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Figure 3.6: (a) Chemical structure of rhodamine 6G perchlorate [91]. (b) Absorption and
emission cross-section of rhodamine 6G-doped PMMA. Furthermore, pump wavelength
and lasing band of the microgoblet lasers are indicated [25, 92].

(Horiba Jobin Yvon). The stimulated emission cross-section was
R calculated according to equation 3.3 by normalizing the fluorescence spectrum ( F (λ)dλ = 1). For
rhodamine 6G in PMMA, a quantum yield of Φf = 0.83 and a spontaneous emission
lifetime of τsp = 4 ns were reported in literature [91]. The resulting stimulated emission cross-section σe (λ) is depicted in Fig. 3.6 (b). The overall shape of the curves for
σa and σe in Fig. 3.6 (b) are in good agreement with reports in literature [70,91]. The
Stokes shift for rh6G inferred from Fig. 3.6 (b) is 21 nm. The strongest absorption
occurs at λ = 532 nm, providing ideal pumping conditions at this wavelength for microgobelet lasers fabricated with rh6G-doped PMMA. Also indicated in Fig. 3.6 (b)
is the lasing band at wavelengths between 585 and 610 nm, which is observed for
these microgoblet lasers. The lasing does not occur at the maximum of σe due to
the self-absorption of the dye in this region. A detailed discussion of the emission
properties of microgoblet lasers is presented in the following section.

3.2.2

Rhodamine-doped microgoblets

Lithographic structuring of rh6G-doped microgoblets was performed with identical
process parameters as discussed in section 2.2.1. Rhodamine molecules withstand
temperatures around 140 ◦ C without thermal destruction and bleaching [93]. Therefore, the thermal reflow step resulting in the formation of goblet-like resonators has
no influence on the functionality of the dye.
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Figure 3.7: Microphotoluminescence (µPL) setup for characterization of lasing in dyedoped microgoblets. The pump-laser beam is focused onto the sample at an angle of 45 ◦ .
Emission from the sample is collected by a microscope objective and either monitored on
a camera or spectraly analyzed on a CCD camera attached to a spectrometer.

Free-space excitation of microgoblet lasers
In order to invert the population of the dye ensemble along the circumference of
the resonator where the WGMs propagate, the pump light can be coupled into
the microcavity via tapered optical fiber coupling (see section 2.2.3). This provides
for a very efficient way to couple the pump light into the resonator and enables low
threshold lasing with efficient extraction of lasing modes out of the cavity via tapered
fiber [94]. Despite these advantages of tapered optical fiber coupling, for practical
applications free-space excitation of lasing is preferred, as alignment of the pump
beam does not require the high positioning accuracy necessary for tapered-fiber
alignment. The degradation of tapered fibers is a further drawback of this method.
Free-space pumping results in simpler setups, lower costs and increased system robustness [95], especially for lasing operation in aqueous environments. Therefore,
for characterization of the lasing in WGMs, a free-space excitation setup was used
to optically pump the dye-doped microgoblets.
The microcavities were pumped with 10 ns pulses of a frequency-doubled neodymium-doped yttrium orthovanadate (Nd:YVO4 ) laser at a pump wavelength of 532 nm
and a repetition rate of 20 Hz. Excitation pulses with lengths shorter than 100 ns
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Figure 3.8: Lasing threshold and emission spectra of rhodamine 6G-doped microgoblet
lasers. (a) Input-output curve of a microgoblet laser with a dye concentration of 3 µmol/g
solid PMMA. The lasing threshold is 3.3 nJ. Data points below and above the threshold
are marked blue and red, respectively. (b) Emission spectra corresponding to data points
in (a), where the spectra below and above the threshold are indicated in blue and red
color.

prevent triplet formation in the dye molecules, as discussed in section 3.1.4. The
pump pulses were focused onto the sample at an incident angle of 45 ◦ with respect
to the substrate normal using a lens. The excitation power was varied with a Pockels
cell in combination with a linear polarizer. The pump spot was chosen to have a
diameter of approximately 100 µm on the sample surface in order to homogeneously
pump the microgoblets. The output emission was collected perpendicular to the
resonator with a microscope objective (NA = 0.4, 20x) and either imaged on a
camera or analyzed in a spectrometer equipped with a CCD (charged coupled device)
camera4 . The overall spectral resolution was 60 pm (grating with 1200 lines/mm)
or 30 pm (grating with 2400 lines/mm). A schematic illustration of the setup for
free-space excitation is depicted in Fig. 3.7.
Lasing properties of dye-doped microgoblets5
By variation of the excitation energy of the pump laser, the output of the microcavity
lasers as a function of the pump energy was recorded. A characteristic input-output
4

Alternatively, the emission was collected in the plane of the resonator by a multi-mode fiber
and directly sent to the spectrometer [25].
5
The results presented in this section have been partly published in [25] and [92].
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Figure 3.9: Lasing spectrum of a rh6G-doped microgoblet recorded at a pump energy of
200 nJ, far above the lasing threshold.

curve of a microgoblet dye laser with a rhodamine 6G concentration of 3 µmol/g solid
PMMA is shown in Fig. 3.8 (a). The output intensity at a certain pump energy was
determined by integrating the intensity of a single lasing mode6 . The onset of lasing
was inferred from the superlinear increase of the intensity due to the transition from
spontaneous to stimulated emission, resulting in a kink of the output emission. The
lasing threshold Eth in Fig. 3.8 (a) was found to be 3.3 nJ. The corresponding lasing
spectra for increasing pump energy below and above the threshold are depicted in
Fig. 3.8 (b) by the blue and red curves, respectively. For pump energies above the
threshold, several spectrally narrow lasing peaks appear in the spectrum. The broad
gain spectrum and the small free spectral range at wavelengths around 600 nm render
the microgoblet lasers multimode. A high resolution spectrum recorded at a pump
energy far above the threshold (200 nJ) is shown in Fig. 3.9. The spectrum shows
that lasing occurs in a multitude of cavity modes. The spectral distance between
the lasing peaks is well below the free spectral range of 1.9 nm. This shows that
at wavelengths around 600 nm – in addition to the fundamental modes – several
higher order cavity modes in axial and radial direction of both polarizations are well
confined in the microgoblets and contribute to the lasing spectrum.
To investigate the effect of dye concentration on the lasing properties, such as lasing
threshold and emission spectrum, resonators containing four different concentrations
of rh6G in PMMA with 1, 3, 6 and 16 µmol/g solid PMMA were compared and the
results are discussed in the following paragraphs.
The lasing thresholds of microgoblets with the four different dye concentrations are
depicted in Fig. 3.10 (a), where an optimum dye concentration for low-threshold las6

For this, typically the lasing mode with the lowest threshold was used.
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Figure 3.10: (a) Lasing thresholds and (b) emission spectra of the lasers strongly depend
on the dye concentration. The emission spectra shift to shorter wavelengths for increasing
lasing threshold, which can be explained by the theoretical dye laser model (equation 3.5).
(c) Minimum fraction γ(λ) of dye molecules in the S1 state to achieve lasing for different
values of Q(nt )×nt [92].

ing of about 3 to 6 µmol/g solid PMMA can be inferred [92]. For higher and lower
dye concentrations, the threshold increased to Eth = 5.7 nJ and Eth = 14.5 nJ, respectively. The increasing threshold with higher dye concentration can be explained
by three effects. More dye molecules in the active region decrease the Q-factor of
the cavity due to larger scattering or absorption losses and lead to an increased
transparency condition (net gain equal to zero) because the threshold is proportional to the number of molecules in the active volume [94]. Furthermore, reduction
in the internal quantum yield of dye molecules due to stronger dye aggregation at
higher concentrations [90] can result in higher thresholds. The main reasons for the
increase of the threshold at lower dye concentrations are the reduced absorption of
pump energy in the 1 µm thick cavities using the free-space pumping scheme, along
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with a smaller amount of total gain due to the reduced number of dye molecules [92].
Not only the lasing threshold but also the spectral laser emission was influenced
by the dye concentration. Figure 3.10 (b) shows normalized emission spectra of microgoblets above the lasing threshold for the four investigated dye concentrations,
where the corresponding lasing threshold of each spectrum is denoted on the right
hand side. With increasing threshold the maximum of the gain envelope shifted to
shorter wavelengths.
This effect can be explained qualitatively using the standard model of four-level dye
lasing in a cavity, which was introduced in section 3.1.4. The model explains the
dependency of the threshold – represented by γ(λ) – for varying values of the total
number density of dye moleculs nt and the cavity Q-factor (equation 3.5). In the
regime, where losses due to surface scattering and absorption of the passive cavity
are negligible, the quality factor Q(nt ) at the lasing wavelengths is assumed to be
limited by absorption/scattering losses caused by dye molecules and is therefore
concentration dependent. For lower concentrations or lower Q-factors, γ(λ) takes
on higher values according to equation 3.5, indicating a higher lasing threshold. By
inserting the measured cross-sections σa (λ) and σe (λ) into equation 3.5, the effect
of Q-factor and dye concentration on the lasing wavelength can be studied. In
Fig. 3.10 (c), γ(λ) is plotted for different values of Q(nt ) × nt . Lower Q-factors or
dye densities cause a shift of the optimum laser wavelength (the minimum of γ(λ))
to shorter wavelengths [78, 80]. Therefore, a strong decrease in Q-factor due to
high dye concentration leads to a higher laser threshold and a blue-shifted emission
spectrum. This effect can be observed in Fig. 3.10 (b), where the maximum of the
laser spectrum of the cavity with highest dye concentration (purple curve) was clearly
blue-shifted with respect to the spectra at lower concentrations and lower thresholds
(red and black curves). For the sample with the lowest dye concentration and highest
threshold (blue curve), the spectrum was seen to shift even further towards shorter
wavelengths due to a very low number density nt resulting in a lower (Q(nt )×nt )factor compared to the other concentrations.
Although low lasing thresholds in the order of several nanojoule observed with rhodamine 6G as gain medium in PMMA microgoblets are a highly promising feature
due to the possibility of using compact pump lasers, such as laser diodes [96], utilization of this type of dye also comprises several disadvantages. One main problem
of rhodamine is the degradation due to photo-oxidation of the dye, resulting in a low
operation lifetime, which is typically in the order of 103 - 105 pump pulses for commercially available rhodamine 6G in PMMA [97]. Due to this major drawback, the
dye pyrromethene 597 as an alternative to rhodamine was integrated within the microgoblets. The optical properties of PM597-doped microgoblet lasers are presented
in the following.
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Figure 3.11: (a) Chemical structure of pyrromethene 597 [99]. (b) Normalized absorption
and emission spectrum of PM597-doped PMMA.

3.2.3

Pyrromethene-doped microgoblets

Pyrromethenes (PM) are a laser dye family, which has been developed and investigated since the end of the 1980s. These dyes emit in the green-yellow and red part
of the visible electromagnetic spectrum [98] with a high molar absorption coefficient
(around 105 M−1 cm−1 ) and a near unity fluorescence quantum yield [99]. Compared
to rhodamine, pyrromethene dyes have an improved laser performance due to three
main reasons: (1) lower triplet-triplet absorption within the emission band of the
S1 state [100]; (2) lower tendency to self-aggregate in organic solvents, avoiding fluorescence quenching of the monomer emission; and (3) higher photo-stability, which
improves the lifetime of the laser action. Owing to these advantageous properties,
PM dyes have been widely studied and their successful incorporation into different
solid matrices, e.g., polymers, sol-gels, etc., has been demonstrated [99].
From the PM family, the dye PM5977 was chosen for integration in PMMA microgoblets, due to its displaying an absorption band almost identical to that of
rhodamine 6G. This enables efficient optical excitation with a pump laser at a wavelength of 532 nm. An advantage for preparation of PM597-doped PMMA compared
to the doping of PMMA with rhodamine is the solubility of PM597 in anisole.
Therefore, an additional solvent before admixture to PMMA was not needed and
the dye was directly dissolved in the photoresist. Measurements of the absorption
and emission spectrum of a 1 µm-thick PM597-doped PMMA film were perfomed
analog to the above discussed case of rh6G. An example of a normalized absorp7

The chemical structure of pyrromethene 597 is depicted in Fig. 3.11 (a).
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Figure 3.12: (a) Input-output curve of a PM597-doped microgoblet with a lasing threshold energy of 0.5 nJ. (b) Lasing spectrum recorded at a pump energy of 1 nJ. Multimode
lasing occurs at wavelengths between 620 and 650 nm.

tion and emission spectrum of a PMMA film with a pyrromethene concentration of
13 µmol/g solid PMMA is shown in Fig. 3.11 (b). The maximum absorption occurs
at a wavelength of 525 nm and the maximum of the emission spectrum is at 568 nm.
These values are in good agreement with measurements reported in literature [99].
The resulting Stokes shift of 43 nm is twice as large as for rh6G in PMMA (section 3.2.1). The larger Stokes shift significantly increases the lasing performance in
highly concentrated PM solutions due to less reabsorption in the emission band [99].
This allows for fabrication of microgoblets with higher dye concentrations compared
to rh6G without adverse effects on the lasing threshold.
The optical characterization of the PM597-doped microgoblets was performed with
the same free-space excitation setup as for the rh6G samples (Fig. 3.7). The increase of lasing performance of PM597-doped microgoblets can clearly be seen in
Fig. 3.12. In this case, the sample contained a dye concentration of 25 µmol/g solid
PMMA. The input-output curve with a lasing threshold energy of 0.5 nJ is shown
in Fig. 3.12 (a). This is an improvement by a factor of six compared to the lowest
observed threshold (3 nJ) of rh6G-doped microgoblets and can be attributed to the
above discussed advantageous properties of pyrromethene dyes.
Lasing in PM597-doped microgoblets occurs at wavelengths between 620 and 650 nm.
A lasing spectrum recorded at a pump energy of 1 nJ is shown in Fig. 3.12 (b). The
gain spectrum is clearly red-shifted compared to the emission of rhodamine 6G-doped
microgoblets (Fig. 3.9). A spectral distance of 2 nm between lasing modes can be
partly identified in the spectrum, e.g., the distance between the two peaks on the
right hand side of Fig. 3.12 (b), which corresponds to the free spectral range of the
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Figure 3.13: Shift of the lasing wavelength of a microgoblet laser for a temperature
increase from 25 to 65 ◦ C. A temperature difference of 40 ◦ C results in a blue shift of the
lasing wavelength of about 1.4 nm, due to the negative thermo-optic coefficient of PMMA.

cavity. At low pump energy, lasing most likely takes place in the fundamental cavity
modes of both polarizations due to the highest modal gain compared to higher-order
modes of the cavity.

Temperature dependency and operational lifetime of PM597-doped microgoblets
For possible future application of microgoblet lasers, temperature dependency and
the operational lifetime are important quantities to characterize. These two application-oriented aspects of the operation of microgoblet lasers are discussed in the
following paragraphs.
The effect of a temperature change on the wavelength of a laser depends on the temperature dependency of the cavity resonances. In the simplest case, resonances in
polymeric microcavities are influenced by two effects: the temperature dependency of
the refractive index and the thermal expansion of the cavity material. PMMA has a
large (negative) thermo-optic coefficient dn/dT = −105×10−6 /K [101], which is more
than two orders of magnitude larger than in silica (dn/dT = 0.55×10−6 /K [102]).
An increasing temperature of the cavity should therefore result in a decrease of the
refractive index and a blue shift of the resonance wavelength. Besides causing a
decrease of the refractive index, increasing temperature also leads to expansion of
the cavity material, which is described by the (positive) linear thermal expansion
coefficient α, and leads to a red shift of the resonance. For PMMA, the thermal
expansion coefficient has a value of α = 68×10−6 /K [101]. In a first order approx48

3.2 Dye-doped microgoblet lasers

imation the influence of both temperature effects on the resonance wavelength can
be calculated by the following equation [102, 103]:

λ(∆T ) = λ0




dn
/n ∆T
1+ α+
dT

(3.10)

The reference wavelength without temperature change ∆T is denoted as λ0 and
the refractive index of the cavity material is n. If α and dn/dT are assumed to be
temperature independent, equation 3.10 predicts a linear temperature dependency
of the resonance wavelength.
To experimentally measure the temperature dependency of the lasing wavelength
of PM597-doped microgoblets, the sample holder was equipped with a resistance
thermometer (PT100) in combination with a Peltier element. The Peltier element
was used to heat the sample to a temperature above room temperature. The electric
current applied to the Peltier element was regulated by a proportional-derivativeintegral (PID) controller to precisely control the temperature to an accuracy of
0.1 ◦ C. The temperature dependency of a laser wavelength of an optically pumped
microgoblet is depicted in Fig. 3.13. For temperatures between 25 and 40 ◦ C the
wavelength decreases linearly with a slope of -59 pm/ ◦ C, caused by the negative
thermo-optic coefficient of PMMA. Above 40 ◦ C the slope of λ(T ) changes to a
value of -14 pm/ ◦ C, which is about a factor of four lower compared to temperatures below 40 ◦ C. This strong change of the temperature dependency of the cavity
resonances above 40 ◦ C was also observed for passive microgoblets and cannot be
explained solely by including the thermal expansion and thermo-optic effect in equation 3.10 [104]. A possible explanation for the deviation from equation 3.10 could be
mechanical stress, which is deposited in the PMMA layer during the fabrication
process (see section 2.2.1) and gives rise to birefringence within the cavity. This
stress relaxes for temperatures above 40 ◦ C, which changes the optical anisotropy
within the PMMA layer [104], leading to strongly reduced temperature dependency
of the lasing wavelength. This smaller temperature dependency is an advantage for
applications requiring tracking of the lasing wavelength, as thermal fluctuations add
noise to the spectral position of the laser line.
The second important aspect for the usability of microgoblet dye lasers in applications, such as biosensing, is the operational lifetime. Photo-oxidation of dyes embedded in solid matrices is typically the biggest issue for this type of solid-state laser (see
section 3.1.4) [82, 100]. To investigate the operational lifetime of the PM597-doped
microgoblets developed in this work, the emission spectrum of a PM597-doped microgoblet was measured during a time span of several hours using the free-space
excitation setup (Fig. 3.7). Emission spectra were recorded continuously with an
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Figure 3.14: Emission spectrum of a PM597-doped microgoblet laser as function of the
number of pump pulses. Lasing after more than 2×106 pump pulses could be observed
and demonstrates the high operational lifetime of these lasers.

integration time of one second by pumping the microgoblet laser with a repetition
rate of 100 Hz at a pump energy of several nanojoule. The lasing spectrum as function of the number of pump pulses is depicted in Fig. 3.14. After around 0.5×106
pump pulses, a blue shift of the envelope of the emission spectrum becomes apparent. This could be contributed to a bleaching of dyes, which are embedded loosely
within the PMMA matrix, resulting in a shift of the gain spectrum to shorter wavelengths due to a decreasing number density of dye molecules contributing to lasing
(see equation 3.5 and Fig. 3.10 (c)). After about 1×106 pump pulses, the envelope of
the lasing spectrum remains relatively constant and lasing was observed after 2×106
pump pulses without decreasing emission intensity. This corresponds to a lowest
boundary for the operation time of over five hours. This long operational lifetime is
an ideal prerequisite for the utilization of microgoblet lasers in applications requiring long-term measurements over a time range of several hours. One application
of microgoblet lasers investigated in this work is label-free detection of molecules,
which is discussed in the next section.

3.3

Microgoblet lasers for label-free biosensing

In this section the utilization of microgoblet lasers for label-free biosensing is presented. At first, a general overview of optical biosensors is given, followed by a more
specific discussion on sensors based on whispering-gallery modes and their applica50
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tion for label-free detection of molecules. As the detection of molecules typically
occurs in liquid solutions, a discussion of the lasing properties of microgoblets in
aqueous environments is presented before the label-free detection of proteins with
microgoblets is demonstrated.

3.3.1

Optical biosensors

Over the last years, optical biosensors have emerged as a versatile tool for the detection of chemical and biological analytes with applications in medicine, healthcare,
environmental monitoring, homeland security etc. [27, 47, 105, 106]. They are robust with respect to electromagnetic interferences, are capable of performing remote
sensing, and enable multiplexed detection with a single device [27]. Biosensors are
classified by their different detection mechanisms as marker-based and label-free
sensors. In fluorescence-based detection methods, either target or biorecognition
molecules are labeled with a fluorescent marker. Fluorescent proteins are commonly
used as markers. The presence of the molecules is therefore signalized by the fluorescence intensity of the label. Despite a sensitivity which can reach the single-molecule
level [107], fluorescence-based methods have severe disadvantages. Firstly, the labeling process is laborious and the label can change the functionality of the molecule.
Secondly, quantitative analysis is difficult due to an uncontrolled amount of fluorophores on each molecule [27]. On the other hand, label-free detection does not
require modification of the target molecules, which ensures their functionality and
reduces the effort for sample preparation.
Among label-free, optical detection methods, such as Raman spectroscopic detection,
optical absorption detection and refractive index (RI) detection, the latter sensing
method has attracted the most interest over the last years. RI sensors detect the
RI of a bulk solution (refractometer) as well as the RI change induced by molecule
binding. By removing the requirement for labels, RI-based sensing allows for realtime and direct detection of molecular interactions at a dielectric interface [47, 106].
RI sensors have been implemented based on several different photonic transduction
methods and technologies, such as surface plasmons [108, 109], interferometers [110,
111], optical fibers [112], photonic crystals [113–115], and WGM microcavities [17,
116–119].
Among these different methods to detect refractive index changes, WGM resonators
with high Q-factors have emerged as a highly promising and perhaps most sensitive type of label-free optical sensor. The sensitivity arises from the high Q-factor,
which enables multiple interactions between the optical mode and the target molecules binding to the resonator surface [18]. In addition to high sensitivity, on-chip
integration and wafer-scale fabrication methods of WGM resonators could lead to
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Figure 3.15: Scheme for label-free detection of molecules. (a) The binding of molecules
to the surface increases the effective radius of the microcavity. (b) The increased cavity
radius leads to a shift of the resonance ∆λ towards larger wavelengths.

the development of sensing systems that are small, portable and low cost [105].
These promising prospects have led to a quickly emerging research field based on
whispering-gallery resonators, and first approaches to develop commercial products
are evolving.
The basic sensing principle based on the interaction of the WGM with the analyte
as well as important figures of merit of biosensors are described in the following.

3.3.2

High-Q WGMs for label-free molecule detection

WGM microcavities have been applied for the label-free detection of various different
types of molecules, such as proteins [17, 116] and DNA [120], as well as microorganisms, like bacteria [117] or viruses [121]. The electric field of the mode polarizes
each molecule that binds to the surface of the cavity. A fraction of the energy of the
mode is lost by polarizing the molecule, leading to a shift in the resonant frequency.
The simplest analytical expression explaining the interaction of molecules with the
optical mode can be inferred from the resonance condition stated in equation 2.1.
Here, the resonance wavelength λ0 of a WGM either shifts by a change of the cavity radius R by a binding of molecules to the cavity surface or by a change of the
refractive index n [121]:
∆λ0
∆R ∆n
=
+
λ0
R
n
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(3.11)
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The shift of the wavelength is denoted as ∆λ0 and the changes of the cavity radius
and refractive index are ∆R and ∆n, respectively. The refractive index difference
∆n is given by the difference between the refractive index of the cavity and of the
surrounding medium ns : ∆n = n − ns . A simple schematic illustrating the shift of a
resonance due to an increased cavity radius after binding of molecules is depicted in
Fig. 3.15. Equation 3.11 states that wavelength shifts occur on length scales shorter
than the evanescent-field decay length (binding of molecules to the resonator surface)
or on length scales larger than the evanescent-field decay length (refractive index
changes of the surrounding). The latter is often referred to as bulk refractive index
sensitivity (BRIS). Both of these mechanisms, which lead to a spectral shift of the
WGM, depend on the overlap of the optical mode with the surrounding medium,
denoted as η. To account for this, the resonance condition stated in equation 2.1 has
to be modified as follows [118]:
2πR (ns η + n(1 − η)) ≈ Nφ λ0

(3.12)

The refractive index of the surrounding medium is denoted as ns . The bulk refractive index sensitivity S is a measure describing how strong the resonance wavelength changes upon change of the surrounding medium and can be derived from
equation 3.12 by taking the derivative of λ0 with respect to ns [118, 122]:

S=

dλ0
dns


=

λ0
2πR
η≈
η
Nφ
nef f

(3.13)

where in the last step the relation Nφ ≈ 2πRnef f /λ0 was used instead of equation 2.1
to account for the effective refractive index of the mode nef f . The BRIS according to
equation 3.13 is proportional to the overlap of the optical mode with the analyte and
is often quantified in the units of nanometer per refractive index unit (nm/RIU). It
was shown that the wavelength shift for molecule attachment is linearly proportional
to the BRIS of the WGM resonator and can be calculated by the following equation
[118]:
p
2π n2 − n2s n
∆λ0
S
= σ s α0
λ0
0 λ20
n2s

(3.14)

where α0 is the polarizability of the molecule and σs is the surface density of the
molecules on the cavity. Due to this important relation in equation 3.14, the BRIS
is an often used quantity for characterization of optical biosensors. Sensors with a
high overlap of the mode with the surrounding medium have a high BRIS. Surface
plasmon resonances (SPR) typically have a BRIS of several 1000 nm/RIU [122]. In
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contrast, WGM resonators, which utilize the evanescent field to probe the surrounding medium, have a far lower BRIS in the order of 10 to 100 nm/RIU due to a low
overlap of the mode with the analyte of typically several percent [122].
However, the BRIS alone is not sufficient for a quantitative characterization of the
performance of a sensor. For this, a further measure has to be introduced which
includes the resolution of the sensing system and various types of noise sources:
the detection limit (DL) of the sensor. The detection limit describes the smallest RI
change or the minumum amount of molecules that the sensor can accurately quantify.
In general, the DL of a device is given by the ratio between sensor resolution R and
the BRIS S [122]:

DL =

R
S

(3.15)

A sensor with low detection limit needs a high BRIS in combination with a small
resolution R. The resolution describes the smallest resolvable wavelength shift and is
typically determined by the total noise variance 3σ. Three main factors contribute to
the overall resolution: amplitude noise, temperature noise, and the spectral resolution. Temperature noise can be minimized by stabilizing the resonator temperature
externally (e.g., by a thermo-electric temperature control) or by designing the resonator resonances to be temperature independent [17, 102]. The spectral resolution
of the measurement system is limited by either the laser or the optical detection
mechanism, depending on the measurement system. Using tunable, external cavity
diode lasers with very small linewidths in the femtometer range, the influence of the
laser itself can be neglected. On the other hand, if the cavity linewidth is measured
by a spectrometer, the spectrometer resolution can limit the overall resolution of
the sensor. Amplitude noise describes all the fluctuations which are added on top
of the signal of the spectral mode profile and have their origin in jitter from the
laser source, photodetectors, etc. This amplitude noise is inversely proportional to
the Q-factor of the resonance [122]. This demonstrates the big advantage of sensors
based on high-Q resonators: a high sensor resolution. If noise contributions from
temperature can be neglected and the spectral resolution is high, the detection limit
is inversely proportional to the Q-factor and to the overlap of the optical mode with
the analyte:
DL ∝

1
ηQ

(3.16)

The product η×Q is the figure of merit, which has to be maximized for the development of high performance sensors. The ultimate limit of detection is the detection of
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single molecules. This was experimentally demonstrated with WGM sensors using
passive silica microtoroids with Q-factors above 108 [17]. Although the experimental data clearly suggests the observation of events corresponding to the binding of
single molecules, the measured shifts are larger than theoretically expected from
equation 3.14, and a discussion about the responsible mechanisms leading to these
single molecule events is still ongoing in literature [123].

Active microcavities for label-free sensing
Despite these promising prospects of an extremely high sensitivity achievable with
high-Q on-chip microcavities, the use of tapered optical fibers for the excitation of
WGMs in microcavities with surface-tension induced cavity geometry is a major issue
for the development of commercial products based on this technology. The tapered
sections are extremely fragile and often degrade within several hours, such that
light transmitted through the tapered section is almost completely attenuated. This
degradation proceeds even faster in aqueous environments, which are unavoidable
in biosensing applications. Furthermore, the nanometer positioning precision of the
tapered section required to couple light into the resonator further complicates the
development of a device which can be operated outside precisely controlled labratory
conditions as required, e.g., for a commercial product.
One solution to overcome the aforementioned technological difficulties of operating
passive high-Q microresonators in aqueous environments is the use of active microcavities instead of passive ones, as already indicated in section 3.2.2. In addition to
the possibility of using robust free-space excitation and detection of lasing modes,
active microcavities in principle allow for an even higher detection sensitivity as compared to their passive counterparts. This originates from the narrower linewidths
achievable with active cavities due to the compensation of propagation losses in the
presence of gain. This idea was proposed by Guo et al. in 2006 [28] and demonstrated experimentally by He et al. four years later [29]. The measurements of He et
al. clearly show a decreased linewidth of the resonances in the presence of gain [29].
The ultimate limit of the linewidth of a laser δωosz is given by the Shawlow-Townes
limit [2]:

δωosz =

2π~ω03
2π~ω0 (δω0 )2
=
Posz
Posz Q2

(3.17)

where the pump power of the lasing mode is given as Posz and the linewidth of the
cavity is δω0 . In toroidal microcavity lasers, Schwawlow-Townes limited linewidths
as narrow as 4 Hz have been observed [124], which is several orders of magnitude
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smaller than the 300 kHz linewidth observed in a passive cavity with a Q-factor
of 108 . Such measurements of the laser linewidth are generally performed using
elaborate homodyne and heterodyne detection techniques [11, 125, 126].
To avoid complex measurements for tracking of the laser linewidth for detection
of molecules, an alternative heterodyne method to detect the binding of molecules
or nanoparticles with WGM microlasers was introduced by He et al. [29], which
is based on the mode-splitting mechanism. Mode splitting has been explained as
the result of coupling between degenerate clockwise (cw) and counterclockwise (ccw)
propagating modes in WGM microcavities via back scattering [127]. This degeneracy
lifting of WGMs with the azimuthal mode numbers ±Nφ leads to the observation
of duplets in the spectrum (compare Fig. 2.11 (b)) and was also observed in passive
microgoblets [104]. The back-scattering mechanism occurs by Rayleigh scattering of
light at single sub-wavelength particles or defects within the mode volume. Due to
the small mode volumes and high Q-factors of WGM microcavities, a strong Purcell
effect leads to a preferred scattering of the light into the optical mode propagating
in the other direction. This results in a coherent energy exchange between cw and
ccw mode [127–129]. In a microlaser, mode splitting can result in two closely spaced
lasing modes [4, 29]. The interference of both split modes on a photodetector will
result in a heterodyne beat note [29]
i(t) ∝ P1 + P2 + 2

p

P1 + P2 cos(∆ωt + ∆φ)

(3.18)

where P1 and P2 are the powers of the two split modes, and ∆ω = |ω1 − ω2 | and
∆φ are the frequency and phase differences between the split modes, respectively.
A schematic illustration of mode splitting caused by a scattering center and the
resulting beat note is depicted in Fig. 3.16.
Heterodyne beat-note measurements are a simple and robust method for the detection of nanometer-sized objects [4, 29]. Without nanoparticles on the cavity the
laser modes are not split and no beating is observable. The lasing modes split into
two modes when a nanoparticle binds to the resonator, resulting in a beat note.
The lasing spectrum and the frequency of the beat note change upon the binding of
further nanoparticles. Environmental noise, such as temperature fluctuations, influences only the spectral position of the lasing modes, but not the beat note signal,
because both modes are shifted equally. This makes the heterodyne beat-note detection scheme in combination with free-space excitation and detection of lasing modes
robust with respect to environmental influences [4, 29], which is a highly promising
prospect for future development of compact, portable optical sensing systems based
on active WGM microcavities.
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Figure 3.16: (a) A scattering center causes coherent coupling between cw and ccw
propagating modes, which results in degeneracy lifting (mode splitting) of these modes.
(b) The active microcavity emits in two modes separated by the frequency difference ∆ω.
(c) Interference of both modes in a photodetector leads to a beat note signal proportional
to cos(∆ωt). (Adapted from [4, 129]).

3.3.3

Microgoblet lasers in aqueous environments

To demonstrate the applicability of dye-doped microgoblet lasers for biosensing experiments, the lasers were first operated and characterized in aqueous environments.
To immerse the chip with resonators in water, the µPL setup described in section 3.2.2 was complemented by a fluidic chamber with inlet and outlet ports for
liquids on top of the sample holder (Fig. 3.17 (a)). This enabled filling of liquids and
purging of the chamber (total volume 250 µl) via syringes. A typical lasing spectrum of a PM597-doped8 microgoblet operated in water is depicted in Fig. 3.17 (b).
The spectrum consists of evenly spaced lasing modes separated by a free spectral
range of δλF SR = 2 nm. In comparison to the lasing spectrum in air (Fig. 3.12 (b)),
the number of lasing modes is strongly reduced. This could be explained by the
reduced refractive index contrast between PMMA and water (∆n = 0.16) compared
to PMMA and air (∆n = 0.49), which leads to increased radiation losses of the
WGMs as discussed in section 2.1.2. Especially the higher-order modes have an
increased overlap with the surrounding water and suffer the highest reduction in
Q-factor. Therefore, the lasing depicted in Fig. 3.17 (b) most likely occured in the
fundamental modes of the cavity9 .
The lasing threshold for microgoblet operation in water was found to be Eth = 1.6 nJ.
The corresponding input-output curve is shown in Fig. 3.18 (a). This threshold value
The PM597 concentration was 25 µmol/g solid PMMA.
For pump energies far above the threshold, lasing also occured in higher order cavity modes,
which is manifested by a spectral spacing of the lasing well below the FSR of the cavity.
8

9
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Figure 3.17: (a) The microphotoluminescence setup was complemented with a fluidic
chamber for characterization of microgoblet lasers in aqueous environment. (b) Typical
lasing spectrum of a PM597-doped microgoblet immersed in water. Evenly spaced lasing
modes separated by the free spectral range of 2 nm suggest that lasing occurs in the
fundamental cavity modes.

is about a factor three larger than that for operation of microgoblets in air (compare
Fig. 3.12 (a)).
The reduced refractive index contrast in water leads to increased radiation losses,
which were quantified by finite element simulations introduced in section 2.2.5. Calculations show that the radiation-limited quality factor of the fundamental modes at
wavelengths between 600 and 630 nm in microgoblets with a radius of 20 µm takes
on values between Qrad = 1×107 and 6×106 . In principle, additional losses could
result from the absorption of water at the lasing wavelengths. The values for the
absorption-limited quality factor in water at wavelengths between 600 and 630 nm
are between Qabs = 7×109 and 4×107 (data of the wavelength-dependent absorption coefficient of water was taken from literature [130]). Losses originating from
the imaginary part of the refractive index of water at wavelengths in the 600 nm
wavelength region are therefore negligible compared to radiation losses. For future
experiments, these radiation losses could be decreased by increasing the radius of of
the microgoblets.
The higher lasing threshold in an aqueous environment also becomes apparent by
comparison of the spectral position of the lasing modes in air (Fig. 3.12 (b)) with the
spectrum in water (Fig. 3.17 (b)). The envelope of the gain spectrum recorded in
water is clearly blue-shifted by 20 nm compared to the spectrum recorded in air. This
results from the lasing dynamics of dye lasers stated in equation 3.5, where a reduced
Q-factor leads to a shift of the gain envelope towards shorter wavelengths (compare
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Figure 3.18: (a) The lasing threshold of PM597-doped microgoblets operated in water is
Eth = 1.6 nJ, which is a factor three larger compared to the threshold during operation in
air. (b) The linewidth of the lasing modes of a PM597-doped microgoblet in water is around
0.07 nm (FWHM) and limited by the spectrometer resolution. The standard deviation of
the resonance position λ0 inferred from the Lorentzian fit (red curve) is σ = 0.002 nm.

Fig. 3.10 (c)). The linewidth of microgoblet lasers operated in water is limited by
the spectrometer resolution (grating with 1200 lines/mm) to values around 0.07 nm
(FWHM), as exemplarily shown in Fig. 3.18 (b). The standard deviation of the
spectral position of the resonance determined from the Lorentzian fit is σ = 2 pm.
This statistical error results from the low number of data points available for the fit.

Sensing characteristics of microgoblet lasers
An important figure of merit for characterization of the sensing properties of microgoblet lasers is the bulk refractive index sensitivity, which is a measure for the
overlap of the evanescent field with the surrounding medium (equation 3.13). To
measure the BRIS of active microgoblets, the shift in the lasing wavelength for the
changing refractive index of the surrounding medium was monitored. For this, solutions with different glucose concentrations, and therefore different refractive indices
compared to pure water, were prepared. The refractive index of each glucose solution
was determined by a refractometer (PAL-RI, ATAGO) at a wavelength of 589 nm,
which is close to the lasing wavelengths of the microgoblets. To clearly identify
the wavelength shift resulting from a change of the refractive index, time-resolved
measurements of the lasing spectra were performed. For this, lasing spectra were
recorded every two seconds, and the spectral position of a single lasing peak was
tracked over time. Before measurement, samples were immersed in water for about
30 min in order to avoid wavelength shifts originating from swelling of PMMA as a
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Figure 3.19: (a) Shift of the lasing wavelength over time. After 60 s, a glucose solution
was injected into the fluidic chamber, which leads to a shift of the lasing wavelength of
about 100 pm due to a refractive index change compared to pure water. After the fluidic
chamber was purged with water, the lasing wavelength shifted back to the initial value.
(b) Shift of the lasing wavelength for different refractive index changes ∆n. The BRIS of
microgoblet lasers is given by the slope of the linear fit, which is 23 nm/RIU.

result of water sorption. A time-resolved measurement is depicted in Fig. 3.19 (a).
After 60 s, a glucose solution was injected into the fluidic chamber, which leads to
a shift of the lasing wavelength of about 100 pm due to a refractive index change
compared to pure water. After a measurement time of 120 s, the fluidic chamber
was purged with water and the lasing wavelengths shifted back to the initial value.
These experiments were performed for three different concentrations of glucose. The
resulting wavelength shift for the different refractive index changes ∆n is shown in
Fig. 3.19 (b). The response of the microgoblet lasing wavelengths to changes of the
surrounding refractive index is linear, as expected from equation 3.11. The BRIS
is given by the slope of the linear regression in Fig. 3.19 (b), which has a value of
S = 23 nm/RIU at a lasing wavelength around 630 nm.
From finite element simulations of microgoblets, the BRIS was directly determined to
be 30 nm/RIU by solving equation 2.18 for two different indices of the surrounding
medium. As stated in equation 3.13, the BRIS can also be determined from the
overlap η of the mode with the environment, which was calculated numerically using
the following expression:
R
η=R

env

total

~ r)|2 dV
(~r)|E(~
~ r)|2 dV
(~r)|E(~
60

(3.19)
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where the integration of the electric density in the numerator is performed within
the region surrounding the cavity and the denominator denotes the integration of the
electric energy density within the entire computational domain. For a wavelength
of 630 nm, the overlap factor (evanescent field) in microgoblets was calculated to
be about η = 6 %, which results in a value of S = 27 nm/RIU. This is in good
agreement with the exact value of the BRIS (30 nm/RIU) determined from simulations. The deviation of both values is about 10 % and proves that equation 3.13
is a good analytical expression for calculation of the BRIS. Comparison of the experimentally measured value of the BRIS (S = 23 nm/RIU) with the simulated
value reveals a discrepancy of around 25 %. This difference most likely resulted
from slight geometrical deviations of the simulated microgoblet cross-section from
the fabricated structure. The BRIS of microgoblets is in the same order of magnitude as that of other sensors based on WGMs in solid-state microcavities reported
in literature [118], where the evanescent wave probes the surrounding medium. The
strong wavelength dependency of the BRIS makes a direct quantitative comparison
with values reported in literature difficult, as most of the passive microcavities are
characterized at wavelengths above 900 nm.
The detection limit of the dye-doped microgoblet lasers investigated in this work was
limited by the resolution of the linewidth, which was measured using a spectrometer
with a grating of 1200 lines/mm. As shown in Fig. 3.18 (b), the standard deviation
for the spectral resonance position is σ = 2 pm. Only shifts larger than 3σ = 6 pm
can be determined with this measurement method. The detection limit for changes
in the bulk refractive index is therefore given by DL = 3σ/S = 2.4×10−4 RIU.

3.3.4

Label-free detection of proteins

In addition to the detection of changes of the refractive index, the evanescent field
of microgoblet lasers can also be utilized for the label-free detection of molecules,
such as proteins. Binding of a monolayer of molecules to the cavity surface can be
considered as an effective increase of the radius of the microcavity, which results in
a shift of the resonance wavelength (see equation 3.11 and equation 3.14). In first
proof-of-principle experiments for characterization of the label-free molecule detection, the protein streptavidin (molecular weight about 60 000 g/mol) was detected
via unspecific binding (physisorption) to the untreated PMMA surface of the microgoblets [131]. For first measurements streptavidin (stv) was dissolved in water to a
concentration of 500 nM. The microgoblet laser was operated in water for about one
minute to generate a baseline, before the stv solution was injected into the fluidic
chamber. The time-resolved binding curve is depicted in Fig. 3.20 (a). After four
minutes the shift saturates, which indicates that a maximum number of stv mole61
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cules were adsorbed on the cavity surface leading to a total shift of 70 pm. After
a measurement time of ten minutes, the fluidic chamber was purged with pure water to remove loosely bound molecules from the cavity surface and the remaining
stv molecules in the solution. This rinsing process resulted in a decrease of the
wavelength shift of about 10 pm. According to equation 3.14, the wavelength shift
upon binding of a monolayer of molecules can be calculated, if the bulk refractive
index sensitivity of the cavity, the surface density σs and the polarizabilty α0 of the
detected molecules are known. Using the data for the protein bovine serum albumin (BSA) – which has a molecular weight similar to that of streptavidin – with
σs = 2.9×1012 cm−2 , α0 = 4π0 ×3.85×10−21 cm3 [118, 132] and S = 23 nm/RIU (see
Fig. 3.19 (b)), a wavelength shift of ∆λ0 = 180 pm was calculated. Therefore, the
total wavelength shift of 60 pm measured after purging with water corresponds to a
surface coverage of around 33 %.
For streptavidin concentrations of 50 and 5 nM, the total wavelength shift decreases
to values of 50 and 20 pm (Fig. 3.20 (b) and (c)), respectively. A summary of the
wavelength shifts for the three concentrations is depicted in Fig. 3.20 (d), where
the wavelength shift after a measurement time of four minutes as function of the
concentration is plotted in a double-logarithmic scale. An additional measurement
with a stv concentration of 0.5 nM was performed, which results in a wavelength shift
of 2 pm after a time of four minutes. This shift is below the 3σ detection limit of
6 pm and is marked with a red dot in Fig. 3.20 (d). To roughly estimate the smallest
measurable protein concentration, a linear behavior was assumed for values below
100 nM in Fig. 3.20 (d), where a guide for the eye is given by the dashed line. Above
100 nM the slope changes, which could result from saturation of the shift [118]. The
lowest concentration which can be measured using microgoblet lasers in combination
with a spectrometer with a certainty of 99.7 % is 2 nM. This value was inferred from
the intersection point of the dashed line with the horizontal line 3σ = 6 pm in
Fig. 3.20 (d).
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Figure 3.20: Label-free detection of streptavidin with microgoblet lasers. Time-resolved
measurements and binding curves with stv concentrations of (a) 500 nM (b) 50 nM and
(c) 5 nM show a resonance wavelength shift, which depends on the stv concentration. (d)
Summary of the concentration-dependent wavelength shifts observed after a measurement
time of four minutes on a double-logarithmic scale. The dashed line is a guide for the
eye and indicates a linear decrease of ∆λ0 for concentrations below 100 nM. An additional
measurement was performed at a concentration of 0.5 nM (marked by the red dot), which
is below the detection limit of 2 nM.
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3.4

Summary and conclusions

In this chapter, the fabrication of dye-doped PMMA microgoblets and the optical
characterization of their lasing properties was presented. The lasing threshold and
the spectral position of the gain curve strongly depended on the dye concentration. In these experiments the dye rhodamine 6G was used as gain medium. The
concentration-dependent lasing properties were explained by a standard dye-laser
model including a concentration-dependent Q-factor. The lowest lasing threshold
of rh6G-doped microgoblets was 3 nJ. Integration of the dye pyrromethene 597 into
the PMMA host matrix allowed for realization of microgoblet lasers with lasing
thresholds as low as 0.5 nJ. In addition to a high lasing efficiency, PM597-doped microgoblets were found to have a long operational lifetime of more than 2×106 pump
pulses, corresponding to a operation time of several hours. This operational lifetime
of dye-doped microgoblets is sufficient for many applications, such as biosensing,
where the detection of molecules typically occurs within a time frame of several
seconds or minutes.
To demonstrate the applicability of these devices for label-free molecule detection,
active microgoblets were operated in an aqueous environment. The lasing threshold
increased to a value of 1.6 nJ due to additional radiation losses originating from a
reduced refractive index contrast compared to that of operation in air. An important quantity for characterization of the sensing properties is the bulk refractive
index sensitivity, which is a measure for the overlap of the optical mode with the
surrounding environment. The BRIS of the investigated microgoblets was obtained
from measurements of the shift of the lasing wavelength upon changes of the refractive index of the surrounding. A value of 23 nm/RIU was obtained for the BRIS
at a lasing wavelength of 630 nm. Proof-of-principle experiments for the label-free
detection of molecules were carried out by detecting the protein streptavidin, which
binds unspecifically via physisorption to the cavity surface. The lowest detectable
protein concentration was estimated to be 2 nM. In future experiments the detection
limit could be improved significantly using self-heterodyne beat note measurements,
discussed in section 3.3.2, instead of tracking the laser peak via spectrometer, where
the linewidth of the microgoblet lasers is limited by the spectrometer resolution.
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Besides the integration of gain medium within the polymeric host matrix demonstrated for organic dyes in the previous chapter, active materials can be deposited
on the surface of passive microgoblets after lithographic fabrication. This enlarges
the spectrum of applicable gain media, as the materials do not have to be doped
into PMMA. The intrinsic doping of the polymer matrix has the additional disadvantage that the gain medium is distributed on the entire substrate, which hinders
the integration of different laser wavelengths as well as the simultaneous integration
of active and passive devices on the same chip.
In the following chapter two different approaches for the realization of an extrinsic gain layer are presented. Both approaches enable the local integration of gain
medium on a chip. In the first approach, dip-pen nanolithography (DPN) was utilized to coat the cavity circumference with a molecular ink. This ink consisting of
phospholipids can be tailored to include a gain medium as well as biological recognition elements, in order to provide optical gain and molecular sensitivity at the
same time. A second approach, which allows for high modal gain in WGM microcavities and therefore low-threshold lasing, is the deposition of a gain material with
high refractive index onto the microgoblets. For this, an organic semiconductor was
used. The modification of the optical modes in the presence of a coating with high
refractive index was analyzed with finite element simulations and compared to experiments, where the effect of the gain layer thickness on the lasing properties was
studied.
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Figure 4.1: Dip-pen nanolithography with phospholipids: self-assembled layers of phospholipids are deposited on a substrate by a water meniscus between substrate and AFM
tip.

4.1

Dip-pen nanolithography on microgoblets

In the previous chapter, proof-of-principle experiments for label-free detection of
molecules were presented, where the protein streptavidin was unspecifically bound
to the cavity surface. In general, a high specificity is a key property of label-free
biosensors and can be achieved by applying surface immobilization chemistry where
a high analyte capture efficiency and elimination of non-specific binding are major issues [27, 47, 106]. For biosensing experiments, the entire resonator surface is
typically functionalized, although only a small fraction of the resonator surface is
probed by the optical mode [133]. To reduce the number of binding sites which are
not probed by the optical mode, only the circumference of the WGM resonators has
to be prepared with a specific type of binding site. The same argument also holds
for the deposition of active material on WGM resonators, where only gain medium
along the circumference of the cavity contributes to the modal gain. One technique
capable of depositing gain medium as well as biological recognition elements along
the cavity circumference is dip-pen nanolithography. In the following sections the
DPN technique is described, followed by results of the application of DPN for surface
functionalization of microgoblets as well as for the deposition of gain medium.

4.1.1

DPN for surface functionalization of microgoblets

Dip-pen nanolithography, a method for directly depositing molecules from an inkcoated atomic force microscope (AFM) tip onto a substrate of interest, is a tool for
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Figure 4.2: Functionalization of the microgoblet circumference with DPN. (a) The biotinylated DOPC ink is labeled with a green dye. The top left resonator serves as reference
without functionalization. (b) Binding of red-labeled streptavidin to the green-labeled biotinylated structures results in an orange color along the microgoblet circumference.

creating microscale and nanoscale patterns of materials, such as small molecules and
biological macromolecules, where linewidths below 20 nm were achieved for certain
materials [134–136]. One class of molecules interesting for surface functionalization
are phospholipids, which can be deposited by DPN with a lateral resolution down
to 100 nm [137]. Phospholipids are an essential component of biological membranes
and tend to self-assemble into two-dimensional bilayer sheets [137]. The structure
of the phospholipid molecule generally consists of a hydrophobic tail (long fatty
acid hydrocarbon chain) and a hydrophilic head, containing the negatively charged
phosphate group. These molecules form bilayers in aqueous environments. After deposition via DPN (see Fig. 4.1), phospholipids form either single or multiple bilayers,
depending on the relative humidity of the environment and the scanning speed of
the AFM tip [137].
A commercial DPN instrument equipped with a camera and an environmental chamber (DPN 5000, NanoInk) was used to apply a surface functionalization along the
circumference of microgoblets. The phospholipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was used as carrier ink. DOPC was then admixed with lipids containing a biotinylated end group with a concentration of 4 mol% to provide biotin
molecules on the microcavity surface for the detection of streptavidin. First functionalization experiments were performed with passive microgoblets. To visualize
the position of biotin molecules on the microgoblets, the carrier ink was additionally doped with green fluorophore-labeled lipids (1 mol%). The ink was applied to
the microgoblet surface at room temperature and 50 % relative humidity with a tip
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Figure 4.3: Time-resolved shift of the lasing mode of a dye-doped microgoblet with
biotinylated circumference. The biotinylated phospholipids were applied using DPN. After
a time of 1000 s the sample was purged with water, resulting in a slight decrease of the
shift due to partly mobile lipid layers.

velocity of 10 µm/s. An image of the fluorescently labeled phospholipids along the
circumference of three microgoblets after the writing process with DPN is depicted
in Fig. 4.2 (a). One of the microgoblets is without functionalization as reference. The
image was recorded by merging a bright field image with an image recorded in the
green channel of a fluorescence microscope. After application of the biotinylated ink,
the rest of the microgoblet surface was blocked with bovine serum albumin (BSA) to
prevent unspecific binding of streptavidin in these regions. Streptavidin was labeled
with a red dye (Cy3). The sample was immersed for 15 min in the streptavidin
solution and washed afterwards. The coupling of streptavidin to the functionalized
microgoblet circumference is visible in Fig. 4.2 (b), where the overlay of the green
and red channel of the fluorescence microscope results in an orange-colored microgoblet circumference. Although the ink’s adhesion to the goblets is based only on
physisorption and not on covalent binding to the resonator surface, the lipid rings remained stable despite several washing and immersion steps, demonstrating sufficient
stability of the ink on the three-dimensional goblet topology [138].
In addition to the characterization of the surface functionalization via fluorescence
measurements, time-resolved measurements of the shift of the lasing modes upon
binding of streptavidin using dye-doped microgoblets with biotinylated circumference were performed. The time-resolved shift of the lasing mode of a PM597-doped
microgoblet with phospholipid functionalization is depicted in Fig. 4.3. Streptavidin
with a concentration of 500 nM was injected after 100 s, which results in a total shift
of about 110 pm. After 1000 s the sample was purged with pure water and the shift
decreases slightly due to partly mobile lipid layers [139]. Compared to the detection
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Figure 4.4: (a) Fluorescence from the dye-doped lipid ink, which was deposited along the
circumference of passive microgoblets via DPN. (b) The lasing threshold was determined
to be around 10 nJ. (c) The lasing occurs in multiple cavity modes with a spectral spacing
smaller than the free spectral range of the cavity.

of streptavidin with a concentration of 500 nM without surface functionalization presented in section 3.3.4 (total shift of 70 pm), the shift increased by 60 %. This can
be contributed to an increased density of binding sites on the resonator surface.

4.1.2

DPN for active microgoblets

To demonstrate the deposition of an active medium on passive microgoblets via
DPN, DOPC was admixed with a rhodamine-doped phospholipid (1 mol%). Based
on atomic force microscope measurements on test structures written on planar
PMMA, the realized ring heights on the goblet rims were inferred to average between 110 and 200 nm [138]. An image of the fluorescence of an array of dye-doped
lipid rings on the microgoblets is depicted in Fig. 4.4 (a). The gain material is only
deposited along the circumference of the resonators, where the WGMs are located.
The lasing was characterized with the optical setup presented in section 3.2.2. The
input-output curve depicted in Fig. 4.4 (b) demonstrates that, although the gain
medium covers solely the goblet rims, efficient lasing activity is realized due to the
low optical losses of the WGMs in the microgoblet cavity [138]. In air, the observed
69

Chapter 4. Microgoblet lasers with extrinsic gain layer

Figure 4.5: Detection of streptavidin in concentrations of (a) 500 nM and (b) 50 nM with
microgoblet lasers, where the gain medium and biofunctionality were integrated simultaneously onto passive microgoblets via DPN.

lasing threshold was Eth = 10 nJ per pulse, which is only around three times higher
than the values demonstrated in dye-doped goblet resonators. This can be explained
by a thinner gain layer thickness and the fact that the gain medium - when deposited
by DPN - is only in the evanescent field of the supported optical modes, leading to
reduced modal gain, compared to a resonator consisting of a PMMA matrix entirely
doped with gain medium [138]. A typical lasing spectrum above threshold of the
DPN-fabricated lasers is shown in Fig. 4.4 (c). The lasing occurs in multiple cavity
modes and is qualitatively very similar to the lasing emission from dye-doped microlasers presented in the previous chapter (compare Fig. 3.12 (b)). Due to a spectral
spacing between the lasing modes, which is clearly below the free spectral range
of the resonator (∆λF SR ≈ 1.9 nm), lasing most likely occurs in fundamental and
higher order modes of the cavity. A drawback of utilizing a phospholipid matrix as
host for a gain medium is the high mobility of the dye molecules within the matrix.
The high mobility of the molecules leads to agglomeration and therefore fluorescence
quenching upon optical excitation. The lasers fabricated by DPN were found to have
operational lifetimes in the order of 103 pump pulses. Nevertheless, this lifetime is
sufficient for sensing applications, as demonstrated in the next section.

4.1.3

Integration of gain and biofunctionality in phospholipid-coated microgoblets

In the aforementioned sections, DPN was applied either for surface functionalization
or for deposition of gain material. By doping the carrier ink with biotinylated lipids
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and rhodamine-doped lipids simultaneously, both lasing and sensing functionality
could be added to passive microgoblets in a single fabrication step via DPN. The
time-resolved shifts of microgoblet lasers – realized with this multi-functional ink
with 4 mol% of biotinylated lipids and 1 mol% of dye-doped lipids – upon exposure to streptavidin solutions with concentrations of 500 and 50 nM are depicted in
Fig. 4.5 (a) and (b), respectively. The total shifts resulting from the binding of steptavidin to the resonator surface inferred from Fig. 4.5 were 250 and 140 pm. These
measurements prove that specific detection of molecules is feasible using passive microgoblets, where the functionality (lasing and sensing) was integrated by deposition
of phospholipid ink via DPN. The shift of 250 pm for a streptavidin concentration of
500 nM (Fig. 4.5 (a)) is higher than the theoretically predicted shift of 180 nm, which
was calculated assuming binding of a monolayer of molecules to the resonator surface
(compare section 3.3.4). This could be explained by the three-dimensional structure
of the multiple lipid bilayers, which enables binding of streptavidin molecules within
several layers of the lipid ink. This effect is referred to as intercalation [139] and
increases the sensitivity by at least 33%, in comparison to monolayer binding with
optimum surface coverage.

4.1.4

Summary and conclusions

Dip-pen nanolithography was applied as fabrication technique to integrate gain onto
pre-fabricated passive microgoblets made of PMMA. For this, a dye-doped ink based
on phospholipids was employed as gain medium. The ink was added to the WGM
resonators in a highly material-saving manner by solely coating the circumference of
the resonators. Despite a highly efficient gain medium (rhodamine), lasing thresholds
were found to be around 10 nJ for the DPN-fabricated lasers, which is around a
factor of three higher compared to the intrinsically rhodamine-doped microgoblet
lasers presented in the previous chapter (section 3.2.2). This can be explained by
the lower gain experienced by WGMs in the ink-coated goblets, as the interaction
of the modes with the gain medium only occurs via evanescent field.
Besides integration of gain, DPN allows for surface functionalization of microgoblets. Furthermore, even the simultaneous integration of gain and biofunctionality is feasible with this technique. To realize devices capable of lasing action and
analyte-molecule selectivity in one single fabrication step, a lipid mixture consisting of three different components (carrier, dye-doped and biotinylated lipids) was
employed. With these devices, the detection of streptavidin (500 nM) resulted in a
shift of the lasing wavelength of 250 pm, which is more than a factor of three larger
than for microgoblet lasers without surface functionalization (see section 3.3.4) and
partly results from intercalation, a process observed in lipid multilayers [139].
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Figure 4.6: Chemical structure of the molecules (a) Alq3 and (b) DCM.

As phospholipids are readily available with a large number of different functional
head groups, diverse combinations of surface functionalization and lasing wavelengths can potentially be integrated on one single chip and fabricated in a flexible
and material-saving manner [138].

4.2

Low-threshold lasing in organic semiconductor microgoblets

One of the major issues for the development of low-threshold lasers utilizing an
extrinsic gain layer is the inherently small overlap of the WGMs of the passive resonator with the gain medium. This results in a low modal gain and fairly high lasing
thresholds despite an efficient gain medium and a high-Q resonator, as discussed in
the previous chapter for the case of dye-doped lipids on microgoblets. One possibilty
to overcome this limitation imposed on the lasing performance of WGM lasers with
extrinsic gain layer is the employment of a gain material with a refractive index
higher than the refractive index of the material of the passive cavity, such as organic
semiconductors.
In this work, the organic semiconductor tris(8-hydroxyquinoline) aluminum (Alq3 )
doped with the laser dye 4-dicyanmethylene-2-methyl-6-(p-dimethylaminostyryl)4H-pyran (DCM) was investigated as gain medium on top of goblet microcavities.
The influence of the film thickness of the Alq3 :DCM layer on the lasing properties was
investigated by numerical analysis using finite element simulutions. The numerical
calculations were validated experimentally by optical characterization of the lasing
performance of microgoblet devices with different gain layer thicknesses. In the
following sections, the numerical treatment, as well as the experimental findings
concerning the lasing properties of organic semiconductor microgoblets, is presented.
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4.2.1

Guest-host organic semiconductors

The guest-host system Alq3 :DCM is a widely used organic solid-state gain medium
[82, 140], where the small molecule host (Alq3 ) is doped with the laser dye DCM.
The chemical structures of both molecules are depicted in Fig. 4.6. This guest-host
system is efficient gain medium due to overlapping absorption and emission spectra
of DCM and Alq3 , respectively. This allows for an efficient fluorescence resonant
energy transfer (FRET)1 from the excited host to the dye dopant [82]. FRET is
−1
based on dipole-dipole interaction and the rate of this process τdd
for a distance r
between donor and acceptor can be calculated as follows [141, 142]:

−1
τdd
(r) =

1  r0 6
τD r

(4.1)

where τD is the fluorescence lifetime of the donor and r0 is the Förster radius. For
distances r < r0 , τdd is far shorter than the fluorescence lifetime of the donor, so
that the non-radiative Förster transfer is the dominating de-excitation mechanism
in the donor molecule. For Alq3 , the fluorescence lifetime is around 15 ns [142]. For
DCM-doped Alq3 , r0 = 3.2 nm, which corresponds to three Alq3 molecular diameters
(1 nm) [142]. The timescale of the FRET mechanism is therefore between 20 ps and
2 ns.
Organic guest-host systems possess several advantages compared to utilizing a single
type of dye molecule as gain medium. Firstly, energy transfer allows for separate
modification and optimization of the optical properties of the guest and host molecules [142]. For example, the electron transporting Alq3 cannot be directly used as
gain medium, due to the low internal quantum efficiency of only 35% [142]. Hence,
population inversion has not been achieved yet in undoped Alq3 films [142]. On the
other hand, DCM molecules have a quantum efficiency of around 100% and are a
widely used gain medium [142]. Additionally, doping results in low concentrations
of light-emitting dye molecules, which strongly reduces the quenching effects originating from agglomeration [142]. Another advantage resulting from FRET is the
shift of luminescence to higher wavelengths, compared to the absorption band. The
absorption band of Alq3 (around 400 nm) and the emission band of DCM (around
600 nm) are spectrally separated by 200 nm, which strongly reduces the parasitic
effect of self-absorption in this four-level laser system [142].

1

This process is often referred to as Förster energy transfer.
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Figure 4.7: (a) Setup of the computational domain for simulation of the Alq3 :DCM
layer on top of PMMA microgoblets. (b) Calculations of the TM274
0,0 mode for the three
gain-layer thicknesses d = 40, 80, and 200 nm [65].

4.2.2

Simulation of WGMs with organic gain layer2

In order to numerically analyze the influence of an additional organic semiconductor coating with higher refractive index (n(Alq3 :DCM) = 1.72) than the PMMA
cavity (n(PMMA) = 1.49) on the optical modes, finite element simulations were performed (compare section 2.2.5). An enlarged view of the resonator rim including the
Alq3 :DCM layer and the triangulation of the structure is shown in Fig. 4.7 (a). The
Alq3 :DCM layer covers the upper half of the microresonator due to deposition of
gain material from above by thermal evaporation. The effect of the gain layer with
high refractive index on the WGMs for three different thicknesses d = 40, 80 and
200 nm, which were also fabricated and characterized, is illustrated in Fig. 4.7 (b).
For a thickness of d = 40 nm, the depicted intensity distribution of the fundamental
TM274
0,0 mode sparsely overlaps with the gain layer. The same WGM in a cavity with
an 80 nm-thick Alq3 :DCM layer is located closer to the cavity surface, thus having
a larger overlap with the active material. For a gain layer thickness of 200 nm, the
mode is guided in the high index material, resulting in a significantly larger confinement factor of the mode in the gain layer, which is advantageous for reducing the
lasing threshold due to a high modal gain.
In order to derive a quantitative method for determining the cutoff thickness, above
which the mode is guided in the gain layer, the effect of an increasing gain-layer
thickness on the resonance wavelengths, the mode volumes and the filling factors of
2

The results presented in this section have been published in [65].
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Figure 4.8: Results of finite element calculations showing (a) the resonance wavelengths,
274
(b) the mode volumes and the filling factors of the (c) TE274
0,0 and (d) TM0,0 modes as
function of the Alq3 :DCM-layer thickness [65].

the WGMs were investigated in finite element simulations, in which the gain-layer
thickness is varied between 5 and 300 nm in steps of 5 nm. As already noted in
Fig. 4.7 (b), the resonance wavelength of the same WGM increases with increasing
thickness of the Alq3 :DCM layer, as the mode is shifted to the gain layer and thus
propagates along a slightly larger radius with a higher effective refractive index. This
property is depicted in more detail in Fig. 4.8 (a). Above a thickness of approximately
75 nm, the splitting between TE and TM polarization increases, which also indicates
a movement of the WGM intensity distribution towards the cavity surface, as shown
in Fig. 4.7 (b). Besides the effect of an increasing resonance wavelength, a change
in the mode volume with increasing thickness of the gain layer can be observed
in Fig. 4.7 (b). The mode volume as function of the Alq3 :DCM-layer thickness for
the TM/TE274
0,0 mode is shown in Fig. 4.8 (b). For both modes, the mode volume
drops above a certain gain-layer thickness, due to the localization in the Alq3 :DCM.
This enables identification of a weak and a strong confinement regime, indicated in
Fig. 4.8 (b). For the TM274
0,0 mode, the mode volume drops by a factor of three through
the transition from weak to strong confinement. Although a change in resonance
75

Chapter 4. Microgoblet lasers with extrinsic gain layer

wavelength and mode volume of the WGMs for larger thicknesses indicates guidance
of the modes in the gain layer, a quantitative cut-off criterion cannot be inferred from
these quantities. For this, the filling factor of the mode in the gain layer, defined as
fraction of the electric energy density in the gain layer and the total electric energy
density is investigated [143]:
R
Fg = R

gain
total

~ r)|2 dV
(~r)|E(~
~ r)|2 dV
(~r)|E(~

(4.2)

where the integration of the electric density in the numerator is performed within
the gain layer and the denominator denotes the integration of the electric energy
density within the entire computational domain. In this case, the filling factor Fg is
a direct measure of the modal gain. The filling factor as function of the Alq3 :DCMlayer thickness for the fundamental TE and TM mode is depicted in Fig. 4.8 (c)
and Fig. 4.8 (d), respectively. For both polarizations, the value of Fg is below 0.1
for gain-layer thicknesses under 100 nm. Above 100 nm, the filling factor strongly
increases until saturation occurs for thicknesses above around 200 nm at values of
Fg = 0.8. The strongest change in the filling factor occurs in the region where the
mode changes its localization from the PMMA layer to the Alq3 :DCM layer. To
visualize this, the derivative of the filling factor with respect to the thickness of the
Alq3 :DCM layer is depicted in Fig. 4.8 (c) and Fig. 4.8 (d). The derivative of the
filling factor has a maximum at a certain thickness, which can be identified as the
cutoff thickness. Below and above this thickness the change in Fg drops as the mode
is either guided in the PMMA or in the Alq3 :DCM layer. The cutoff thickness takes
on values of 115 and 150 nm for the analyzed fundamental TM and TE modes, which
feature resonance wavelengths within the spectral gain region of Alq3 :DCM.

4.2.3

Lasing properties of organic semiconductor microgoblets3

In order to experimentally investigate the simulated effects of the identified regimes
of low and high modal gain on the lasing threshold, samples with gain-layer thicknesses of 40 (weak mode confinement below cutoff), 80 (transition region) and 200 nm
(strong mode confinement above cutoff) were fabricated. Thermal co-evaporation
of the organic semiconductor Alq3 and the laser dye DCM (2.5 wt. %) on top of the
microresonators was performed in a high vacuum evaporation chamber at a pressure
3

The results presented in this section have been published in [65].
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Figure 4.9: (a) Input-output curves of microgoblet lasers with lasing thresholds of 67.9,
5.5 and 1.1 nJ covered with 40, 80 and 200 nm Alq3 :DCM, respectively. (b) Emission spectra for increasing pump energy of the microgoblet laser with 200 nm Alq3 :DCM layer. (c)
Comparison of the laser emission above threshold for the three Alq3 :DCM-layer thicknesses
shows a red-shifted gain spectrum for thicker gain layers [65].

of 10−6 mbar. Afterwards, the samples were encapsulated in a quartz cuvette under
nitrogen atmosphere in order to prevent photo-oxidation of the active material under
optical excitation.
The microcavities were optically pumped from above using a neodymium-doped
yttrium lithium fluoride (Nd:YLF) laser with pulse lengths < 5 ns at 349 nm. The
emitted whispering-gallery laser light is collected in the plane of the microcavity by
a multi-mode optical fiber connected to a spectrometer with CCD camera.
The input-output curves of optically pumped PMMA microgoblets covered with a
40, 80 and 200 nm thick Alq3 :DCM layer are shown in Fig. 4.9 (a), where the lasing
threshold energies Eth were determined by the onset of a superlinear output. For
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every excitation pump energy, a spectrum was acquired and integrated over the
dominant laser line to obtain the output intensity. For the sample with 200 nm of
Alq3 :DCM on top of the microcavities, the lasing threshold energy was found to be
as low as 1.1 nJ per pulse. The corresponding emission spectra for increasing pump
energy are depicted in Fig. 4.9 (b), showing the appearance of multiple lasing modes
above threshold. As this gain-layer thickness is above cutoff, the lasing modes are
guided in the high index material, resulting in a large filling factor of the modes
in the gain layer. Based on typical values for the absorption of Alq3 [144], the
200 nm thick gain layer is assumed to be nearly homogeneously pumped, so that
many emitted photons experience amplification. This leads to a high modal gain
and a reduced lasing threshold. For comparison with the regime below cutoff, two
further Alq3 :DCM thicknesses (40 and 80 nm) were characterized. For a thickness of
80 nm, the lasing threshold (Eth = 5.5 nJ) increases by a factor of 5 compared to the
threshold above cutoff and even increases to a value of approximately 67.9 nJ (factor
of more than 60 compared to the sample with 200 nm Alq3 :DCM) for an Alq3 :DCM
layer of 40 nm (see Fig. 4.9 (a)). Besides the effect of higher modal gain, increasing
filling factors of the modes in the Alq3 :DCM layer lead to enhanced scattering of the
WGMs at the DCM molecules and the inhomogeneities of the active medium. The
low losses of the pristine cavity with Q-factors above 106 are assumed to be negligible
compared to the loss mechanisms caused by the active layer. Therefore, the Q-factors
of the Alq3 :DCM-covered microcavities are assumed to be reduced for increasing
gain-layer thicknesses due to increased surface-scattering losses. Nevertheless, the
measured lasing thresholds decrease with increasing gain-layer thickness, indicating
an overcompensation of a decreased Q-factor by a strongly increased modal gain.
The low lasing threshold observed for microgoblets coated with 200 nm Alq3 :DCM
enabled utilization of a low-cost and compact blu-ray laser diode as pump source.
The laser diode was designed to operate at an output power of 150 mW (cw) at a
wavelenth of 405 nm, which is in the absorption band of Alq3 . By driving the laser
diode with a pulsed current source with 20 ns pulses at a repetition rate of 500 Hz,
pulse energies around 9 nJ were generated. This energy was sufficient to operate
the organic semiconductor microgoblet laser above threshold. Further details on
experiments with laser-diode operation of microgoblet lasers can be found in [96].
Besides the lasing threshold, the spectral position of the lasing spectrum was found to
be influenced by the thickness of the gain layer. The envelope of the laser emission is
shifted to larger wavelengths for increasing Alq3 :DCM-layer thicknesses (corresponding to decreasing lasing thresholds), shown in Fig. 4.9 (c). The observed behavior is
attributed to increased absorption of dye molecules for thicker gain layers, due to
an increased filling factor of the modes in the gain layer, and results in red-shifted
net gain spectra of the laser dye. This is accompanied by a decrease of the lasing
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thresholds due to an increased concentration of dye molecules within the WGMs.
The same dependency between lasing spectrum and lasing threshold was also found
for the dye-doped microgoblet lasers, discussed in section 3.2.2, and explained by
the dye laser model stated in equation 3.5. To implement varying Alq3 :DCM-layer
thicknesses into the dye laser model, the model could be modified such that the
thickness of the gain layer enters equation 3.5 by a number density of dye molecules
in the optical mode nt (d), which depends on the filling factor and therefore on the
thickness of the gain layer.

4.2.4

Summary and conclusions

In summary, the organic semiconductor Alq3 :DCM with high refractive index was
integrated as gain medium on top of passive, high-Q microgoblet cavities to overcome the inherent limitation of high lasing thresholds with extrinsic gain medium,
resulting from a low modal gain. The effect of the additional gain layer on the
WGMs was investigated numerically using finite element simulations. These simulations revealed that for increasing thickness of the gain layer, the filling factor of
the mode in the gain layer increases continuously. A criterion for the cutoff thickness, above which the mode can be considered as guided in the gain layer, was
found to be the maximum of the derivative of the filling factor with respect to the
gain-layer thickness. For TE and TM modes the cutoff thickness was determined as
150 and 115 nm, respectively. Above the cutoff thickness, the modes can be considered as strongly confined, as the mode volume drops by a factor of three through
the transition from weak to strong confinement for the case of TM modes. Microgoblet devices with different gain-layer thicknesses below and above cutoff were
fabricated and characterized. The lowest lasing threshold was found to be 1.1 nJ
for an Alq3 :DCM-layer thickness of 200 nm, which is above the cutoff thickness.
This low threshold observed for microgoblet lasing modes in the strongly confined
regime allows for optical pumping using a compact and low-cost laser diode, which
is promising for the development of ultra-compact, integrated photonic devices.
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Chapter 5
Photonic molecule lasers for
enhanced light-matter interaction
In the previous chapters, the feedback mechanism of the presented microlasers is
based on WGMs propagating in a single microgoblet cavity. The interaction of
WGMs with the surrounding environment in these solid-state cavities occurs via the
evanescently decaying electric field outside of the dielectric structure. The interaction of the mode with the environment is weak, as only a fraction of the energy
density (in the order of several percent) of the WGMs (see section 3.3.2) is located in
the evanescent field. The development of nano- and microstructures with enhanced
light-matter interaction for applications such as cavity quantum electrodynamics
(c-QED) or biosensing is therefore a major issue.
In this work, two different experimental approaches allowing for increased lightmatter interaction in WGM microcavities were investigated. The first approach was
based on cavities with liquid core to guide light, which were made of a nanoporous
polymer. The interaction between optical mode and liquid analyte is strongly increased, as light and analyte are guided within the same physical volume, and the
bulk refractive index sensitivity was found to be strongly increased compared to
microgoblets. Details of the fabrication and optical properties of these nanoporous
ring resonators are presented in appendix A and were published in [145]. A second
method investigated in this work, which allows for an increased overlap of the modes
with the environment, is the utilization of two optically coupled microcavities, which
are often referred to as a photonic molecule (PM) [31].
The following chapter begins with an overview of the optical properties and applications of photonic molecules and photonic-molecule lasers. Subsequently, a lithographic fabrication method for the realization of strongly coupled polymeric mi81
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Figure 5.1: Scanning electron micrograph of a photonic molecule consisting of two coupled PMMA microdisks with radii of 25 µm. For coupling-gap sizes below 150 nm, field
enhancements of the TE modes in the coupling zone can be observed, as shown in the
distribution of the electric energy density on the right-hand side, which was inferred from
finite element simulations.

crodisks is presented, which enabled coupling-gap sizes below 150 nm. The lasing
properties of dye-doped PMs were investigated using spatially resolved microphotoluminescence (µPL) spectroscopy. This technique allowed for the direct imaging of
WGMs in the photonic molecules, which were utilized for investigation of the socalled Vernier effect. Finally, PM lasing was investigated in aqueous environments,
where single-mode lasing as well as an increased bulk refractive index sensitivity
compared to single microcavities was observed, demonstrating the large potential of
PMs for sensing applications.

5.1

Whispering-gallery modes in photonic molecules

Single microcavities are often referred to as photonic atoms, as the properties of the
confined optical states are very similar to those of electrons in atoms [146]. For single spherical microcavities it was shown that the spatial distribution of the WGMs
can be described by three quantum numbers n, l, and m, just like in the quantum
mechanical description of the electronic orbitals in a hydrogen atom [147]. Optically
coupled resonators are therefore often termed photonic molecules, due to the analogy
between the optical modes of the coupled resonator system and the wavefunction of
electrons in molecules [147], where electrons form bonding and antibonding molecu82

5.1 Whispering-gallery modes in photonic molecules

lar orbitals. The splitting of degenerate atomic states into bonding and antibonding
orbitals occurs through interaction of atoms for small separation distances, such that
the atomic orbitals overlap. In photonic molecules, bonding and antibonding modes
with separation-dependent splitting were first observed by Bayer et al. in a pair of
coupled pillar cavities [148]. In the meantime, photonic molecules have been realized
in various photonic structures, such as photonic crystals [149] and WGM resonators
like spheres [150–152] or disks [153]. In this work, photonic molecules consisting of
two coupled PMMA microdisks standing on silicon pedestals were investigated. An
image of such a PM is depicted in Fig. 5.1, showing a scanning electron micrograph
of two coupled microdisks with radii of 25 µm.
Compared to single microcavities, PMs have the advantage that, besides the resonator geometry of the single cavity, the coupling-gap size can be additionally utilized
to tailor the optical density of states. One application where utilization of PMs is
beneficial is lasing. Here, PMs have two main advantages compared to single microcavities. Firstly, the radiation of PM lasers in the far field can be designed to
be directional in the plane of the resonator [154]. A second advantage of PM lasers
is the reduction of the spectral density of lasing modes without decrease of the Qfactor, which can be achieved by coupling two resonators with different radii (sizemismatched PM). The lasing emission can be tailored to be single mode [155, 156].
In addition to the density of states, also the spatial distribution of modes in PMs
can be altered compared to single cavities. The evanescent coupling of TE modes for
sufficiently small coupling-gap sizes can result in a significant field enhancement in
the coupling gap region [32]. An example for such a TE mode with significant field
enhancement is depicted on the right side of Fig. 5.1, showing the energy density of
the mode in the coupling region. The overlap of the optical mode with the environment is significantly enlarged in this region. This could make photonic molecules
attractive for applications where a large light-matter interaction is required, such as
c-QED and biosensing [31].

5.1.1

Classification of supermodes in PMs

In contrast to single WGM microcavities, where the modes are totally classified
by the three mode numbers Nφ , Nρ , and Nz , PMs are additionally classified by
their parity with respect to the PM axes. Similar to the case of electronic states in
molecules, modes in PMs can be described by superposition of the two basis functions
Ψ+ and Ψ− , which are standing waves that are phase shifted by φ = π/(2Nφ ) and
are either symmetric (Ψ+ ) or antisymmetric (Ψ− ) with respect to the plane of the
major molecule axis. The resulting four linear combinations of the basis functions
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Figure 5.2: Visualization of the symmetry properties of the modes in photonic molecules
for Nφ = 3 [69]. The symmetry axes are marked by gray lines. In this case, the modes
are symmetric with respect to the vertical symmetry axis of the PM.
and Ψ−+
Ψ+−
3
3

are:

+
+
Ψ++
Nφ = ΨNφ + ΨNφ
+
+
Ψ+−
Nφ = ΨNφ − ΨNφ
−
−
Ψ−+
Nφ = ΨNφ + ΨNφ

(5.1)

−
−
Ψ−−
Nφ = ΨNφ − ΨNφ

An example for the case Nφ = 3 is shown in Fig. 5.3, where the symmetry axes of
the photonic molecule are marked by gray lines. The major PM axis is marked
by the horizontal gray line. For odd (even) values of Nφ , Ψ++
Nφ is antisymmetric
+−
(symmetric) and ΨNφ is symmetric (antisymmetric) with respect to the vertical PM
axis. For small coupling-gap sizes the constructive (destructive) interference of the
symmetric (antisymmetric) modes with respect to the vertical PM axis will result in
the formation of bonding (antibonding) modes [157]. For large coupling-gap sizes, all
the fields in equation 5.1 are degenerate. The degeneracy is lifted for small couplinggap sizes, when the modes are delocalized in both microcavities. These modes are
then called supermodes [31].
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Figure 5.3: (a) Splitting between the resonance wavelength λ00 = {λ++ , λ+− , λ−+ , λ−− }
and λ0 with Nφ = 380 for decreasing coupling-gap size of a photonic molecule consisting
of two coupled resonators. The bonding (antibonding) modes are shifted towards larger
(shorter) wavelengths for decreasing coupling-gap size [69]. (b) The inter-cavity coupling
coefficient is strongly increased for coupling-gap sizes below 1 µm.

5.1.2

Supermodes in coupled polymeric microdisks

To investigate the effect of a decreasing coupling-gap size on the supermodes of
PMs consisting of two coupled polymeric microdisks, finite element simulations were
performed. Simulations of coupled resonators could not be performed by using the
symmetry considerations of single resonators (compare section 2.2.5), due to the
lack of a rotational symmetry of the entire PM. This results in a strongly increased
computational effort compared to the case of single resonators. In order to reduce
the computational costs as much as possible, only two resonators with identical
geometry were simulated. This allows for using both PM axes (compare Fig. 5.2) as
symmetry axes, which reduces the computational domain to 25 % of the entire PM.
Furthermore, the three-dimensional calculation was mapped onto two dimensions,
by using an effective refractive index for the resonator material PMMA, which takes
the finite height of the resonator in the direction orthogonal to the plane of the PM
into account. Further details of the simulation method can be found elsewhere [69].
The single resonators of the simulated PM consisting of two identical microdisks had
a radius of 55 µm. The coupling-gap size was varied between 2 µm and 0 in order to
analyze the coupling-dependent spatial distribution of the energy density and the
splitting between the bonding and antibonding modes. As field enhancements were
only expected for TE modes, the fundamental modes {TE++ , TE+− , TE−+ , TE−− }
with Nφ = 380 and Nρ = 0 were investigated. The resonance wavelength of these
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modes for infinitely large coupling gap was λ0 = 1283 nm. The resonance wavelengths
split into the four wavelengths λ00 = {λ++ , λ+− , λ−+ , λ−− } for decreasing couplinggap size. The splitting of the resonance wavelengths λ00 − λ0 for decreasing couplinggap size is depicted in Fig. 5.3 (a). In this case the medium surrounding the PM
was air. The resonance wavelengths of the modes TE++ and TE−− are shifted to
larger wavelengths for decreasing coupling-gap size. The energy of these modes is
therefore decreased and the modes can therefore be considered as bonding modes of
the photonic molecule. Analog to the case of electrons in molecules, the photons of
bonding modes have an increased probability to be located in the coupling gap, which
can result in field enhancements (compare Fig. 5.1). On the other hand, the modes
TE+− and TE−+ shift towards shorter wavelengths and are therefore considered as
antibonding modes. From Fig. 5.3 (a) it can be concluded that the coupling-gap size
needed to achieve significant splitting between bonding and antibonding modes in
coupled polymeric microdisks has to be smaller than the resonance wavelength of
the single resonator (in this case λ0 = 1283 nm).
To determine the value of the inter-cavity coupling coefficient κ, which is a measure for the coupling strength between the two resonators forming the PM (see
section 2.2.2), analytical calculations were performed. The coupling coefficient determines the fraction of the amplitude of the electric field which is coupled from
one resonator to the other. An analytic expression for the coupling between two
waveguides was derived by Little et al. [158], which can also be used to calculate the
coupling strength between resonators [69]. The results for the calculation of κ for
the PM consisting of two coupled microdisks with radii of 55 µm and a resonance
wavelength of λ0 = 1300 nm are depicted in Fig. 5.3 (b). For coupling-gap sizes below 1 µm, the value of the coupling coefficient was found to be strongly increased,
which is in good agreement with the observation of splitting between bonding and
antibonding modes for coupling-gap sizes below 1 µm in Fig. 5.3 (a).

5.2

Fabrication of polymeric photonic molecules1

The results from the previous section show, that in order to fabricate photonic
molecules with strong inter-cavity coupling, sub-wavelength coupling-gap sizes are
required. To realize PMs with coupling-gap sizes smaller than 1 µm, two different
approaches can be used: the photonic molecules can be either assembled manually or
fabricated by lithographic structuring on a single substrate. The manual assembly
of PMs consisting of two microcavities has been demonstrated for various different
1

The results presented in this section have been published in [159].
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Figure 5.4: (a) Scanning electron micrograph of a photonic molecule consisting of two
coupled microdisk resonators standing on silicon pedestals, each with radius of 25 µm, and
with a coupling-gap width of 340 nm structured by e-beam lithography. (b) Deposition
of an additional layer of PPX after the lithographic structuring can significantly decrease
the coupling gap width below 150 nm. The inset shows a scanning electron micrograph of
the cross-section of the coupling region at the minimal distance between the microdisks,
which was fabricated by a focused ion beam cut [159].

cavity geometries, such as microtoroids [160,161], microdisks [162] and microgoblets
[163]. One advantage of these systems is the possibility to tune the coupling-gap size.
This allows for the precise investigation of the coupling-dependent properties of the
modes of PMs, such as the coupling-dependent splitting of bonding and antibonding
modes [161, 163]. An additional advantage is the possibility to couple two high-Q
resonators [160,163]. The main disadvantages of the flexible arrangement of coupled
resonators is the lack of mechanical stability and the high positioning accuracy
needed to adjust the coupling gap. The number of resonators which can be coupled
simultaneously using manual alignment is therefore limited to two or three.
To overcome these disadvantages of manually arranged PMs, lithographic structuring of PMs was investigated in this work. Lithography furthermore enables precise
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definition of the geometry of the structure and ensures large-scale production capability. The structuring of coupled polymeric microdisks was performed with the
same fabrication process as used for the realization of PMMA microgoblets (see section 2.2.1), except that the thermal reflow was not carried out. A thermal reflow
step would result in coupling-gap sizes of at least one micrometer, which is too large
for achievement of strongly coupled resonators (compare Fig. 5.3 (a)). To achieve
coupling between two microdisks, the sidewalls of the closely structured microdisks
have to be vertical, such that the mode is located at the outer edge of the resonator.
Angled sidewalls would lead to a shift of the mode towards the center of the resonator [41], which would decrease the coupling strength. With a PMMA thickness
of about 1.2 µm, coupling-gap sizes as small as 340 nm with vertical sidewalls were
achieved by electron beam lithography. This corresponds to a microstructure aspect
ratio (AR) of about 4:1. Scanning electron micrographs of a fabricated photonic molecule consisting of two PMMA microdisks is shown in Fig. 5.4 (a). The inset shows
an enlarged view of the region of the coupling gap including the minimal distance
between the resonators, which was measured to be 340 nm.
The finite element simulations of coupled microdisks showed that even smaller
coupling-gap sizes (smaller than 200 nm) are needed to achieve significant field enhancements of TE modes in the coupling region [69]. For this, an additional process
step subsequent to the lithographic structuring was developed, which resulted in the
achievement of aspect ratios considerably above the resolution limit of conventional
e-beam lithography with PMMA. Therefore, chemical vapor deposition (CVD) was
employed to polymerize an additional, about 100 nm thick layer of poly(p-xylylene)
(PPX) with a functional alkyne group onto the resonators. Details of this CVD
process have been described in literature [164]. PPX is a transparent polymer [165],
which is often marketed under the name parylene, and is assumed to form a homogeneous layer on the PMMA resonators as well as on the surrounding silicon
substrate. A schematic of the cross-section of the coupled resonators with parylene
layer is depicted in Fig. 5.4 (b). With additional PPX layer, coupling-gap sizes below
150 nm were realized. A scanning electron micrograph of a focused ion beam cut of
the coupling region at the minimal distance between the two microdisks is shown
in the inset of Fig. 5.4 (b). In this case, the coupling-gap size was measured to be
150 nm. The aspect ratio of the microstructure, here with a microdisk thickness of
1.34 µm, was 9:1. This is an improvement of more than a factor of two compared to
the devices without additional polymer layer.
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Figure 5.5: Images of WGM lasing in size-mismatched PMs (disk radii: 20 and 25 µm)
with a coupling gap of 200 nm, made by the camera in front of the spectrometer and the
CCD behind the spectrometer of the µPL setup. The camera in front of the spectrometer
was used for the two-dimensional imaging of the spectrally integrated photoluminescence.
The CCD behind the spectrometer detected the spectrally resolved photoluminescence
with a spatial resolution in the vertical dimension. The emitted lasing spectra of both
cavities vary due to their different sizes and weak inter-cavity coupling. Examples for
modes, which are localized in either of the cavities, are marked with white rectangles [159].

5.3

Spectroscopy of supermode lasing2

Investigation of the optical properties of supermodes in coupled polymeric microdisks, such as the influence of the inter-cavity coupling strength on the mode localization, was performed using µPL spectroscopy of active PMs. This characterization
method has the advantage that the localization of modes in the photonic molecules
can be directly imaged without the use of elaborate and slow scanning techniques,
such as near-field scanning optical microscopy (NSOM) [166].
For fabrication of active PMs, the dye PM597 was mixed into the PMMA resist with
a concentration of 25 µmol/g solid PMMA, which was also used for fabrication of dyedoped microgoblet lasers (compare section 3.2.3), before lithographic structuring.
In order to excite and spatially resolve the lasing emission of the fabricated PM
lasers, the µPL setup depicted in Fig. 3.7 and described in section 3.2.2 was used.
In addition to spectrally resolving the emission from the sample, the setup also
spatially resolved the emitted light along the vertical direction, denoted as y-axis
2

The results presented in this section are submitted for publication [159].
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Figure 5.6: Section of the lasing spectrum of a PM (a) with a coupling-gap width
of 120 nm and (b) without coupling gap, where the resonators are just in contact. For
increased inter-cavity coupling, delocalized lasing modes exist (marked by a solid white
rectangle) [159].

in Fig. 5.5. By aligning the spectrometer entrance slit with the PM’s major axis
(compare Fig. 5.5), the emission from a several micrometer wide strip of the central
region of the PM was imaged onto the CCD behind the spectrometer. This allowed
for simultaneous recording of the WGM lasing from both ends of the PM as well
as from the coupling region, resulting in three vertically separated lasing spectra on
the CCD camera attached to the spectrometer.
An example for spatially resolved lasing spectra of a PM consisting of two coupled
microcavity lasers with radii of 20 and 25 µm and with a coupling gap of around
200 nm is depicted in Fig. 5.5. In this case, the sample was pumped with an energy
of 30 nJ per pulse. Comparison of the lasing spectra from both ends of the PM
in Fig. 5.5 clearly shows that both microcavities supported different lasing modes
with differing gain spectra and differing cavity modes. Two examples of cavity
modes, which were localized in solely one of the microdisks, are marked by solid
white rectangles in Fig. 5.5. These lasing modes with high intensity in one cavity
showed only weak photoluminescence intensity in the other cavity. Despite weak
optical coupling between the resonators, no significant field build-up in the other
microdisk occurred. This can be attributed to the different cavity sizes and hence
differing resonance wavelengths of both resonators. Both microdisks can therefore
be considered as independent lasers.
The mode localization in the investigated PMs was found to change for coupling-gap
widths smaller than 200 nm, where lasing modes with equal intensities at both ends
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of the PM were observed. An example for this case is depicted in Fig. 5.6 (a). Here,
the coupling-gap width of the PM was 120 nm. A lasing mode (marked by a solid
white rectangle) with high relative intensities in both cavities was observed and can
thus be considered as a delocalized supermode, which extends over both resonators
by the tunneling of photons in the coupling region. The other lasing modes depicted
in Fig. 5.6 (a) showed weak PL in the lower microdisk, indicating that the modes
were only resonant in the upper cavity. For even smaller coupling gaps, the number
of delocalized lasing modes increased. A part of the lasing spectrum recorded for
a PM where the resonators were just in contact is shown in Fig. 5.6 (b). Here, all
observed lasing modes were delocalized in both cavities due to the strong optical
coupling.

5.4

Vernier effect in photonic molecule lasers3

In addition to the localization of lasing modes, also the number of lasing modes
in size-mismatched microdisks strongly depends on the coupling-gap width. A reduction of lasing modes through coupling of resonators with different free spectral
ranges is termed the Vernier effect [155, 156, 167, 168]. A schematic explaining this
effect is depicted in Fig. 5.7 (a). Due to the different free spectral ranges of both
cavities, the resonances of both cavities are only identical for a single wavelength
(marked gray). This mode experiences low optical losses in both cavities. Strong
coupling of these size-mismatched cavities therefore results in high losses of those
modes which are only resonant in either of the cavities. In this case, the coupling to
the other cavity is an additional loss mechanism. On the other hand, modes which
are resonant in both cavities do not experience this additional energy loss. In active
PMs, the modes which are resonant in both cavities have a reduced lasing threshold
compared to the modes which are only resonant in either of the cavities. The Vernier
effect can therefore be utilized for realization of single-mode lasers [155, 156]. The
extended free spectral range δλF SR,V of the PM due to the Vernier effect is then
given by the following expression [155, 156]:

δλF SR,V =

λ2
πnef f (D1 − D2 )

(5.2)

where D1 and D2 are the diameters of the coupled resonators. In this work, coupled
microdisks with diameters of D1 = 50 µm and D2 = 40 µm were investigated. The
ratio of the diameters is therefore D1 /D2 = 5/4. This allows for a high interstitital
3

The results presented in this section are submitted for publication [159].
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Figure 5.7: (a) Schematic of the Vernier effect resulting from coupling of resonators with
different free spectral ranges. The resonances of both cavities are only identical for a single
wavelength (marked gray). This mode has low losses in both cavities. (b) Investigation
of the coupling-dependent Vernier effect in size-mismatched PMs with radii of 20 and
25 µm. The number of lasing modes strongly decreased for coupling-gap widths below
150 nm [159].

peak suppression without splitting of the resonance. More information for the ideal
design of a Vernier filter can be found in literature [168, 169]. The extended free
spectral range in this case was δλF SR,V ≈ 8 nm at a wavelength of 600 nm, which is
about a factor of four larger compared to the case of a single microcavity.
To study the coupling dependency of the Vernier effect, size-mismatched PM lasers
with coupling-gap widths varying from 0 to 200 nm in steps of about 25 nm were
investigated. A quantitative analysis of the suppression of lasing modes of the PMs
was performed by counting the total number of laser modes in the spectrum acquired
by pumping all PMs with an energy of 30 nJ. These PMs with varying couplinggap widths were all fabricated on a single substrate using the fabrication method
described in section 5.2. The effect of a decreasing coupling gap on the number of
lasing modes of the PM is depicted in Fig. 5.7 (b), where the number of lasing modes
includes the modes of both microdisks. For coupling gap widths above 150 nm the
number of lasing modes was almost constant and no suppression of laser modes
could be observed. Below 150 nm a significant decrease of the number of lasing
modes was observed. Decreasing the coupling-gap width resulted in an increase of
coupling loss and hence in a decrease of the Q-factor of the WGMs. This resulted
in an increased lasing threshold, causing suppression of lasing modes which were
not resonant in both cavities. Comparison of the number of modes for the largest
and smallest coupling-gap widths showed a decrease up to a factor of five. This
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Figure 5.8: (a) Single-mode lasing from size-mismatched PMs in aqueous environment.
(b) The lasing threshold for the laser mode is around 65 nJ. The coupling-gap width of
the PM in this case was around 300 nm [159].

indicates that efficient suppression of laser modes in size-mismatched cavities only
occurs above a certain coupling strength and seems to have a threshold-like behavior.
The coupling constant κ (describing the inter-cavity coupling strength) was found to
strongly increase above 150 nm and took on values from 0.05 to 0.2 for coupling-gap
widths from 150 nm to 0. The threshold-like behavior of the suppression of lasing
modes in size-mismatched PMs can therefore be directly related to an increase of
the inter-cavity coupling strength. The observation of the Vernier effect in PMs for
coupling-gap widths below 150 nm is therefore consistent with the measurement of
delocalized lasing modes (compare section 5.3) in the regime of strong coupling.

5.5

Photonic molecules for sensing applications4

To determine whether the modes in the experimentally realized strongly coupled
PMs have an increased overlap with the environment as predicted in theory [30, 31]
and to demonstrate the potential use of these devices for sensing applications, the
lasing properties of PMs were investigated in aqueous environments. The lower
refractive index contrast between cavity and aqueous solution reduces the overall
number of lasing modes compared to the situation in air, as already discussed for
the case of single resonators in section 3.3.3. Furthermore, the evanescent fields of
the WGMs are extended further into the aqueous medium, leading to a stronger
coupling between the resonators. In water, delocalized lasing modes were observed
4

The results presented in this section are submitted for publication [159].
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Figure 5.9: (a) Section of the spectrum of a PM laser recorded for different refractive
index solutions denoted on the right hand side. The lasing mode shifts towards longer
wavelengths for increasing refractive index. (b) The bulk refractive index sensitivity of
a PM (S ≈ 60 nm/RIU) was found to be about a factor of three larger than for a single
resonator (S ≈ 19 nm/RIU).

for coupling-gap widths of 300 nm and smaller. Additionally, pronounced singlemode lasing was achieved. A lasing spectrum showing single-mode operation is
depicted in Fig. 5.8 (a), recorded at a pump energy of 84 nJ. The single-mode lasing
was still apparent at higher pump energies, indicating a very efficient suppression of
lasing modes. The inset of Fig. 5.8 (a) depicts a lasing spectrum recorded at a pump
energy of 215 nJ, which is more than three times the value of the lasing threshold of
65 nJ, determined from the input-output characteristics of the laser mode at 579 nm
(Fig. 5.8 (b)). Although several side modes appeared at high pump energies, the
intensity of the dominating lasing mode was still more than six times higher than
the most intense side mode. This indicates that almost all the pump energy was
transferred into the dominating mode, due to effective suppression of side modes.
To analyze the overlap of the supermodes with the surrounding medium, measurement of the bulk refractive index sensitivity of PMs was performed analog to the
case of single microgoblet lasers (compare section 3.3.3). For this, size-matched PMs
(resonator radii of 25 µm) were used. A section of the lasing spectra of a strongly
coupled PM, where the microdisks are just in contact, for different refractive index surroundings is shown in Fig. 5.9 (a). The depicted supermode shifted towards
longer wavelengths for increasing refractive index of the surrounding. The shift
of this lasing mode for varying refractive index is depicted in Fig. 5.9 (b). A bulk
refractive index sensitivity of S = 60.3 nm/RIU was inferred from the slope of the
linear fit. As reference, the shift of a single microdisk with a radius of 25 µm without
parylene layer is also shown in Fig. 5.9 (b). The BRIS of the single microdisk was
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S = 18.7 nm/RIU and therefore about a factor of three lower than for the supermode of the PM. This could indicate that the supermodes of PMs have an increased
overlap with the environment. To validate this first finding, additional measurements have to be performed to entirely exclude that the increased BRIS stems from
an uncontrolled modification of the parylene layer in aqueous environments, such as
swelling, rather than from the advantageous spatial distribution of modes in strongly
coupled photonic molecules.

5.5.1

Summary and conclusions

In this chapter the lasing properties of two optically coupled microdisks forming a
photonic molecule as well their application for sensing were investigated. To realize
coupling-gap widths below 200 nm, which allow for strong inter-cavity coupling, a
fabrication step involving chemical vapor deposition of an additional polymer layer
after the lithographic structuring was developed. Aspect ratios of the microstructure
in the coupling region above 9:1 were achieved, which is significantly higher than
using solely e-beam lithography. The spatial distribution of supermodes in active
PMs were studied via µPL spectroscopy. With this method, the localization of the
lasing modes in PMs was analyzed. The lasing modes were found to be delocalized in
both cavities for strong inter-cavity coupling, which occured in PMs with couplinggap widths below 150 nm. In the regime of strong optical coupling, the Vernier effect
was demonstrated using size-mismatched PMs consisting of two coupled microdisk
lasers with different free spectral range, which enabled significant suppression of
lasing modes. In aqueous environments, single-mode lasing was achieved and first
indications of an increased bulk refractive index sensitivity of supermodes compared
to modes in photonic atoms were observed. This originates from an enlarged overlap
of the electric field of supermodes with the surrounding environment.
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Summary
In the focus of this work was the development of efficient, on-chip laser sources
based on polymeric whispering-gallery-mode resonators with high quality factors in
combination with organic gain materials. A promising application of these devices
is the label-free detection of molecules. Within this work, two different photonic
microstructures with promising optical properties for sensing applications were developed, optically characterized and utilized for sensing experiments: microgoblet
resonators and photonic molecules consisting of two coupled microdisks.
To realize microlasers with highly desirable properties, such as a low lasing threshold and spectrally narrow laser lines, two main issues had to be addressed. Firstly,
the dominating surface-scattering loss mechanism in lithographically structured microcavities had to be reduced. For this, polymeric microgoblets were developed
as a type of optical whispering-gallery-mode microcavity with high quality factor.
The surface-tension induced, goblet-shaped cavity geometry was fabricated by thermal reflow of PMMA microdisks standing on silicon pedestals [23]. The low glasstransition temperature of PMMA enabled thermal reflow at temperatures slightly
above 100 ◦ C, which is around one order of magnitude lower compared to temperatures needed for reflow of SiO2 , and allows for large-scale fabrication of these polymeric devices. The reflow process resulted in a smooth cavity surface and strongly
reduced surface-scattering losses. The Q-factors of the passive PMMA cavities took
on values as high as 3×106 , which was around one order of magnitude larger than
before thermal reflow. The high optical quality of polymeric microgoblet resonators
and the simple integration of gain medium within polymeric host matrices formed
an ideal basis for the development of on-chip lasers with low thresholds.
The second objective, which had to be addressed within this work besides a high
resonator quality, was the integration of an efficient gain medium within the cavity.
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Organic laser dyes were found to be a suitable gain medium, due to good compatibility with polymeric host matrices, high internal quantum yield, and a large
oscillator strength. In this work, the dyes rhodamine 6G and pyrromethene 597 were
employed as gain media within microgoblets. The lasing properties were characterized using a free-space excitation and detection setup with a pump laser with
nanosecond pulses in the quasi-cw regime. The lasing threshold and the spectral
position of the gain curve of dye-doped microgoblet lasers were found to strongly
depend on the dye concentration. These concentration-dependent lasing properties
were explained by a standard dye-laser model including a concentration-dependent
Q-factor. The lowest lasing threshold of rhodamine-doped microblets was 3 nJ [25].
Even lower lasing thresholds of 0.5 nJ were achieved for microgoblet lasers doped
with pyrromethene 597. In addition to a high lasing efficiency, pyrromethene-doped
microgoblets were found to have an operational lifetime of more than 2×106 pump
pulses, corresponding to an operation time of several hours at a repetition rate of
several Hertz. This operational lifetime is sufficient for many applications, such as
biosensing, where the detection of molecules typically occurs within a time frame of
several seconds or minutes.
To demonstrate the applicability of dye-doped microgoblet lasers for label-free molecule detection, these devices were operated and characterized in aqueous environments. Due to additional radiation losses originating from a reduced refractive index
contrast compared to operation in air, the lasing threshold of pyrromethene-doped
microgoblets increased to a value of 1.6 nJ. An important quantity for characterization of the sensing properties is the bulk refractive index sensitivity (BRIS), which
is a measure for the overlap of the optical mode with the surrounding environment [118]. A value for the BRIS of 23 nm/RIU was obtained at a lasing wavelength
of 630 nm. This is in good agreement with the value of the BRIS inferred from finite
element simulations. First proof-of-principle experiments for the label-free detection of molecules were carried out by detection of the protein streptavidin. For this,
the binding of molecules to the resonator surface was monitored by recording the
time-resolved shift of the lasing mode. Without surface functionalization, shifts of
around 70 pm were measured for a streptavidin concentration of 500 nM. The lowest
detectable protein concentration using the spectrometer-based detection setup was
estimated to be 2 nM.
Besides integration of gain within the polymeric host matrix, two different fabrication techniques for the realization of an extrinsic gain layer on microgoblets were
investigated. Both approaches allow for the local deposition of an active material
onto a chip. In the first approach, dip-pen nanolithography was applied to integrate
gain on passive microgoblets. For this, a rhodamine-doped ink based on phospholipids was employed as gain medium. The ink was added to the WGM resonators in
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a material-saving manner by solely coating the circumference of the resonators. The
values of the lasing threshold of these devices were about 10 nJ, which is around a
factor of three higher compared to the microgoblet lasers where the polymer was intrinsically doped with rhodamine. The increased threshold can be explained by the
lower modal gain experienced by WGMs in the ink-coated goblets, as amplification
of the modes only occurs within the evanescent field.
The aforementioned limitation of a low modal gain originating from an extrinsic gain
layer was overcome by utilizing an active medium with high refractive index. In a
second approach for the realization of an extrinsic gain layer, the organic semiconductor Alq3 :DCM was evaporated onto passive microgoblet cavities. The effect of
an additional organic layer with high refractive index on the optical properties of the
WGMs was investigated numerically using finite element simulations. These simulations revealed that, for increasing thickness of the gain layer, the filling factor of the
mode in the gain layer increases continuously. A criterion for the cutoff thickness,
above which the mode can be considered as guided in the gain layer, is the maximum
of the derivative of the filling factor with respect to the gain-layer thickness. Above
this cutoff thickness, the modes can be considered as strongly confined in the gain
layer, as the mode volume decreases by a factor of three through the transition from
weak to strong confinement. To experimentally validate these findings, microgoblet lasers with Alq3 :DCM-layer thicknesses below and above cutoff were fabricated
and their lasing properties characterized. The lowest measured value of the lasing
threshold was 1.1 nJ for an Alq3 :DCM-layer thickness of 200 nm, which is above the
cutoff thickness [65]. The high modal gain of lasing modes in the strongly confined
regime in combination with the efficient gain medium Alq3 :DCM allowed for lasing
operation using a compact and low-cost laser diode as pump source [96].
In addition to lasers based on microresonators with high quality factors, photonic
molecules (PMs) formed by coupled microdisks were investigated as resonator structure for lasers in this work. Numerical simulations have predicted highly promising
optical properties of photonic molecules for sensing applications [170], such as an
increased overlap of the electric field with the surrounding medium [30]. In this
work, the lasing properties of two optically coupled microdisks forming a photonic
molecule as well their application for sensing were investigated. To realize couplinggap widths below 200 nm, which allow for strong inter-cavity coupling, a fabrication
step involving chemical vapor deposition of an additional polymer layer after the
lithographic structuring was developed. Aspect ratios of the microstructure in the
coupling region above 9:1 were achieved, which is significantly higher than using
solely e-beam lithography. The spatial distribution of supermodes in active PMs
were studied via microphotoluminescence spectroscopy. With this method, the localization of the lasing modes was analyzed. The lasing modes were found to be
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delocalized in both cavities for strong inter-cavity coupling, which occurred in PMs
with coupling-gap widths below 150 nm. In the regime of strong optical coupling,
the Vernier effect was demonstrated using size-mismatched PMs consisting of two
microdisks with different free spectral ranges, which enabled significant suppression
of lasing modes. In aqueous environment, single-mode lasing was achieved and first
indications of an increased bulk refractive index sensitivity of supermodes compared
to modes in photonic atoms were observed.

Conclusions and Outlook
The operation of polymeric microgoblet lasers – with lasing thresholds in the order of
several nanojoule – using a compact and low-cost laser diode demonstrates that these
on-chip lasers are a highly efficient source of coherent light. In combination with the
demonstrated applicability for label-free biosensing, these lasers could form the basis
for the development of compact integrated systems for the label-free detection of
molecules. In future experiments the detection limit could be improved significantly
using self-heterodyne beat note measurements, discussed in section 3.3.2, instead of
tracking the laser peak via spectrometer, where the linewidth of the microgoblet
lasers is limited by the spectrometer resolution. These on-chip microgoblet lasers
realized on a low-cost polymer-on-silicon platform can be fabricated on a large scale
and could pave the way for the development of compact and possibly even hand-held
devices for the highly sensitive, label-free detection of single molecules, which is the
ultimate goal for label-free biosensors [27].
The polymeric photonic molecules developed in this work could be advantageous for
a multitude of applications requiring strong light-matter interaction besides sensing, such as cavity quantum electrodynamics. A promising experimental realization
could involve the placement of emitters in the coupling-gap region, where significant field enhancements can be expected. The presented lithographic fabrication
method of PMs could allow for realization of large arrays of strongly coupled, on-chip
cavities with precisely defined coupling-gap sizes, which is of great interest for the
investigation of new regimes in quantum optics [14,171]. Futhermore, the additional
polymer layer involved in the fabrication of PMs not only reduces the coupling-gap
width but also provides chemical end-groups on the PM surface and the surrounding
silicon and can thus serve as the starting layer for the surface functionalization for
the label-free detection of target molecules as well as for the solventless adhesive
bonding of additional microfluidic elements onto the silicon substrate [172], making
the presented approach highly interesting for the realization of integrated optofluidic
devices.
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Nanoporous liquid-core lasers1
As already discussed in chapter 5, the interaction of WGMs with the surrounding
environment in the solid-state cavities presented in the previous chapters occurs via
the evanescently decaying electric field outside of the dielectric structure. An interesting class of microcavities which allow for a high overlap of the optical modes with
the analyte are liquid-core waveguides (LCW) or resonators. In these optofluidic
structures, the liquid analyte forms the core of the waveguide, enabling increased
light-matter interaction [46,173]. A promising approach for the realization of LCWs
is based on nanoporous polymers (NP) [174, 175]. The waveguide core consists of a
NP with hydrophilic end-groups infiltrated by a liquid and the cladding is formed by
a hydrophobic NP without liquid. Therefore, the core is a solid-liquid alloy and these
waveguides are termed solid-liquid core waveguides (SLCWs). The refractive index
contrast between core and cladding in this configuration is around 0.16 RIU [175].
Therefore, LCWs are suitable for the fabrication of optofluidic microcavities. In
the following chapter, the investigation of optofluidic ring resonator lasers based on
LCWs for sensing applications is presented.
For the fabrication of liquid-core ring resonators, polymer films consisting of nanoporous 1,2-polybutadiene were used. Details of the preparation of these films have been
described in previous work [175, 176]. The typical pore diameter is around 14 nm
and the porosity of the material is ca. 44 % [174]. In order to hydrophilize the
hydrophobic surface of the nanopores, photo-grafting of thiol compounds containing
hydrophilic groups onto the inner surface of the nanopores was applied. As exposure method to define hydrophilic regions within nanoporous polybutadiene, direct
1

The work on optofluidic ring resonators was performed in collaboration with the Department
of Micro- and Nanotechnology/DTU Nanotech at the Technical University of Denmark (DTU).
The results presented in this chapter have been published in [145].

101

Chapter A. Nanoporous liquid-core lasers

Figure A.1: (a) Schematic of the layer system used for fabrication of nanoporous ring
resonator lasers via DLW. (b) Schematic of the sample after the exposure. The exposed
areas contain hydrophilic nanopores and are embedded within the hydrophobic nanoporous
polymer [145].

laser writing (DLW) based on two-photon absorption was applied2 . This exposure
technique allows for three-dimensional control of the resonator geometry with a lateral resolution of several hundred nanometers [177]. During the exposure via DLW,
the NP was immersed in a thiol solution containing a photoinitiator for initiation
of the reaction of mercaptosuccinic acid with the inner surface of the nanopores.
A schematic of the layer system used for the exposure is depicted in Fig. A.1 (a).
The laser beam passes the immersion oil and the cover slip before it is focused into
the transparent polymer sample, which is immersed in the thiol solution. Rings
with a diameter of 150 µm and a width of 5 µm with a thickness of 10 µm were
exposed. A schematic of such a ring after the exposure is shown in Fig. A.1 (b).
The exposed ring contains hydrophilic nanopores and are embedded within the hydrophobic nanoporous polymer.
After the lithographic definition of the hydrophilic rings, the entire polymer matrix
was doped with the laser dye rhodamine 6G. In order to guide light in the liquidcore resonator, the exposed ring has to be infiltrated with water. A waterfilm on
top of the substrate is already sufficient to cause condensation of evaporated water
within the ring and to infiltrate the hydrophilic nanopores (see Fig. A.2 (a)). The
infiltrated region has a refractive index of 1.42, which is about 0.16 RIU higher
than the hydrophobic regions without water and thus sufficient to guide light [178].
A microscope image of an exposed ring with a water film on top of the sample is
2

The utilization of direct laser writing for fabrication of polymeric microdisks in silicon was also
investigated in this work. The Q-factors of these cavities can reach values above 106 [45].
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Figure A.2: (a) Schematic and (b) microscope image of a sample with a waterfilm on top,
resulting in an infiltrated ring with increased refractive index compared to the surrounding
polymer matrix [145].

depicted in Fig. A.2 (b), where the uptake of water in the ring leads to an enhanced
contrast.
The dye-doped samples infiltrated with water were pumped from the top at a wavelength of 532 nm with 8 ns pulses (repetition rate 10 Hz). The output emission was
collected at the edge of the chip in the plane of the resonator with a multimode
optical fiber and analyzed in a spectrometer. Spectra of the laser output for increasing pump fluence are depicted in Fig. A.3 (a). Above a pump fluence of 12 µJ/mm2
several sharp lasing modes appeared in the spectrum due to amplification of WGMs
by the dye. The output intensity as function of increasing excitation pump fluence
is exemplarily shown in Fig. A.3 (b) for the grey marked mode in Fig. A.3 (a). The
input-output curve has a kink at a threshold pump fluence of 19 µJ/mm2 . The observation of lasing clearly demonstrates that light was guided within the liquid-core
resonator.
To investigate the sensitivity of a liquid-core WGM laser, tuning of the lasing modes
was performed by changing the liquid core’s refractive index. The response of the
nanoporous liquid-core laser with a radius of 75 µm to changing refractive index
surroundings was measured by infiltrating the sample with different concentrations of
glucose dissolved in water and taking a laser spectrum for every concentration. The
shift (in comparison to pure water) of a single laser mode is depicted in Fig. A.4. The
slope of the linear fit was measured to be 169 nm/RIU. This value is around one order
of magnitude larger than for solid-state WGM microcavities with comparable radius
and wavelength [179] and demonstrates the high potential of liquid-core resonators
for sensing applications due to the strongly increased overlap of the modes with the
analyte in comparison to evanescent-wave sensors.
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Figure A.3: (a) Output spectrum of an optically pumped dye-doped liquid-core ring
resonator laser for different pump fluencies. (b) Input-output curve of the grey marked
mode in (a) at 587 nm with a threshold pump fluence of 19 µJ/mm2 [145].

Figure A.4: Shift of the lasing mode of a liquid-core ring resonator for changing refractive
index surrounding using different glucose concentrations compared to pure water. The bulk
refractive index sensitivity of the liquid-core laser is 169 nm/RIU [145].
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