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Chapter 1

Introduction

Throughout history mankind has experienced dangers which are not subject to hu-
man perception before they have severe effects. An early detection of such hazards
to prevent negative consequences was the basic motivation for the development of
sensor technology.

An early example of a sensor is the canary bird which was taken to coal mines to
detect the odorless and colorless carbon monoxide before its concentration reaches
values fatal to humans. Another example for an animal sensor still in use nowadays
are trained shepherds for the detection of explosives or drugs.

With technological progress the focus was also set on developing artificial sensors for
a manifold of applications in, e.g., clinical diagnostics, detection of explosives, and
surveillance of air quality. The current challenge is the miniaturization of the sensor
systems since this would further pave the way for portable systems which could
be used everywhere around the world. One prospect under intensive development
are so-called lab-on-a-chip (LoC) systems for which all components necessary for
analysis are united on a single chip [1].

In the field of medicine such LoC systems could be used for point-of-care diagnostics
allowing to perform, e.g., blood analysis directly at the patient yielding immediate
results. When LoC systems are realized at low costs health care especially in devel-
oping countries and early diagnostics of diseases could be improved drastically [2,3].

Among the different sensor types optical microsensors are particularly promising
since they can be integrated into microchips, fabricated at low costs and furthermore,
allow multiplexed detection within a single device [4-6]. Different transduction
pathways have been implemented in the field of optical sensing including plasmonic
resonances, interferometers, photonic crystals and optical microresonators [7].



Chapter 1. Introduction

In optical microcavities light can be confined to a small volume for comparably
long times [8] leading to enhanced interaction of the light with the analyte which
is under investigation. This yields extremely high sensitivities — with silica toroids
and spheres even the detection of single molecules was demonstrated [9, 10].

However, fabrication of silica cavities requires serial treatment of each resonator
with a CO, laser making large-scale fabrication challenging. Additionally, for the
read-out of the sensor signal a tapered fiber needs to be approached to the resonator.
A tapered fiber is a fragile object which degrades within hours and its alignment
requires sophisticated equipment to move the fiber with a precision of a few tens of
nanometers. Thus, sensing with this kind of cavities outside a laboratory environ-
ment is difficult to imagine.

Polymeric cavities are able to overcome these drawbacks since parallel fabrication
is feasible and the integration of optically active materials into the polymer host
matrix is simple. With this approach microlasers are feasible which can be excited
and read-out with free-space optics facilitating operability. In previous work of this
research group polymeric goblet-shaped low-threshold microlasers were developed
and their basic sensing ability was demonstrated [11].

One objective of this work was the enhancement of the sensitivity of WGM lasers
with the intention to keep the fabrication process simple and suitable for large-scale
production. Different strategies were pursued: One approach was to use a high-
refractive coating layer which was deposited onto the cavities. Another method
focussed on the optimization of the dimensions of the cavities. The different samples
were characterized regarding their lasing thresholds, quality factors, and sensitivities
and finally the different approaches were compared to each other and to previous
results.

The second aim was to investigate a different sensing system based on dye-doped
electrospun polymer fiber networks. Therefore, first the origin of the lasing emis-
sion of these polymer fiber networks was identified by using spatially resolved spec-
troscopy. Furthermore, the successful implementation of the polymer fiber network
lasers as sensors for different vapors was demonstrated. The vapor sensing mecha-
nism, which is based on the swelling of the fibers once opposed to the analyte, was
analyzed in detail. It was shown that a differentiation of ethanol and methanol vapor
is possible when time-resolved sensing measurements are conducted. Furthermore,
the sensing ability of the polymer fiber network lasers in aqueous environment was
successfully demonstrated via the detection of bulk refractive index changes.




Structure of this work

This thesis is divided into eight chapters. In chapter 2 an introduction to optical
sensor principles is given and central figures of merit are presented. Furthermore,
the working principle of different state of the art optical sensors and their advantages
and drawbacks are discussed.

Chapter 3 focusses on dye-doped polymeric microlasers as these types of optical
sensors were investigated in this work. First, the optical properties of microcav-
ities are discussed in general before the light propagation in WGM cavities and
ring resonators is described. Afterwards, the mechanism how laser dyes act as
gain medium is explained and the properties of the laser dye Pyrromethene 597,
which was mainly used in this work, are presented. At the end of this chapter
the micro-photoluminescence setup and the fiber-coupling setup used for the optical
characterization of the cavities are presented.

Chapter 4 gives an overview on different implementations of passive cavities in lit-
erature and compares them to active WGM resonators with lasing emission. Af-
terwards, the fabrication process of the polymeric microlasers used in this work is
presented. One advantage of polymeric cavities is that various optical gain media
can be easily integrated, which will be demonstrated by the integration of the dye
Fluorol 7GA, which can be excited with a blue laser diode. Furthermore, a modified
fabrication process for all-polymeric resonators was developed and these resonators
were successfully integrated into a polymeric chip with an integrated fluidic chamber.

Sensitivity is one important figure of merit of sensors. In this work different concepts
for the improvement of the sensitivity were successfully realized and are presented in
chapter 5. The first concept is the deposition of a high-refractive index coating layer
leading to an enhanced mode overlap with the surrounding and hence an increased
sensitivity. The second concept is the variation of the dimensions and geometry of
the cavity. Both, the radius and the thickness of the cavity were varied to optimize
the sensing performance. A comparison of the different concepts on sensitivity en-
hancement — also including previous work — ends this chapter and also the part on
WGM resonators.

Chapter 6 focusses on the lasing mechanism in randomly oriented dye-doped elec-
trospun polymer fiber networks which represent a promising new type of optical
sensor. At the beginning the concept of electrospinning is presented. Afterwards
the emission spectra of the fiber networks are analyzed. During this work spatially
resolved microscopy was used to identify random fiber loops as the origin of the
lasing emission. The results on these measurements as well as the theory of a direc-
tional coupler which was used to describe the formation of closed optical paths in
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the fiber networks are presented at the end of this chapter.

Electrospun polymer fiber networks are promising candidates for sensing applications
due to their high surface to volume ratio and their simple fabrication process. In
this work the fiber networks were investigated regarding their sensing abilities. In
chapter 7, the results on the detection of different vapors, which is based on the
diffusion of the vapors into the fibers, are presented. It will be shown that the
analysis of the time-resolved signal even allows to discriminate different alcohol
vapors. Furthermore, the successful implementation of the electrospun polymer fiber
networks as sensors in aqueous environment was demonstrated by proof-of-principle
experiments. The results and a comparison to expectations from simulations are
presented in the last part of this chapter.

In the last chapter the main results of this work are summarized and conclusions
are drawn. Furthermore, a brief outlook on possible future work is given.




Chapter 2

Fundamentals of Sensors

The purpose of this chapter is to give a brief introduction into sensing where the
focus lies on detection of biomolecules (proteins, DNA, viruses, etc.) and gases or
vapors. At the beginning the general operation principle of a sensor is explained and
different performance criteria of sensors are presented. Since the sensors investigated
in this work are based on optical resonators the second part of this chapter will con-
centrate on optical sensor concepts. Different sensing principles will be introduced
and compared with respect to the criteria given in the first part.

2.1 Performance Criteria of Sensors

In general, a sensor can be described as a device which provides a measurable sig-
nal as a result of changes in its environment. Although the variety of sensors is
tremendous certain figures of merit can be found according to which the sensors
can be assessed. Once the general operation principle of sensors has been explained
performance criteria are presented focussing on criteria relevant for detection of
biomolecules and gases or vapors.

Operation Principle of a Sensor

As mentioned before the task of a sensor is to transfer the reaction of the system to
an external stimulus into a measurable signal. Normally a sensor consists of a sensing
element reacting to the stimulus and a transducer which converts this reaction into
an externally measurable signal, e.g., a mechanical, electrical or optical signal [12].
One can distinguish between binary sensors, simply giving a “yes” or “no” response
depending on whether target molecules are present or not and sensors also delivering
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quantitative information on the target molecule concentration.

Sensitivity and Detection Limit

The sensitivity connects the output signal of the sensor with the amount of target
molecules being present [12]. If the output signal depends linearly on the target
molecule concentration the sensitivity is the slope of the calibration curve [13].

Another figure of merit is the detection limit which gives the minimum amount
of target substance or change in the environment which can be detected by the
sensor [14,15], e.g., a concentration of target molecules, a refractive index change or
a temperature change. The detection limit DL is given by the ratio of the resolution
R to the sensitivity S [16]:
R

DL = g (2.1)
The resolution describes the smallest resolvable signal thus depending on the total
noise in the signal ¢. Usually the resolution is given as R = 30. Obviously the
detection limit can be lowered by either minimizing the noise or by increasing the
sensitivity of the sensor.

Selectivity Towards Analytes

Selectivity is defined as the ability of a sensor to distinguish between different species
of target molecules. Ideally, a sensor would respond exclusively to one species present
in the sample and there would be no interference from other species when present
simultaneously [17]. The most popular method to obtain a high selectivity is to use a
selective material as reactive sensor element which specifically interacts with the tar-
get molecules. In gas sensing this is feasible since different material-target molecule
combinations show different adsorption and reaction properties [18]. For sensing of
biomolecules different combinations of receptors and target molecules showing se-
lective binding are used [17], e.g., complementary DNA strands or protein—enzyme
pairs. Furthermore, changes in the environment such as temperature fluctuations
may influence the sensor signal. To eliminate these effects the sensor has to be de-
signed in a way that it is either insensitive to environmental influences or suitable
referencing techniques have to be employed [4].

Applicability for On-Chip Systems

Since sensors on the micrometer scale offer multiple advantages such as low analyte
consumption, fast response time, simple operation and low costs miniaturization of
sensors has become an emerging field of interest [1,2,19].

6
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For the realization of miniaturized sensors it is necessary that the sensor components
or at least the sensing element and the transducer element have dimensions in the
order of micrometers and that it can be fabricated on-chip. To enable low-cost
production scalable fabrication techniques are desirable right from the beginning.

2.2 State of the Art Concepts of Optical Sensors
for Molecule Detection

In this section state of the art optical sensor concepts, which have application poten-
tial in the detection of biomolecules and gases or vapors, are introduced. A change in
intensity, phase, wavelength or polarization of the incident light, which is induced by
target molecules, serves as signal. Optical sensors show immunity against electronic
disturbances, can be operated at high speed, allow remote sensing and multiplexing
and can be fabricated at low costs [4,6].

Concerning the detection of biomolecules two different techniques are distinguished:
label-based and label-free sensing [4]. For label-based sensing the target molecules
themselves or molecules specifically binding to them are labeled with fluorescent
markers. The fluorescence intensity provides information on the presence of target
molecules. Single molecule detection has been demonstrated with this technique [20],
however, the labeling procedure is time- and cost-consuming and determination of
the target molecule concentration is impeded since control over the number of bound
fluorescence label is not given [21]. These inherent disadvantages of label-based
sensing easily demonstrate that label-free detection is desirable. This is why this
work focuses on optical resonators belonging to the category of label-free sensors.

In the following, an overview on label-free sensor concepts will be given, where two
kinds of techniques can be distinguished: On the one hand there are techniques
which rely on characteristic transitions of molecules serving as fingerprint such as
absorption or Raman spectroscopy. On the other hand there are techniques based
on the detection of relative changes in the refractive index, e.g., surface plasmon
resonances or optical resonators [4]. The presented sensing mechanisms can be
applied for biomolecules and gases or vapors. The list of the following examples of
label-free concepts raises no claims to be complete but serves as basic overview since
the field of research is too large to give an entire perspective.

Absorption Spectroscopy
In absorption spectroscopy light of a broadband source (UV, visible, IR) is incident
on the sample cell containing the analyte (Fig.2.1 (a)). Depending on the molecular

7
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Figure 2.1: Principle of absorption spectroscopy. (a) Schematic of an example absorption
spectroscopy setup. Light of a broadband source is guided through a sample cell con-
taining the target molecules. The transmitted light is spectrally resolved and detected.
(b) Example of a transmission spectrum. Dips in the transmission spectrum represent
absorption of the sample.

structure of the target molecules different wavelengths are absorbed. By measuring
the wavelength-dependent attenuation of the transmitted light (Fig. 2.1 (b)) conclu-
sions on the analyte and on the concentration of target molecules can be drawn [22].
The ratio of incident intensity Ip(A) to transmitted intensity I(\) is given by the
Beer-Lambert law

I(/\) —€e(A)-e-L

T =e ) (2.2)

where €()) is the target molecule specific extinction coefficient, ¢ is the concentration
of target molecules and L is the length of the cell containing the sample. Due to the
exponential dependence of the transmitted intensity on the sample length minia-
turization is challenging — especially for detection of low concentrations and target
molecules with small extinction coefficient. In cavity enhanced absorption spec-
troscopy (CEAS) the use of optical cavities allows size reduction while maintaining
long interaction lengths [23,24].

Raman Spectroscopy

The Raman spectrum of a molecule contains information on its vibrational energy
levels and thus serves as a fingerprint for molecule identification. A monochromatic
light source is used for excitation and the scattered light is analyzed with a spec-
trometer. Besides the Rayleigh peak resulting from elastically scattered photons a
Stokes and an Anti-Stokes peak due to inelastic (Raman) scattering are observed in
the spectrum. In quantum theory these scattering processes are described by the
excitation to a virtual energy level followed by relaxation to different vibrational
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Figure 2.2: Principle of Raman spectroscopy. (a) Ilustration of the different scattering
processes occurring in Raman spectroscopy. For Rayleigh scattering initial and final vi-
brational energy states are identical while for Stokes (Anti-Stokes) Raman scattering the
final energy state is higher (lower) than the initial one. (b) Visualization of a Raman
spectrum which can be used for molecule identification. The height of the peaks is not to
scale. Adapted from [25].

states of the molecule along with the emission of a photon. The different processes
are illustrated in Fig.2.2. For Rayleigh scattering initial and final vibrational level
are identical. In case of Stokes Raman (Anti-Stokes Raman) scattering the final
vibrational level is energetically higher (lower) than the initial one, resulting in a
red-shift (blue-shift) of the peak compared to the Rayleigh peak. At room tem-
perature usually most molecules are in the vibrational ground state. Therefore the
probability for Stokes Raman is higher than for Anti-Stokes Raman [25].

Drawbacks of Raman spectroscopy are the small spectral distance between the Stokes
and Anti-Stokes peaks and the Rayleigh peak and the fact that the intensities of
the Stokes and Anti-Stokes peak are several orders of magnitude smaller than the
intensity of the Rayleigh peak [26,27]. Several techniques have been developed to
enhance the weak Raman signal, the most prominent one being surface enhanced
Raman spectroscopy (SERS). With SERS the signal is amplified by several orders of
magnitudes due to field enhancement on rough metallic surfaces or metallic nanopar-
ticles [28-30]. Recently progress towards on-chip SERS has been reported [31].

Surface Plasmon Resonances

A surface plasmon resonance (SPR) is an oscillation of charge density which occurs
at an interface between two media with dielectric constants of opposite signs, e.g., a
metal and a dielectric [32]. The SPR exhibits an evanescent field in the surrounding
medium and is thus sensitive to refractive index changes. There are different tech-
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Figure 2.3: Schematic of a surface plasmon sensor. The plasmon resonance is determined
by, e.g., scanning the angle of the incident light # and measuring the reflected intensity.
When target molecules attach to the receptor molecules on the metal surface the refractive
index of the surrounding changes and thus the plasmon resonance shifts to a different angle.
Adapted from [52].

niques to excite SPRs [4,33]. One method is the use of a prism as shown in Fig. 2.3.
The incident light experiences total internal reflection at the prism—metal interface
and an evanescent wave penetrates in the metal. When its propagation constant &,
matches the propagation constant S, of the plasmon

2m .
k= 5y sin @ = Bsp(Nsur) (2.3)

the incident wave can couple to the surface plasmon and the intensity of the reflected
light decreases [4,34]. When target molecules attach to the metal surface the refrac-
tive index of the surrounding ng,, changes and the plasmon resonance shifts [35]. To
monitor shifts of the SPR the angle of incidence or the wavelength of the incoming
light is scanned [33,36,37] or the intensity change for fixed angle and wavelength is
measured [34].

The sensing applications of SPRs have been intensively investigated and developed
resulting in the successful detection of bulk refractive index changes [36, 38], pro-
teins [39,40], DNA [41,42], bacteria [43] and gases [35,44-46]. SPRs exhibit a high
sensitivity [33] and also detection of single molecules has been demonstrated by
the use of single gold nanorods [47,48]. For laboratory use commercial products
for immune-sensing and DNA hybridization are already available [49]. Concerning
miniaturization different approaches combining SPR sensor elements with microflu-
idics on-chip have been presented [50, 51].

10
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Photonic Crystals

Photonic crystals are dielectric structures with a periodic variation of the refrac-
tive index in one, two or three dimensions [53]. The periodicity in the order of the
wavelength creates a photonic bandgap (also called stop-band). Light of frequen-
cies matching this gap cannot propagate in the photonic crystal analogously to a
semiconductor which has no allowed electron states in the band gap. For sensing
photonic crystals are used in different modes: Either the spectral position of the
entire stop-band is monitored [54] or the photonic crystal is modified as described
in the following. A so-called photonic defect is created when a local disturbance
of the periodicity of the photonic crystal is introduced. This results in a defect
mode which can propagate through the crystal within the bandgap [4]. This de-
fect mode is then observed as a peak in the transmission spectrum. In Fig.2.4 a
2D photonic crystal with a point defect is illustrated. The spectral position of the
defect mode is sensitive to changes of the refractive index in its surrounding and
serves as sensor signal [4,7]. Also other configurations of photonic crystal sensors
such as waveguide-based sensors [55] or photonic crystal fiber sensors [56] have been
implemented.

Photonic crystals exhibit strong light confinement resulting in small sensing areas.
Thus, only low analyte consumption is required [4] and a dense integration of multi-
ple sensors on one chip is possible [57,58]. Furthermore, the sensitivity of photonic
crystal sensors is high [59] allowing detection of bulk refractive index changes [57],
proteins [59, 60], bacteria [61], viruses [62], DNA [63] and gases [64] at low con-
centrations. The on-chip integration of photonic crystals is feasible and Liang et
al. [65] demonstrated fabrication via UV-lithography which paves the way for low-
cost large-scale fabrication.

Interferometers

The operation principle of an interferometer-based sensor is illustrated in Fig. 2.5.
Monochromatic laser light is coupled into a waveguide, split up into two paths
with a Y-junction and joined after a fixed distance. While the reference arm is
surrounded by cladding material the evanescent field in the sensing arm interacts
with the analyte. Changes of the refractive index in the sensing area, e.g., caused
by target molecules binding to receptors, induce a change of the optical path length.
The resulting phase shift causes a change in transmitted intensity at the output of
the interferometer due to interference [4, 66.

Besides the Mach-Zehnder configuration shown in Fig. 2.5 and described previously
so-called Young interferometers have been realized where the two arms are not
merged but changes in the interference pattern are monitored on a detector ar-

11
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Figure 2.4: Illustration of the sensing principle of a photonic crystal. Light of a broadband
source is incident on the photonic crystal. The transmitted intensity is recorded. Only
the defect mode can propagate in the photonic bandgap. The defect mode has its high-
est field intensity around the defect making this area highly sensitive to refractive index
changes. Binding of target molecules to receptors or refractive index changes induced by
gas molecules will result in a spectral shift of the defect mode. Partly adapted from [58].
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Figure 2.5: Illustration of the sensing principle of a Mach-Zehnder interferometer. Light
is coupled to a waveguide, split with a beamsplitter and merged after a fixed distance.
While the reference arm is covered with cladding material the sensing arm interacts with
the analyte. Changes of the refractive index induce a phase change resulting in intensity
changes at the output due to interference. Adapted from [4].

ray [4]. Interferometric sensors exhibit a high sensitivity and good requirements
for on-chip integration [67]. Detection of bulk refractive index changes [68, 69,
proteins [70], viruses [71,72], DNA [67] and gases [73] as well as the integration
with microfluidic channels has been successfully demonstrated [74]. Furthermore
Ymeti et al. [71] developed a design with four interferometer arms even capable
of multiplexing. A benchtop model of an interferometer-based sensor (AnaLight®,
Farfield Sensors Ltd., Salford, UK) allowing refractive index and thickness deter-
mination of a protein layer is commercially available [75]. However, drawbacks of
interferometer-based sensors are nonlinearities in sensor response, in particular the
cosine-dependence of the signal on the target molecule concentration and the fact
that the sensitivity increases with larger interaction length resulting in interferome-
ter dimensions of several mm or cm [4]. To overcome the latter a meandering pattern
of the waveguides could be used.

High-Q Resonators

An optical resonator is created by confining light to a dielectric medium by using
a refractive index contrast. Light propagates along a closed-loop optical path and
certain wavelengths interfere constructively after one roundtrip forming a resonator
mode. Simply speaking the quality factor (Q-factor) is a measure how often modes
circulate in the cavity. In a high-Q resonator the light interacts multiple times with
its surrounding yielding a high effective interaction length while dimensions of the
resonator are in the orders of micrometers [5,7]. Prominent examples for high-Q

13
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Figure 2.6: Illustration of the sensing principle of an optical resonator. A waveguide is
used to couple light into the cavity. Usually a tunable laser is used for excitation and
the transmission is recorded. Target molecules attaching to the resonator surface or other
changes of the refractive index cause a shift of the resonator mode. Adapted from [84].

cavities with rotational symmetry are so called whispering gallery mode resonators
where light is confined in a dielectric due to multiple total internal reflection. A
more detailed discussion on high-Q resonators is given in section 3.1.

In Fig. 2.6 the operation principle of an optical resonator with rotational symmetry as
sensor is illustrated. A waveguide is used to couple light into the cavity — typically
a tunable laser is used as light source. In the transmitted intensity signal cavity
modes are observed as narrow resonances since light couples to the resonator when
the wavelength fulfills the resonance condition. The resonator modes exhibit an
evanescent field outside the cavity interacting with the surrounding. When the
refractive index of the surrounding changes a spectral shift of the resonator mode is
induced [7]. Up to now high-Q resonators have been used for the detection of bulk
refractive index changes [76], proteins [77], viruses [78], bacteria [79], DNA [80] and
vapors [81]. Optical resonators exhibit a high sensitivity and even single molecule
detection has been demonstrated successfully [10]. Additionally, on-chip integration,
combination with microfluidics [82] and multiplexing is feasible [80, 83].

2.3 Summary and Conclusions

In recent years, optical sensing gained a lot of attention and a variety of sensor
concepts has been developed. Concerning label-free sensors one can distinguish
techniques based on optical transitions being specific to the target molecules such as
absorption or Raman spectroscopy and techniques detecting refractive index changes
such as SPRs, photonic crystals, interferometers and resonators. It is difficult to
compare the individual sensor concepts regarding sensitivity since for each tech-
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nique a variety of implementations and improvements can be found in literature.
However, one can state that optical sensors can reach high sensitivities when de-
signed appropriately. When, e.g., sensitivity towards bulk refractive index changes
is considered the sensitivity of interferometers scales with the size of the sensor while
for SPRs and optical resonators the sensitivity scales with the inverse size meaning
that the sensitivity of optical resonators is enhanced with decreasing dimensions [5].

Concerning selectivity absorption and Raman spectroscopy identify molecules di-
rectly by characteristic optical transitions revealing energetic or vibrational energy
levels. In contrast to that for refractive index based techniques receptor molecules
showing specific binding to the target molecules need to be immobilized on the sen-
sor surface. For many target molecules corresponding receptor molecules are known
and different methods have been proposed how these can be immobilized on the
sensor surface [7].

Since one prominent suggested application of optical sensors are disposable lab-
on-chip systems besides sensor performance also on-chip integration, multiplexing,
simple operation and low-cost fabrication are an issue. Currently a lot of effort in
research is expended in finding and improving systems fulfilling these criteria while
maintaining good sensor performance.

In this work, microlasers based on dye-doped polymers have been investigated and
improved regarding their sensing properties. As the term microlaser suggests the
dimensions are in the micrometer range enabling miniaturization. Furthermore,
large-scale fabrication at low costs is feasible and excitation and read-out of these
structures via free space optics is possible facilitating on-chip applications. In the
following chapter the operation principle of these dye-lasers as well as the resonator
geometries used in this work will be discussed.
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Fundamentals of Sensors
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Chapter 3

Dye-Doped Polymeric Microlasers

To build a laser usually a resonator, a gain medium and a pump source are required.
At the beginning of this chapter important optical quantities of microresonators are
discussed and the resonator types investigated in this work are introduced. Then
the principle how laser dyes act as gain medium is explained. At the end of this
chapter the micro-photoluminescence setup and the fiber excitation setup used for
optical characterization of the resonators are presented.

3.1 Polymeric Microresonators

In this work poly(methyl methacrylate) (PMMA) has been used as resonator ma-
terial. Since PMMA has low absorption losses in the visible wavelength region [85]
cavities with high quality factors are feasible. Furthermore, PMMA is available as
photoresist which can be patterned with either electron beam or deep-UV lithog-
raphy, the latter allowing large-scale fabrication. Besides, PMMA is also suited as
material for optical polymeric fibers with high transmission in the visible wavelength
range [85]. After a brief discussion on the optical properties of microcavities the res-
onator geometries investigated in this work will be introduced — so-called whispering
gallery mode resonators and ring-type resonators formed by polymeric fibers.

3.1.1 Optical Properties of Microcavities

In an optical resonator light can be confined spatially and temporally. In the follow-
ing important figures of merit describing the confinement of light will be discussed.
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Quality Factor

The quality factor (Q-factor) describes the temporal confinement of energy inside a
cavity. The Q-factor is defined as 27 times the ratio of energy stored in the cavity
U to the dissipated energy per electric field oscillation and can be expressed in
dependence of the resonance frequency wy and the photon lifetime 7 [86]:

stored energy U

@ = dissipated power T /dt -

WoT. (3.1)

The time-dependence of the stored energy in the cavity U(t) is thus given by [86]
U(t) = Upe *04/?, (3.2)

As can be seen by this equation a direct measurement of the Q-factor is possible with
cavity-ring down spectroscopy where the temporal decay of the energy is measured
[87]. Since these measurements are challenging it will be shown in the following that
the Q-factor can also be determined using the spectral linewidth of the resonant
mode.

Starting from Eq.3.2 we obtain the time-dependence of the electric field via the
relation U o< E?: A
E(t) = Ege™*0"?Qe ot al, (3.3)

Here, damping is considered leading to contributions of other frequencies than wy to
the oscillation [86]. Applying a Fourier transformation to Eq. 3.3 yields the frequency
distribution of the intensity:

1
(W —wo)? + (wo/2Q)*

This represents a Lorentzian line shape with a full width at half maximum (FWHM)
equal to dw = wy/Q. Hence, the Q-factor is given by

I(w) = |E@W)P o

(3.4)

Wo )\0
= — & — 3.5
dw oA (3:5)
and can be determined from the linewidth of the resonance. Actually the Q-factor
is a property of cavity modes but it is often used to describe the resonator.

Loss Mechanisms in Optical Microcavities

Several loss mechanisms limit the Q-factor of optical microcavities. Absorption,
radiation and scattering are contributing loss mechanisms [88]. In contrast to these
internal losses Q,, external losses arise from coupling to an external coupler such as
a waveguide, a tapered fiber or a prism. The reciprocal Q-factor can be decomposed
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into the reciprocal sum of the individual contributions and can be expressed as
[89,90]:

Q7' = Qi + Qo = Qupe + Qo + Qua + Q- (3.6)
In the following the origin of the different intrinsic loss mechanisms will be discussed
and correlations to the resonator material and size will be revealed.

Absorption Losses
Absorption losses depend on the optical properties of the resonator material. The
corresponding Q-factor can be approximated by [88]

2mn
Qabs ~ aa
where n is the real part of the refractive index of the cavity material and « is its
attenuation coefficient.

(3.7)

In this work PMMA has been used as resonator material. The absorption losses
at wavelengths in the visible spectral regime at which the cavities are operated in
this work are low and by taking values from literature [91] the absorption limited
Q-factor can be estimated as Qs ~ 10® for wavelengths around 600 nm.

Radiation Losses

When a cavity has curved boundaries light is not perfectly confined, meaning that
part of it leaves the cavity as so-called radiation losses. In the particle picture ra-
diation losses can be described as the tunneling of photons through the well of an
effective potential [92,93]. The height of the potential well and hence the tunnel-
ing rate depend on both the curvature of the cavity geometry and the refractive
index contrast between cavity and surrounding [94]. Smaller radii of curvature and
smaller refractive index contrasts increase radiation losses and lower the Q-factor.
For PMMA cavities with goblet-shape and a diameter of 40 pm the radiation limited
Q-factor in air is Qaq ~ 10'® for resonance wavelengths around 600 nm [11]. In wa-
ter the potential barrier is lowered and the radiation limited Q-factor is Qaq ~ 10%
for the same cavity and wavelength [95].

Scattering Losses

Usually the surface of a cavity is not perfectly smooth but exhibits imperfections
such as surface roughness acting as scattering centers [96]. These imperfections can
originate from the manufacturing process but also dust deposited on the resonator
surface contributes to scattering. In [89] an analytical model for the determination
of Qsca is presented stating that Q)y.. depends linearly on the radius R of the cavity.
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This can be attributed to a higher mode overlap with the outer cavity boundary
for smaller radii. In section 3.1.2 and 4.2 a method how the surface roughness in
whispering gallery mode resonators can be reduced will be presented.

Mode Volume

The mode volume V)1 describes the spatial confinement of a mode inside and outside
a cavity. The definitions vary slightly depending on the scope of application. A
common definition is the ratio of the stored energy to the maximum energy density

[97]

_ S |[E@)[av
max{e(r) [E(r)[*}
with e(r) being the dielectric function. Depending on the spatial coordinate r the

dielectric function of the cavity material or the surrounding is used. Usually the
mode volume is given in pm?® or in units of (\/n)?.

(3.8)

Free Spectral Range

The free spectral range F'S R of a cavity is the spectral distance between two consec-
utive longitudinal modes, i.e. between two fundamental modes with Ny and Ny + 1
multiples of the wavelength \g along the optical path length L - n.g of the cavity.
The F'SR is given by

¥ Nl A}

FSR= —"—— =~
L~neff—i—)\0 L'neff’

(3.9)

where L is the length of the cavity. The effective refractive index of the mode ng
is given by a weighted average of the refractive indices of the cavity material and

the surrounding where the weights depend on the spatial distribution of the electric
field.

3.1.2 Whispering Gallery Mode Resonators

So-called whispering gallery mode (WGM) resonators represent one type of optical
cavities with promising applications in sensing [6], cavity quantum electrodynam-
ics [98], optical communication [99,100] and non-linear optics [101,102]. The name
originates from acoustic whispering galleries such as the dome of St. Paul’s Cathe-
dral in London. A person standing on one side of the dome can clearly hear the
whisper of another person standing on the opposite side. Lord Rayleigh explained
this phenomenon with repeated lossless reflections of the sound wave at the wall of
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~5um . 5 ul-m
Figure 3.1: Scanning electron microscopy (SEM) images of PMMA microresonators in disc
and goblet shape on silicon pedestals. (b) taken from [109].

the dome [103]. In the optical domain WGMs can exist in curved cavities due to
repeated total internal reflection of the light along the cavity boundary. The waves
which interfere constructively after one roundtrip are called WGM resonances. Usu-
ally WGM resonators exhibit rotational symmetry and have been realized as, e.g.,
spheres [76-78,104], discs [105], toroids [87,106] and goblets [107]. The resonance
condition for cavities with rotational symmetry is given by

2 Rneg = NyAo, (3.10)

where R is the cavity radius, neg is the effective refractive index of the resonant
mode and A is the resonance wavelength in vacuum. The integer Ny is called
azimuthal mode number and states how many wavelengths fit on the circumference
of the cavity.

The field distribution of the WGMs can be obtained by solving Maxwell’s equations.
For highly symmetric geometries such as spheres or cylinders an analytical solution
of the problem is possible. In this work disc- and goblet-shaped resonators as shown
in Fig. 3.1 were investigated. Borselli et al. developed an analytic approximation to
calculate the field distribution of microdiscs [89] by using cylindrical coordinates and
separation of variables. For the z-component the same results as for a slab waveguide
are obtained [108], the solutions for the azimuthal part are given by ®(¢) = e*Ne?.
The radial solutions are given by Bessel functions inside the disc and by Hankel
functions outside the disc, which can be approximated by a decaying exponential
with the decay constant [ = koy/n?; — n2,, with the vacuum wave number ko and
the refractive index of the surrounding ng,,.

Besides analytical approximations numerical calculations can be used to determine
the field distribution of more complex cavity geometries. WGM modes are classi-
fied according to three mode numbers, Ny, N, and N,, where N, and N, denote
the number of energy density maxima minus one in p- and z-direction, respectively.
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Figure 3.2: Simulated energy density and electric field distribution in PMMA disc cavities.
(a) Energy density distribution for different TE modes with Ny = 371 of a disc resonator
with a radius of 25 pm obtained with finite element simulations performed with JCMSuite
from JCMuwave. The energy density distribution in the p-z-plane close to the rim of the
cavity is plotted. Modes with only one field maximum along p- and z-direction are named
fundamental modes. (b) Electric field distribution of a fundamental mode with Ny = 30.
The exponentially decaying evanescent field outside the cavity is clearly visible. Adapted
from [109].

Furthermore, two polarization states, transverse electric (TE) and transverse mag-
netic (TM) are distinguished, where for TE (TM) modes the electric (magnetic)
field lies in the resonator plane. In Fig.3.2 the simulated energy density close to
the rim of a PMMA disc resonator with a radius of 25pm is depicted for differ-
ent modes. Furthermore, the three-dimensional field distribution of a fundamental
mode (Ng = 0, N, = 0) is illustrated. One can clearly recognize the exponentially
decaying evanescent field outside the cavity which is crucial for sensing.

With WGM resonators high Q-factors can be achieved, e.g., for fused-silica micro-
spheres Q-factors close to the limit given by bulk absorption have been measured
(8 x 10 at 633nm) [110]. For on-chip resonators the use of surface-tension in-
duced reflow processes such as heating silica cavities with a COy laser above their
glass transition temperature allows efficient surface smoothening going along with
Q-factor enhancement [87,107].
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3.1.3 Ring Resonators

In ring resonators light is usually guided in an optical waveguide which is looped
back on itself [111]. Arbitrary geometries are feasible as long as a closed optical
path is formed. For example ring resonators, racetrack rings and folded spiral rings
have been realized [111]. The condition for constructive interference is the same as
for WGM resonators (see Eq.3.10) except that 27 R is replaced by the length of the
ring resonator L.

As waveguide structure planar optical waveguides such as slab waveguides or rect-
angular waveguides are applicable but also optical fibers can be used to form ring
resonators. In the following, waveguiding in circular step-index fibers will be ex-
plained since the PMMA fibers used in this work belong to that category.

The diameter of the PMMA fibers is of the same order of magnitude as the wave-
length of the propagating light meaning that the wave nature of light needs to be
considered. An optical fiber usually consists of a core with refractive index neore
and a surrounding cladding with refractive index n.,q where the mode is guided by
the core due to Neore > Neaa (see Fig.3.3). In our case bare core fibers are used
so that ng.q is equal to the refractive index of the surrounding ng,,. To obtain
the field distribution and the propagation constants of the modes (modes propa-
gate along z-direction) Maxwell’s equations are solved for the given refractive index
distribution. Since a detailed derivation of the solutions can be found in many
textbooks [112-114], only the solutions will be discussed briefly.

Three types of modes can be distinguished: hybrid modes, transverse electric (TE)
and transverse magnetic (TM) modes. While for hybrid modes all six components of
the electric and magnetic field are nonzero, for TE (TM) modes E, = E, = Hy; =0
(H, = H, = E; = 0) applies (see Fig.3.3(a) for coordinate system). The z-
component of the electric (magnetic) field is given by zero order Bessel functions
of the first kind for the core region and modified zero order Bessel functions of the
second kind for the cladding. The remaining field components are then determined
via Maxwell’s equations and are also given by Bessel functions of the first kind or
modified Bessel functions of the second kind. For hybrid modes, solutions are bulkier
but again contain the above-mentioned Bessel functions.

Since for both WGM resonators and circular step-index fibers the geometry of the
dielectric is a cylinder it is no surprise that the solutions for Maxwell’s equations
are Bessel functions in both cases. However, differences are the dimensions of the
dielectric and the propagation direction resulting in different kind of modes. For
WGM resonators the modes propagate along the rim of the disc while for fibers the
modes propagate along the direction perpendicular to the disc plane. In Fig. 3.3 (b)
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Figure 3.3: Optical modes in cylindrical fibers. (a) Schematic of an optical cylindrical
fiber with core and cladding. The modes propagate along z-direction. (b) Electric field
density distribution for different modes (top) and electric field distribution in the x-y-plane
(bottom) for a PMMA fiber with a diameter of 1 um calculated with COMSOL.

the electric energy density and the electric field in the z-y-plane for the fundamental
mode (HE;;) and the TEqy; and TMg; mode of a PMMA fiber are depicted. The
first index denotes the order of the Bessel function and the second index denotes the
number of radial roots.

For every fiber the normalized frequency V', which depends on the fiber diameter
d, the wavelength )¢, and the refractive indices of core ngo. and cladding ng.q, is

determined by
d /
V= 7;\_0 ngore - nzlad' (311)

When V' < 2.405 only the fundamental mode (HE; ) is allowed and the fiber becomes
single-mode.

Very often the so-called weakly guiding approximation is used to describe the mode
propagation in fibers. This approximation is valid when the refractive index contrast
between core and cladding is small (An ~ 1%). For PMMA fibers the refractive
index contrast An between core (PMMA) and “cladding” (air, water) is 0.49 or 0.16,
meaning that the weakly guiding approximation cannot be applied [112] which is
why this approximation is not discussed here.

The Q-factors reported for ring resonators (e.g., @ = 1.4 x 10° at 1550 nm [115])
are several orders of magnitude lower than for WGM cavities. This is mainly due to
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the different fabrication processes — for ring resonators no surface-smoothing reflow
steps are used to reduce losses due to surface scattering. However, for sensing other
figures of merit besides the Q-factor are important which is why successful sensing
experiments have also been demonstrated with ring resonators [116].

3.2 Laser Dyes as Active Material

The gain medium of a laser strongly influences its performance. In order to obtain
low lasing thresholds an efficient active material with high amplification needs to
be integrated into the resonator without deteriorating the cavity properties. Fur-
thermore, the optical transitions of the active material define the spectral region
of lasing emission. In case of polymeric cavities organic lasing dyes can easily be
integrated into the host matrix. Laser dyes are available with different emission
wavelengths ranging from near-ultraviolet to near-infrared [117]. At the beginning
of this section the electronic structure of laser dyes is discussed and the conditions
required for lasing are summarized. Afterwards the optical properties of the laser
dye Pyrromethene 597 (PM597), which is mainly used in this work, are presented
in detail.

3.2.1 Electronic Structure of Laser Dyes

In [117] the term “dye” is used in a sense that it comprises all substances exhibit-
ing conjugated double bonds since these bonds are crucial for optical transitions.
Molecules without double bonds absorb photons with wavelengths smaller than
160 nm corresponding to an energy which is sufficient to dissociate most chemical
bonds. Thus, double or triplet bonds containing delocalized m-electrons are required
to enable light absorption at wavelengths larger than 200nm [117]. The m-electrons
form an electron cloud which extends over the conjugated bonds.

Electron in a Box Approximation

In a simple picture absorption in dyes can be understood by describing the conju-
gated double bond chain as an infinite potential well. The energy FE, of the nth
eigenstate of an electron in this potential is given by

h2n?
" ¥mL2

where h denotes Planck’s constant, n denotes the number of antinodes of the eigen-
function along the chain, m the electron mass and L the length of the conjugated

(3.12)
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chain [117]. Each energy level can be occupied by two electrons due to Pauli’s prin-
ciple so that for N electrons n = N/2 states will be occupied (usually N is an even
number). Absorption of a photon induces an electronic transition from the highest
occupied state to the lowest unoccupied state with the transition energy

2

ABpin = Ex1 — Ey =
N+1 N 8mL2

(N +1), (3.13)

which can be translated into the wavelength of the incoming photon via A = heg/AE.
This approximation predicts the absorption bands of molecules with long conjugated
chains adequately, however, for small molecules repulsion between 7 electrons needs
to be considered leading to more complex formulas [117].

Transitions in Dye Molecules

The electronic energy levels in dye molecules are superimposed by a manifold of
vibrational energy levels which arise from the high number of atoms. The usually
broad absorption spectra (several tens of nanometers) of laser dyes originate from
these vibrational energy levels [117]. The energy levels of dye molecules are illus-
trated in Fig.3.4 (a): The singlet ground state, first and second electronic singlet
state as well as the first and second triplet state. For each electronic energy level
several vibrational states, denoted with v in the following, exist. At room temper-
ature absorption usually occurs from the ground state Sy ,—o since thermal energy
(~ 25meV) is not sufficient for a significant population of excited vibrational states
which are separated by an energetic distance of approximately 190 meV [118].

Absorption of a photon excites the molecule into a higher electronic level but also
changes its vibrational state. In Fig.3.4(b) the Franck-Condon principle which
explains this behaviour is illustrated. The electronic transition occurs on a time
scale of femtoseconds, a time during which the nuclei do not change their distance
significantly [118]. The probability for a transition is proportional to the overlap
integral of the wave functions of the nuclei of initial and final state. Since the overlap
between the wave functions of the ground state Sy,—o and higher vibrational levels
of the excited state S, is higher than the overlap of the wave functions from
the ground state Sp,—¢ and the excited state S ,—¢, the transition from Sy to S;
goes along with a vibrational excitation. From there the molecule rapidly relaxes
(tic =~ 107'%s) into the lowest vibrational state of Sy; this process is called internal
conversion (IC) [118]. Starting from this state different processes can occur: A
transition to the ground state under the emission of a photon (fluorescence) or a
non-radiative transition to the ground state via internal conversion. Furthermore,
a non-radiative transition to the first triplet state (intersystem crossing) can occur.
It should be noted that the radiative transition to the ground state again ends at
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Figure 3.4: Energy levels and transitions in dye molecules. (a) Jablonski-diagram with
singlet and triplet states. Absorption (green or blue) induces a transition from the ground
state to a higher vibrational level of the first or second excited state. The molecule
relaxes to the vibrational ground state of S via internal conversion (grey dotted arrows).
Fluorescence (red) occurs to a higher vibrational state of Sy followed by internal conversion
to Sou=0. The levels relevant for lasing are numbered with 1,2,3 and 4. (b) Diagram
illustrating the potential and wave functions (orange) of the nuclei to visualize the Franck-
Condon principle. The transition probability is proportional to the overlap integral of the
wave functions. Adapted from [119] and [120].

a higher vibrational level followed by internal conversion to Sp,—o. Due to the
Franck-Condon principle the emission spectra of dyes are red-shifted compared to
their absorption spectra — this effect is called Stokes shift. The transition from the
triplet state 77 to the ground state under the emission of a photon is referred to
as phosphorescence. Since spin conversion is required the lifetime of the T} state is
several orders of magnitude larger than the lifetime of the S; state [118].

Conditions for Lasing

In order to obtain lasing population inversion of the energy levels responsible for
lasing emission is required, i.e., the number of molecules in the higher energetic
state must exceed the number of molecules in the lower energetic state. With a
two-level system population inversion is impossible so for lasing emission at least a
three-level system is required [119]. Dye molecules provide four-level systems due
to their vibrational states as indicated in Fig.3.4 (a). Through absorption the dye
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molecule is excited from level 1 to level 2, followed by a fast relaxation (~ 1071%s)
to level 3. Since the timescale for radiative relaxation is in the order of nanoseconds
(compared to tic ~ 107'?s) molecules accumulate in level 3 while also level 4 is
quickly depleted. Thus, population inversion is build up between level 3 and 4 and
consequently, lasing occurs from this transition [117]. Note that level 3 and 4 can
be any of the excited vibrational states of Sy and S;.

For optical feedback the dye molecules are embedded in a cavity. To achieve lasing
operation the optical gain per roundtrip needs to overcome the roundtrip losses at
the lasing wavelength [121]:

ni1oe(N) > 2;% + ngoa(N). (3.14)

Here, 0.(\) and 0,(A) are the cross-sections of stimulated emission and absorption,
respectively, n; is the number density (per unit volume) of dye molecules in the
first excited singlet state, ng is the number density of dye molecules in the ground
state, n is the refractive index and @) the quality factor. The stimulated emission
cross section, which is required to determine the lasing threshold, can be calculated
by [117]:

X (N

= ) 1
7e(N) 8meon?T (3.15)

The normalized photoluminescence spectrum is denoted f(A), ®r is the fluorescence
quantum yield, ¢y the vacuum speed of light, n the refractive index and 7 the
fluorescence lifetime. Typical emission cross sections for dye molecules are in the
order of 107! ¢cm? [119], which is several orders of magnitude larger than those of
lanthanides which are often used in solid state lasers as gain medium [122,123].

To fulfil Eq. 3.14 a minimum fraction of molecules v = ny /n; must be excited, with n

denoting the total number density of dye molecules. Eq.3.14 can then be rewritten

as follows [124]:

2mn/(AQny) + 0a(A)
Ta(A) + 0e(A)

The lasing threshold, i.e., the minimum excitation power fluence required to achieve
lasing is proportional to =, so one can clearly see from Eq.3.16 that the lasing
threshold mainly depends on the Q-factor and the number density of dyes in the
cavity. However, simply increasing the dye concentration will not automatically
lower the lasing threshold as for high dye concentrations formation of dimers and
higher aggregates might occur leading to fluorescence quenching [125]. Furthermore,
the aggregates exhibit a red-shifted absorption band compared to single dyes going
along with a reduced Q-factor at the lasing wavelength [117].

Y(A) >

(3.16)
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Influence of Triplet States on Lasing Performance and Photobleaching
As mentioned in the previous paragraph excited dye molecules can undergo a non-
radiative transition to the first excited triplet state 77 via intersystem crossing from
S1. This transition can be induced, e.g., by spin—orbit coupling or due to collisions
with molecules in the solvent [117]. A population of the first triplet state has negative
impact on the lasing performance since it reduces the fluorescence quantum yield
®; significantly below unity. For one thing it reduces the population of S; and
hence the amplification, for another thing it increases triplet—triplet absorption losses
[117]. Additionally dye molecules in the triplet state are chemically more reactive.
Hence, population of the triplet state might lead to enhanced photobleaching due
to reactions of dye molecules with oxygen [126].

The population of triplet states can be avoided if the rise time of the pump pulses
until they overcome the lasing threshold is short compared to typical transition times
for intersystem crossing which are in the order of 7i5¢ &~ 100 ns [117,127].

3.2.2 Properties of Pyrromethene 597

The emission of laser dyes belonging to the pyrromethene family (4,4-difluoro-3a,4a-
diaza-4-bora-s-indacene dyes) lies in the green-yellow to red spectral region [128].
Fig. 3.5 shows the chemical structure and both the absorption and stimulated emis-
sion cross section of the gain material used in this work, Pyrromethene 597 (PM597).
To determine the absorption and stimulated emission cross section of PM597 in
PMMA the transmission and absorption spectrum were measured for a PM597-
doped PMMA film spin-coated on a glass slide. The concentration of PM597 was
the same as used in the cavities (25pumol/g PMMA) to ensure comparability. The
transmission spectrum is used to derive the absorbance A(A) which is used to de-
termine the extinction coefficient () via Beer-Lambert law

A\ = —log <—T) —c-1-e(N), (3.17)

where ¢ is the dye concentration and [ the film thickness. The absorption cross
section can then be calculated with the following formula [117]

oa(N) = 0.385 - 10" 2%¢(\), (3.18)

where €(A) needs to be in liter/(mol - cm). The emission cross section was calculated
from the emission spectrum by using Eq. 3.15. The fluorescence quantum yield was
measured by Andrey Turshatov from the Institute of Microstructure Technology
(IMT, KIT) to be & = 0.63 for PM597 embedded in PMMA excited with light of
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Figure 3.5: Properties of the laser dye Pyrromethene 597 (PM597). (a) Chemical structure
of the laser dye PM597. Taken from [131]. (b) Absorption and stimulated emission cross
section of PM597 embedded in PMMA. Both the absorption and emission cross section
were calculated from transmission and emission spectra with the formulas and parameters
given in the text.

A = 532nm which is typically also used in this work. For the fluorescence lifetime
the value of 7 = 6.22ns was also determined by A. Turshatov and is comparable
to values in literature [129]. Pyrromethene dyes are highly efficient and photostable
laser dyes [128] which show good solubility in many solvents [130] and can easily
be embedded in polymer matrices such as PMMA. The good laser performance
arises from the low intersystem crossing rate and low triplet—triplet absorption [130].
For PM597-doped WGM resonators with goblet shape lasing thresholds as low as
0.5nJ per pulse and stable lasing emission for more than 2 x 10° pulses has been
demonstrated in previous research done in our group [11].

3.3 Optical Setups Used for Investigating Dye-
Doped Microcavities

During this work two different optical setups where used to characterize the poly-
meric cavities: A micro-photoluminescence spectroscopy setup for excitation of the
lasing modes via free-space optics and a fiber-coupling setup to investigate the pas-
sive Q-factors of the cavities.
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Figure 3.6: Micro-photoluminescence setup. Laser light of 532nm is focused onto the
sample to excite the dye molecules in the cavities. A microscope objective collects the
emission light which is guided to a CCD camera to obtain an image of the sample and to
a second CCD camera coupled to a spectrometer for spectral analysis. Based on [132].

3.3.1 Micro-Photoluminescence Spectroscopy Setup

A schematic of the micro-photluminescence (1-PL) spectroscopy setup used in this
work is shown in Fig.3.6. A frequency-doubled Nd:YVOQO, laser emitting pulses of
approximately 10 ns at 532 nm matching the absorption spectrum of PM597 serves as
pump source. As mentioned before, the short pulse duration prevents a detrimental
population of triplet states. The excitation energy can be controlled by a half-wave
plate followed by a variable linear polarizer. The light is loosely focused on the
sample with a lens under an angle of approximately 45°.

A microscope objective with 50-fold magnification and a numerical aperture of 0.42
is used to collect the emitted light. Since the detection beam path is perpendicular
to the resonator plane the observable lasing emission from the sample results from
scattering processes at resonator surface imperfections. A long-pass filter in the
detection beam path filters light of the excitation wavelength. In order to obtain
an image of the sample and an emission spectrum simultaneously a beam splitter
divides the emission light into two parts. 30% of the light are focussed directly
onto a charged coupled device (CCD) camera while the remaining 70 % are focussed
on the entrance slit of the spectrometer (f = 50cm) having a CCD camera (256
x 1024 pixel) attached. The spectrometer is equipped with three gratings with
150 lines/mm, 1200 lines/mm or 2400 lines/mm, resulting in spectral resolutions of
approximately 700 pm, 70 pm and 35 pm, respectively, at wavelengths around 600 nm
when the entrance slit set to 30 pm.

31



Chapter 3. Dye-Doped Polymeric Microlasers

3.3.2 Fiber Excitation Setup

One method to excite WGMs also in cavities without active components is to use
tapered fibers which are approached closely to the rim of the resonator. With this
method the Q-factor of a cavity can be determined by measuring the spectral width
of the resonant modes.

Single mode fibers consist of a core surrounded by a cladding. Due to the small
refractive index contrast between core and cladding a high fraction of the fiber mode
propagates inside the cladding. In order to access the evanescent field of a fiber
mode the cladding needs to be removed and a tapered fiber where the evanescent
field propagates in air needs to be fabricated. Usually the so-called flame brushing
technique is used to fabricate single-mode tapered fibers. A small region of the fiber
is heated with a flame and pulled apart with motorized stages [133]. During the
pulling process multiple modes can propagate through the fiber. When the tapered
region is thin enough the fiber becomes single-mode again and hence the pulling
process is stopped. More details on the fabrication of tapered fibers can be found
in [134].

A schematic of the setup for fiber coupling is depicted in Fig.3.7. The light of a
tunable laser with a linewidth of dw < 300kHz and a sweep range from 632.5nm
to 637nm is coupled into a single-mode tapered fiber. In order to align the fiber
precisely with respect to the resonator the fiber is mounted onto a five-axis posi-
tioning stage which can be moved with a precision of 10 nm. The wavelength of the
tunable laser is swept continuously and the transmission is monitored with a photo-
diode. When the fiber is close enough to the cavity so that the light from the fiber
evanescently couples to the cavity, the modes are observed as Lorentzian-shaped
dips in the transmission spectrum. In order to conduct measurements in aqueous
environment a sample chamber with two open sides is used. The open sides ensure
that the tapered fiber can be approached to the resonator. A microscope cover slip
is used to cover the chamber and the water is kept inside by capillary forces.

3.4 Summary and Conclusions

In this chapter the components required for a microlaser have been presented. First,
figures of merit for cavities such as Q-factor, mode volume and free spectral range
have been discussed before the resonator types of this work have been introduced.
For both types, the WGM resonators and the cylindrical fibers, Bessel functions
solve Maxwell’s equations since the WGM cavities and the fibers exhibit similar
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Figure 3.7: Tapered-fiber setup to excite the cavity modes and to measure Q-factors. The
light of a tunable laser is coupled into a single-mode tapered fiber. The fiber is approached
to the resonator and the transmission spectrum is recorded with a photodiode. Cavity
modes appear as Lorentzian dips in the transmission spectrum. Adapted from [134].

geometries. However, typical dimensions and mode propagation are different for the
two resonator types. In WGM cavities modes propagate along the rim of the cavity
which is a disc or a goblet in our case. For ring resonators a fiber or waveguide is
used for mode-guiding and a closed-loop optical path is formed. The geometry of the
fiber resonators used in this work will be discussed in detail in chapter 6. Q-factors
of WGM cavities exceed those of ring resonators by orders of magnitude but both
cavity types have been successfully implemented for sensing [6,116].

Dye molecules represent an efficient gain medium as they exhibit high cross sections
for stimulated emission and the four-level system allows for an easy build-up of
population inversion [119]. The electronic structure and transitions relevant for
lasing performance have been discussed. The laser dye Pyrromethene 597 can easily
be integrated into a PMMA matrix and exhibits a high quantum yield. Furthermore,
previous results on WGM cavities doped with PM597 have shown that these cavities
exhibit low lasing thresholds and long lifetimes of the lasing emission [11]. The good
lasing performance of PM597 can be attributed to its low intersystem crossing rate
and low triplet—triplet absorption.

At the end of this chapter the p-PL setup has been presented representing a sim-
ple excitation and read-out scheme for dye-doped cavities. Also the fiber excita-
tion setup for determining the passive Q-factors of the cavities was introduced. In
the following modifications of dye-doped polymeric cavities will be presented and
techniques on improving the sensitivity of PM597-doped WGM resonators will be
demonstrated. Furthermore, resonators based on dye-doped electrospun fibers and
their applications in sensing will presented.
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Chapter 4

Polymeric Whispering (allery
Mode Lasers as Sensors

This chapter focusses on WGM resonators and their applications in sensing. First
it will be explained how WGM cavities work as sensors and which quantities in-
fluence the sensor signal. Then an overview on different implementations of WGM
resonators in their use as sensors in literature is given. Afterwards advantages of
polymeric WGM lasers and the standard fabrication process used in this work is
presented. The fact that the resonators are made of polymeric materials allows for
the incorporation of different gain materials such as laser dyes or quantum dots. In
this chapter the results obtained with the laser dye Fluorol 7GA are shown which
can be optically pumped even with a low-cost laser diode. Furthermore, a modi-
fied fabrication process was developed which allows fabrication of the resonators on
arbitrary substrates and their implementation in an all-polymeric sensor chip.

4.1 Sensing with Whispering Gallery Mode Cav-
ities

Since whispering gallery modes exhibit an evanescent field outside the cavity they
are able to interact with their surrounding. Changes in the surrounding, e.g., caused
by biomolecules or bulk changes cause a spectral shift of the resonant mode which
serves as sensor signal. In the following the so-called reactive sensing principle is
introduced which gives a quantitative description of the expected shift upon the
attachment of molecules to the resonator.
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4.1.1 Reactive Sensing Principle

From the resonance condition given in Eq. 3.10 it is evident that the resonant wave-
length is sensitive to the optical path length of the resonator. This results in the
following formula describing the relative wavelength shift AXg/Ag upon changes of
the radius R or the effective refractive index neg [84]:

Al _ AR L Aneff‘
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In a simplified picture one can consider a monolayer of biomolecules, which have
the same refractive index as the cavity, attaching to the resonator surface as an
increase in radius. The resonant modes will “see” a cavity with larger radius and the
resonant wavelengths will increase as the azimuthal mode number remains constant.
The effective refractive index of the resonant modes depends on the field distribution
of the WGMs and on the refractive indices of the cavity and its surrounding. Hence,
changes of the refractive index of the surrounding will also cause a spectral shift of
the resonant modes.

Usually, biomolecules do not form a complete monolayer but attach to the resonator
one by one and cover only parts of the rim. Arnold et al. [135] used first order
perturbation theory to determine the wavelength shift caused by single or multiple
molecules. When a molecule attaches to the resonator surface it is polarized by the
evanescent field of the WGM. A dipole moment dp;, = « - Ey(7;), which depends on
the polarizability « of the molecule, is induced. The shift of the resonant mode is
given by the ratio of the energy required for inducing the dipole to the total energy

of the mode [135]
(%) - (Acujo) Y e?ﬁ)}f;z(o?i‘); av’ (4.2)

Here, €(r) denotes the dielectric fundtion. The resonance shift caused by a molecule
is proportional to its polarizibility a and the square of the electric field at the
position where the molecule attaches | Eo(r;)|>. In [135] the transition from single
to multiple molecules is considered and the electric fields at the resonator surface
are evaluated for a spherical resonator. By using approximations for the integral
in the denominator the following simple formula for the relative wavelength shift is
obtained:

ANy oo
= ) 4.
Ao eo(nZ, —n2, )R (4:3)

res sur

Here, o is the surface density of the molecules, €y is the vacuum permittivity and
Nres and ng,, are the refractive indices of the resonator and the surrounding.
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4.1 Sensing with Whispering Gallery Mode Cavities

One method to evaluate the performance of a cavity as sensor is the measurement of
the so-called bulk refractive index sensitivity (BRIS). It describes how sensitive the
cavity is towards changes of the refractive index of the surrounding. More details
on the BRIS and its measurement will be given in section 5.1. Zhu et al. derived
that the shift caused by attaching molecules is proportional to the BRIS Sggris and

is given by [136] :
A)g 27/ N2 — N2, Nres g (4.4)
= o« ) :
» o2 2 OBRIS
This equation shows that the BRIS can be used to quantify the sensing ability of

WGM resonators.

sur

In order to realize WGM sensors which selectively detect certain molecules, e.g., a
particular protein, the surface of the resonators has to be functionalized. So-called
receptor molecules showing specific binding to the target molecules are immobilized
on the cavities. Since functionalization is beyond the scope of this work the reader
is referred to the review articles [5,6] for further information.

4.1.2 Implementations of WGM Sensors in Literature

WGM resonators have attracted a lot of interest in recent years and many implemen-
tations as sensors have been realized. Different geometries of WGM resonators in-
clude, e.g., spheres [77], toroids [87], discs [137], goblets [107] and microbubbles [138].
Furthermore, a broad variety of materials has been used to fabricate WGM cavities
with quartz glass (silica, SiOy) being the most prominent one [84,139]. But also
other materials, such as titanium dioxide (TiOy) [140], silicon carbide (SiC) [141],
silicon nitride (SiaN3) [142], polymethylsiloxane (PDMS) [143] and magnesium fluo-
ride (MgF's) [144] have been used as cavity material. The following section will give
a brief overview on different sensing techniques. For more detailed information the
reader is referred to the extensive review article of Foreman, Swaim and Vollmer [6].

Usually tapered optical fibers or prisms are used for evanescent excitation of the
WGMs. In Fig. 3.7 a schematic of the most common setup is depicted. A tunable
laser with narrow linewidth is coupled into a tapered fiber and the transmission
spectrum at the end of the fiber is detected with a photodiode. Different methods
have been implemented in order to track the resonant mode. The simplest and
most common principle is to measure the transmission spectrum and then apply
post-processing procedures to extract the resonance position. Usually a Lorentzian
is fitted to the data and the center wavelength is monitored. The spectral resolution
depends on the frequency accuracy and amplitude noise of the tunable laser and
time resolution depends on the actuator used for detuning of the laser.
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In general one can say that the detection limit is given by the ratio of the resolution
of the system to the sensitivity of the transducer. In order to obtain a low detection
limit either the noise has to be reduced or the shift caused by target molecules has to
be increased. Several techniques have been realized for both approaches almost all
of them working with passive WGM cavities. In the following different approaches
from literature are presented. A detailed discussion how the detection limit can be
improved for the WGM lasers used in this work is given in the chapter 5.

Frequency Locking

In order to suppress frequency fluctuations of the emission wavelength of the tun-
able laser its frequency is locked to the resonance frequency of the WGM cavity.
This allows real-time measurement of the resonator mode and yields a high time-
resolution which is desirable when single molecule binding events are to be moni-
tored. When the frequency locking is done with the Paul-Drever-Hall method the
created error signal and thus the locking method is insensitive to amplitude noise
of the laser [145,146]. Swaim et al. applied this technique first to WGM resonators
and could demonstrate the detection of single gold nanorods with a size of 39 nm
x 10nm [147]. Recently, Su et al. further improved this method, applied compu-
tational filtering to the data and were able to detect single nanoparticles of 2.5 nm
radius, molecules of 15.5kDa and even single exosomes [9, 148].

Mode-Splitting and Linewidth Broadening

In an ideal WGM resonator with rotational symmetry the WGMs are two-fold de-
generate. Tiny imperfections or attaching nanoparticles introduce coupling of the
two counterpropagating modes via backscattering and lift the degeneracy yielding
resonances splitted into doublets [149]. Furthermore, each particle attaching to the
cavity surface can introduce additional scattering and absorption losses broadening
the resonance linewidth [6, 150].

Both linewidth broadening and the strength of mode-splitting can be used as sig-
nals for sensing. The mode-splitting can be resolved when the splitting exceeds
the linewidth of the individual modes — a condition which strongly depends on the
Q-factor of the cavity [151,152]. Both detection schemes are less sensitive to envi-
ronmental noise induced by temperature changes or frequency drifts of the tunable
laser than the method where the spectral position of the lasing peak is tracked [151].
In [152] the detection of single polystyrene particles and of single viruses has been
demonstrated by using the linewidth broadening as sensor signal. By extracting the
splitting and the linewidth broadening from a single measurement Zhu et al. were
able to detect and to size individual nanoparticles down to a diameter of 60 nm [151].
Furthermore, He et al. incorporated Er®* ions into toroidal silica resonators to ob-

38



4.2 Fabrication of Dye-Doped Polymeric Disc- or Goblet-Shaped Cavities

tain WGM lasers with continuous wave emission [153]. In this case the size of
the mode-splitting can be accessed via the frequency of the resulting beat note
signal. Single viruses and nanoparticles have successfully been detected with this
method [106].

Plasmonic Enhancement

The shift of a WGM upon binding of particles or biomolecules depends on the electric
field strength at the binding position as can be seen from Eq. 4.2. Hence, a local field
enhancement at the binding site will increase the sensitivity of the cavity and yield
higher shifts [154,155]. By attaching gold nanoshells to WGM spheres made of silica
Dantham et al. were able to detect single viruses as the shift upon attachment was
increased by a factor of 70 compared to a bare WGM sphere [139]. In 2013, the same
group succeeded in detecting single cancer markers and proteins with masses as low
as lag or 0.11 ag, respectively [10]. Again they used hybrid gold nanoshel- WGM
resonators and they explained the high amplification factors with small bumps on
the gold nanoshells causing additional field enhancement [10]. In 2014, Baaske et al.
studied single nucleic interaction kinetics for matched and mismatched DNA strands
by binding gold nanorods to silica WGM cavities for amplification [156].

As pointed out in this subsection a lot of effort has been invested to boost the
detection limit down to single molecules or even single nucleic interactions. How-
ever, excitation and read-out of the WGMs has been realized by using tapered fiber
coupling or coupling to a prism. Both techniques require sophisticated alignment
procedures and are thus limited to research laboratories up to now. Tapered fibers
additionally are fragile and degrade within hours to days. For these reasons in this
work WGM lasers have been used which can be excited and read out via free-space
optics.

4.2 Fabrication of Dye-Doped Polymeric Disc- or
Goblet-Shaped Cavities

As mentioned in chapter 3 the WGM cavities investigated in this work are made of
dye-doped PMMA. In this section the fabrication process of the microresonators is
explained and illustrated in Fig.4.1. Detailed fabrication parameters can be found
in [107,157].

In the first step the laser dye PM597 is added at a concentration of 25pumol/g

PMMA to PMMA 950k which is dissolved in anisol. The solution is stirred for
at least one day in order to ensure that the dye is dissolved properly. Then the
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PMMA-dye solution is spin-coated on a silicon wafer, the standard layer thickness
is approximately 1pm. The sample is baked on a hot plate at 110°C to ensure
evaporation of remaining solvent. Afterwards electron beam (e-beam) or deep-UV
lithography is used to pattern discs which will become the resonators . As PMMA
is a positive resist the area which will be removed later on is exposed to the e-
beam or UV light (see Fig.4.1(a)). Subsequent development removes the exposed
photoresist and yields discs lying on the silicon substrate (Fig.4.1(b)). As silicon
has a higher refractive index than PMMA, the silicon beneath the PMMA discs has
to be removed to obtain a light-guiding cavity. This is done by isotropic etching
of silicon with XeF5. A detailed description of the etching procedure can be found
in [109]. After the etching step discs with free-standing rims are obtained which
already exhibit Q-factors above 5 x 10* (see Fig.4.1 (c)) [107]. The last step in the
fabrication is an optional thermal reflow. The sample is placed on a hot plate for
30s at a temperature of 125°C. Since this temperature is above the glass transition
temperature of PMMA (7T, = 105 °C) the surface of the PMMA is smoothened.
Furthermore, stress, which has been induced between PMMA and silicon during the
baking step after spin-coating, is released and the resonators obtain a goblet-like
shape as illustrated in Fig.4.1(d). The resulting Q-factors of the goblet-cavities
are one to two orders of magnitude higher than those of the disc resonators due to
reduced scattering losses [107].

Compared to other types of resonators reported in literature the Q-factors of the
polymeric goblets are approximately three orders of magnitude lower than those
of silica spheres [110], but comparable to Q-factors achieved with replica-molded
polymeric microtoroids [158]. However, either for silica resonators or replica-molded
polymeric cavities a serial reflow step with a CO, laser is required (in the latter case
for fabrication of the mold). In contrast to that the use of a hot plate is simpler
and does not require focussing of the CO, laser onto each resonator. In conclusion,
the presented fabrication process for polymeric resonators allows parallel fabrication
and up-scaling.

4.3 Fluorol-doped WGM Cavities

An array of microgoblet resonators each functionalized with a different receptor is
one way to realize a multiplexed sensor [83]. One method to distinguish between the
signals originating from different resonators is the use of different laser dyes exhibit-
ing different emission spectra. Since low-cost high-power laser diodes in the blue

1 As long as not stated otherwise e-beam lithography was used in this work.
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(a) Exposure (b) Development

(b) XeF, etching (b) Thermal reflow

Figure 4.1: Fabrication of dye-doped polymeric cavities on silicon substrates. (a) Dye-
doped PMMA is spin-coated on a silicon wafer and structured with e-beam lithography.
(b) Development after exposure results in PMMA discs on silicon. (c) The silicon beneath
the rim of the disc is removed by isotropic etching with XeF5 resulting in disc resonators
standing on silicon pedestals. (d) In a reflow step the sample is heated above the glass
transition temperature of PMMA in order to smoothen the cavity surface. As stress is
released the cavities transform into goblets. Adapted from [107].
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Figure 4.2: (a) Chemical structure of Fluorol 7GA adapted from [161]. (b) Absorption
and emission spectra of Fluorol 7GA embedded into a PMMA matrix. The dye exhibits

a Stokes shift of almost 100nm preventing re-absorption of emitted photons. Adapted
from [162].

wavelength regime are available the laser dye Fluorol 7GA, which has high absorp-
tion in this wavelength region, was chosen as an alternative emitter to PM597. In
Fig. 4.2 the absorption and emission spectrum of Fluorol 7TGA embedded in PMMA
is shown. As pump source a laser diode with an emission wavelength of 445 nm can
be used as it fits well to the absorption maximum of Fluorol 7GA. Fluorol 7TGA
exhibits a Stokes shift of almost 100 nm ensuring a low re-absorption of emitted
photons. Furthermore, the dye exhibits a high photostability and a high quantum
yield of &y = 0.88 £+ 0.03 in PMMA [159, 160].

First experiments on Fluorol 7TGA-doped cavities were performed during the Diploma
thesis of Jan Fischer [162] and a more detailed study was done in the Bachelor’s the-
sis of Raphael Schmager [163].

In order to investigate the suitability of Fluorol 7TGA-doped cavities as sensors res-
onators with different dye concentrations were fabricated according to the method
presented in section 4.2. Besides PMMA 950k also the copolymer PMMA /MA 33%
(AR-P 617, Allresist) was tested as cavity material. The copolymer is composed
of methyl methacrylate and methacrylic acid and exhibtits a higher thermal sta-
bility than PMMA. The Fluorol 7GA-doped cavities were characterized regarding
their lasing threshold in air and in water, their photostability of the lasing emission
and their BRIS. As the absorption cross section of Fluorol 7GA is lower than for
PM597 higher dye concentrations (35-250 pmol/g polymer) have been selected for
Fluorol 7GA than for PM597 (25 umol/g polymer). In Fig.4.3 (a) an input-output
curve is shown where the integrated intensity of the lasing mode appearing at the
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Figure 4.3: Lasing threshold of a Fluorol 7GA-doped polymeric microgoblet. (a) Input-
output curve exhibiting a superlinear increase for a pump fluence exceeding 215 1.J /cm?
per pulse. The low threshold allows optical pumping with a laser diode. (b) Emission
spectra for different pump energies. Lasing peaks emerge when the threshold is overcome.
Adapted from [163].

lowest energy is plotted versus the excitation energy for a copolymer resonator with
a dye concentration of 40 umol/g polymer. The kink in the curve marks the on-
set of lasing and the threshold is determined as the intersection of the two lines to
be 215 pJ/cm? per pulse. The spectra taken at different pulse energies depicted in
Fig. 4.3 (b) visualize the emerging lasing peaks. Samples with higher dye concentra-
tions exhibit slightly higher thresholds [163]. This might be due to the formation of
aggregates and quenching going along with it. PMMA resonators doped with com-
parable dye concentrations also exhibit higher thresholds. One explanation could
be that the dye molecules are better integrated in the copolymer due to its different
chemical structure. Compared to PM597-doped resonators the lasing threshold of
Fluorol 7TGA-doped cavities are approximately 5 times higher but still low enough
that lasing modes can be excited with a simple laser diode.

As sensors often operate in aqueous environment the lasing threshold was also mea-
sured in water. There a pump fluence of 660 pJ/cm? was required to obtain lasing
emission. The higher threshold in water compared to air is attributed to increased
radiation losses in the cavity originating from the lower refractive index contrast
between PMMA and water compared to air. Also for PM597-doped microgoblets
the threshold in water is three times larger than in air [11].

To analyze the sensor performance the BRIS of Fluorol 7GA-doped cavities was mea-
sured. Therefore, the cavity was immersed in water—glycerol mixtures with different
refractive indices and the shift of the lasing peaks A)\g was measured in dependence
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of the refractive index change of the surrounding Ang,,. The slope of the curve rep-
resents the BRIS which is usually given in units of nm/RIU (refractive index units).
Fig. 4.4 (a) shows two spectra taken during a BRIS measurement at different refrac-
tive indices clearly illustrating the shift of the lasing modes. In Fig.4.4 (b) the shift
A is plotted versus the refractive index change of the surrounding Ang,, and the
BRIS is determined to be 8 nm/RIU. This result is in the same order of magnitude
as the BRIS of silica microspheres where a value of Sgris = 30 nm/RIU can be found
in literature [76]. For PM597-doped microgoblets made of PMMA BRIS values be-
tween 16 and 23nm/RIU [11,164] have been measured. The lower wavelength of
the lasing modes of the Fluorol 7GA-doped resonators compared to PM597-doped
cavities directly leads to a lower BRIS (see Eq.4.1) but it also influences the field
distribution. For smaller wavelength the overlap of the modes with the surrounding
decreases further lowering the BIRS. Additionally, the shape of the goblet cannot be
precisely controlled so a slightly different geometery can also contribute to a lower
BRIS value.

The lasing emission of Fluorol 7GA-doped cavities in aqueous environment is stable
for approximately 5 x 10° pulses. This corresponds to a measurement time of 40
minutes when a pump rate of 20 Hz is used. For comparison the stability of PM597-
doped cavities is higher, even after 2 x 10° pump pulses lasing modes are observed
[11]. Still, a lifetime of 40 minutes is sufficient to perform sensing experiments.

To conclude, Fluorol 7TGA-doped cavities show low lasing thresholds in air and in
aqueous environment enabling excitation with a low-cost laser diode. These cavities
are suitable as sensors as they react to changes in the environment and their lasing
emission is stable for 40 minutes.

4.4 All-Polymeric Resonator Sensor Chips

For lab-on-a-chip applications disposable sensors are desirable to prevent, e.g., con-
tamination or elaborated cleaning procedures. Hence, material and fabrication costs
of the sensor should be low. For this reason a modified fabrication process for
all-polymeric resonators was developed in close collaboration with the Institute of
Microstructure Technology (IMT, KIT). The results presented in this section were
published in [82]. By introducing an additional polymer layer between substrate and
PMMA later serving as pedestal material, fabrication of all-polymeric resonators on
different substrates than silicon is possible.
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Figure 4.4: Bulk refractive index sensitivity of Fluorol 7GA-doped resonators. (a) The
lasing peaks experience a shift when the refractive index of the surrounding medium is
changed. (b) The shift of the lasing modes A)g is measured for different water—glycerol
mixtures and plotted over the refractive index change Ang,. The slope of this curve
represents the bulk refractive index sensitivity Spris-

We have chosen a lift-off resist (LOR) as pedestal material since it allows selective
removal of the PMMA and is thermally stable during the thermal reflow. The
fabrication process is schematically depicted in Fig. 4.5. First, LOR is spin-coated on
the substrate with an approximate thickness of 5 pm. Then a 1.2 pm thick dye-doped
PMMA layer is spin-coated on top and the sample is baked on a hot-plate to remove
residual solvents. The detailed fabrication parameters can be found in [82,165].
Patterning of the PMMA is done with a mask aligner via deep-UV lithography. After
development of the PMMA layer wet etching is used to remove the LOR beneath the
rim of the PMMA in order to obtain light-guiding discs. Finally a thermal reflow
at 130°C to 135°C is performed to smoothen the resonator surface. During this
step the discs are converted into goblets. Compared to the standard fabrication
process presented in section 4.2 the use of a variety of substrates is possible with
the modified process since no selective isotropic etching of the substrate is required.
The use of deep-UV lithography enables parallel fabrication and does not require
electrically conductive substrates. Furthermore, no vacuum based dry etching with
toxic XeFs is required.

We have chosen polysulfone (PSU) as polymeric substrate since its glass transition
temperature of T, = 195 °C provides thermal stability during the thermal reflow. In
cooperation with the company Microfluidic ChipShop GmbH (Jena, Germany) res-
onator fields of 10x 10 resonators have been integrated into a polymeric microfluidic
chip with the size of standard microscope slides and integrated inlet and outlet ports
for simple injection of fluids. The high transparency of the chip enables free-space

45



Chapter 4. Polymeric Whispering Gallery Mode Lasers as Sensors

(a) Spin-coating of lift-off (b) Deep-UV exposure

IrDel\inlf/}AELOR) and ’ ’ ’ ’ ‘

dye-doped
PMMA

lift-off
substrate resist

(c) Developing of PMMA  (d) Wet etching of LOR e) Thermal reflow

B ek e

Figure 4.5: Fabrication of dye-doped polymeric cavities with polymeric pedestal. (a) The
lift-off resist (LOR) and dye-doped PMMA are spin-coated on a substrate. (b) A pho-
tomask and deep-UV lithography are used to pattern the structures. (c) Developing of the
PMMA and (d) isotropic wet etching of the LOR results in disc cavities. (e) A thermal
reflow is applied to smoothen the cavity surface. As stress is released the cavity discs
transform into goblets. Adapted from [82].

photomask

excitation and read-out. In Fig.4.6 an image of the resonators integrated into the
chip as well as SEM images of a resonator field and a single resonator are shown.

For optical characterization of the all-polymeric resonators we performed measure-
ments of Q-factors and lasing thresholds. Q-factors were investigated for resonators
on silicon substrates structured with e-beam and deep-UV lithography and for res-
onators on PSU substrates structured with deep-UV lithography. For all resonator
types comparable Q-factors in the order of 10° were measured. We conclude that
deep-UV lithography works as good as e-beam lithography when considering the
Q-factors of the resonators. Measurements of the lasing thresholds were conducted
with the setup presented in section 4.2 where the pump laser has been replaced by
a laser diode emitting pulses of approximately 25ns at 520 nm. In Fig. 4.7 a typical
threshold curve for an on-chip resonator in air is depicted. The threshold is as low
as 45J/cm? per pulse which corresponds to 0.5nJ per pulse and resonator and is
in good agreement with values of resonators fabricated on silicon pedestals [11]. In
water lasing thresholds increased due to higher radiation losses but usually stayed
below 240 1J /em? per pulse, enabling optical pumping with the laser diode also dur-
ing sensing experiments. In order to demonstrate the suitability of the all-polymeric
resonator chips for sensing experiments BRIS measurements have been performed.
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Figure 4.6: (a) Photograph of an array of all-polymeric resonators integrated in a polymer
microfluidic chip. (b) and (c) SEM images of an array of 100 resonators and a single
resonator with polymeric pedestal. Adapted from [82].

A peristaltic pump was used to fill the fluidic chamber around the resonators with
solutions of different refractive indices. The spectral positions of the lasing peaks
were tracked over time. Plotting the resulting shifts over the change in refractive in-

dex yields BRIS values of Sgris &~ 11 nm/RIU for all-polymeric resonators (compare
Fig. 4.7).

In summary, fabrication of all-polymeric resonators via deep-UV lithography allows
the use of different substrates and parallel fabrication while maintaining high Q-
factors and low lasing thresholds. The dye-doped microgoblets can be integrated into
fluidic chips and their sensing ability was demonstrated with BRIS measurements.

4.5 Summary and Conclusions

In this chapter the sensing properties and different implementations of WGM cav-
ities have been discussed. In literature silica spheres and toroids are frequently
studied. Much effort has been spent in improving the detection limit of WGM cav-
ities. This was done by either improving the resolution, i.e., by lowering the noise
level or by increasing the sensitivity, i.e., magnifying the shift caused by molecules.
Frequency-locking, measurements on mode-splitting or linewidth-broadening are ex-
amples for the first method while enhancing the electric field by deposition of plas-
monic nanoparticles is an example for the latter. Successful detection of single
exosomes, viruses and even proteins has been demonstrated [9, 10,139, 148]. How-
ever, fragile tapered fibers are commonly used to excite the modes in the cavities
requiring sophisticated equipment for alignment. Concerning applications outside
the laboratory environment realization of these approaches is difficult.

47



Chapter 4. Polymeric Whispering Gallery Mode Lasers as Sensors

—
[Y)
-~

(b)

T T T T T T T T v T v T v T v T v T

S| Epeanas = 45 pdicm? 0.0301 5 =11 nm/RIU ]
o]
5 € 0.025f .
> < 0.020
> . I T
2 3
§ E 0.015f .
£ n
8 % 0.010f 1
©
5 € 0.005} .
i)
£ 0.000}= .

10 20 30 40 50 60 70 80 90 0.0000 0.0010 0.0020

pump fluence E,,, (pdlem?) refractive index change An,,

Figure 4.7: (a) Input-output curve of a resonator with polymer pedestal on a PSU sub-
strate. The low lasing threshold enables pumping with a laser diode. (b) Resulting shifts
AM of the lasing modes when the cavity was immersed in solutions with different refractive
indices plotted versus the change in refractive index Ang,. The slope of the curve yields
a BRIS of Sgris = 11 nm/RIU. Adapted from [82].

Therefore, in this work polymeric microlasers which can be excited and read out via
free-space optics were investigated, making tapered fibers redundant. Furthermore,
parallel and thus scalable fabrication of dye-doped polymeric microdiscs or -goblets
is possible in contrast to fabrication of silica resonators where the reflow process is
serial.

The use of a polymeric host material offers the possibility to integrate different
gain materials so the optical properties such as the pump and emission wavelength
can be tuned. During this work the laser dye Fluorol 7GA has been successfully
integrated into WGM cavities. A characterization regarding lasing threshold, BRIS
and operational lifetime shows that these cavities are suitable as sensors which can
be pumped with a low-cost laser diode, although their performance is not as good
as for PM597-doped cavities.

Furthermore, in collaboration with the IMT, we developed a modified fabrication
process for resonators with polymeric pedestals which can be fabricated on a va-
riety of substrates. Resonators on polymeric substrates (PSU) exhibit low lasing
thresholds comparable to the ones of their counterparts on silicon. In cooperation
with the industrial company Microfluidic ChipShop an all-polymeric chip with an
array of 100 resonators integrated into a fluidic chamber was fabricated and BRIS
measurements were conducted to demonstrate the sensing ability.
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4.5 Summary and Conclusions

The presented results show that the use of cavities with lasing emission simplifies
operability and that polymeric resonators are flexible regarding emitter and sub-
strate. As the detection limit is an important figure of merit for sensors different
methods on enhancing the sensitivity of WGM microlasers will be presented in the
next chapter.
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Chapter 5

Whispering (Gallery Mode Lasers
with Enhanced Sensitivity

As already discussed previously the detection limit of a sensor is an important figure
of merit. At the beginning of this chapter influences on the detection limit of WGM
lasers will be discussed. Afterwards different methods to improve the detection
limit will be presented: Resonators which have been coated with a high-refractive
index layer and resonators of varying radii and thicknesses. In the end the different
concepts implemented to enhance the sensitivity are compared.

5.1 Detection Limit of WGM Lasers

The detection limit DL represents the lowest amount (protein concentration, mass
density on a surface, change of refractive index,...) of change in the surrounding
which can reliably be detected with a sensor. It can be calculated as the ratio
of the resolution of the system R to the sensitivity towards the occurring change
S. In the following the dependence of the resolution of WGM cavities on the used
measurement technique is discussed and the sensitivity used to characterize the
cavities is introduced.

Resolution

The resolution R denotes the minimum resolvable shift and is commonly defined as
R = 30, where o describes the total noise variance. Three main contributions to the
total noise can be distinguished: amplitude noise, thermal noise and the spectral
resolution of the system [16].
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Thermal noise influences the spectral position of the resonant mode and mainly
depends on the properties of the cavity material. The thermo-optic coefficient
k = dn/dT and the expansion coefficient o change the optical path length of the
cavity upon temperature changes. By using a temperature stabilization thermal
noise can be minimized.

The spectral resolution depends on how precisely the spectral position of the reso-
nant mode can be determined. Hence, the complete system which is used to acquire
the data has to be considered. For passive cavities the linewidth of the tunable laser
may limit the spectral resolution but as the linewidth is usually in the range of few
femtometers or less this is negligible compared to amplitude noise or thermal noise.
In contrast to that, for the read-out of WGM lasers usually a spectrometer with
a limited resolution is used, and this often represents the bottleneck in the total
resolution.

Amplitude noise refers to fluctuations which are added to the amplitude of the
signal. Sources for this are, e.g., shot noise and thermal noise of the photodetec-
tor or amplitude fluctuations of the laser [16]. By using Monte Carlo simulations
White et al. showed that amplitude noise is proportional to the linewidth of the
resonant mode [16]. In their calculation they assumed that the resonant modes
are excited with a tunable laser which is guided through a tapered fiber and the
detection of the transmitted light is done with a photodiode.

Since for WGM lasers free-space excitation and detection with a spectrometer is
used the acquired data differs from data obtained with fiber excitation. The main
differences are the lower sampling rate regarding the wavelength and the fact that
amplitude noise of the excitation laser only plays a minor role. To obtain information
on the noise caused by the limited resolution of the spectrometer and by amplitude
noise of the system, the Monte Carlo simulations proposed by White et al. were
adapted to the WGM lasers and the setup used in this work. In the following,
the procedure of the Monte Carlo simulations is presented. The parameters were
adapted to the setup described in section 3.3.1 when the 2400 lines/mm grating was
used.

For data analysis the spectral position of the lasing modes is extracted from the
spectrum by fitting a peak function to the data (see Fig.5.1). Both, a Lorentzian
and a Gaussian function can be used to determine the peak position and both yield
comparable results. However, especially when the peak height is small the Gaussian
function represents the data points better, so as long as not mentioned otherwise
a Gaussian function is used. For Monte Carlo simulations spectra with a Gaussian
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Table 5.1: Parameters for the Monte Carlo simulation to obtain a value of the noise from
the limited spectral resolution of the spectrometer in combination with amplitude noise.

Parameter value
spectral distance between consecutive data points  0.01 nm
noise amplitude of amplitude noise in spectrum 11 counts
number of data points 30
number of runs 100000

peak were generated with MATLAB from MathWorks®:
(N — )\0)2)

202

Gauss

I(\) =h-exp <— (5.1)
Here, h represents the height of the peak above background, Ay is the wavelength
of the resonant mode and ogauss is the width of the peak. In the following the full
width at half maximum d\qauss = 2V 2 1n 20Gauss Of the peak is used and referred to
as linewidth of the Gaussian peak. The spectral distance between two consecutive
data points was adapted to be the same as in the experiments. Amplitude noise
with a Gaussian distribution was added to the ideal generated Gaussian peak, the
noise amplitude was determined from a measured spectrum. Afterwards the noisy
data was fitted with a Gaussian function and the center wavelength of the peak was
extracted. Repeating this procedure multiple times yields the standard deviation of
the center wavelength o), which corresponds to the noise of the system.

The simulation was performed for different linewidths of the generated Gaussian
peak dAgauss and for different peak heights h. Other fixed parameters of the sim-
ulation are listed in Table 5.1. The simulation results depicted in Fig.5.1 clearly
show that the standard deviation of the center wavelength o), decreases with de-
creasing linewidth of the generated Gaussian peak dAgauss. Also an increasing peak
height which corresponds to an improved signal to noise ratio improves the precision.
The results are in good agreement with the results obtained by White et al [16].
Fig.5.1(c) shows the resulting standard deviation of the center wavelength for a
linewidth of the generated Gaussian peak of dAgauss = 0.033 nm which is the typical
experimental value for the setup configuration described above.

Since the detection path beam in the p-PL setup (see section 3.3.1) is perpendicular
to the resonator plane only light which is scattered from the cavity, e.g., through
scattering at surface imperfections of the resonator, can reach the spectrometer.
Hence, the height of the lasing peaks with respect to the fluorescence background
depends on the presence of scattering centers and on their position with respect to
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the entrance slit of the spectrometer. To improve the free-space read-out efficiency
circular micromirrors which are placed around the cavities were developed during
the PhD thesis of Tobias Wienhold in collaboration with our group [166]. The
micromirrors redirect the light originating from radiation loss channels, which is
emitted in the plane of the cavity, to the spectrometer. With this approach the
ratio of the peak height to the fluorescence background could be improved by a
factor of eleven in air. In aqueous environment the effect could be even higher due
to increased radiation losses. Thus, circular micromirrors are also one method to
improve the resolution.

For the experiments conducted in this work only scattered light has been detected
and hence the height of the lasing peaks varies for different resonators. Typically the
lasing peaks are at least 200 counts higher than the fluorescence background yielding
a noise for the determination of the peak position of o, = 0.71 pm. For peak heights
of 500 counts above background the noise would even reduce to o), = 0.28 pm
meaning that higher peaks are beneficial for the resolution.

For microdiscs made of PMMA with a radius of 25 pm the temperature dependence
of the modes was determined to be d\o/dT ~ —29 pm/K in water [167]. Assuming
that temperature can be controlled with a precision of AT = 0.1K this yields a
temperature noise of Oemp = 2.9 pm. So thermal noise exceeds the noise from setup
and analysis by a factor of 4 (10) when a peak height of 200 (500) counts above
background is assumed. Obviously thermal noise is the main factor limiting the
resolution. For the overall resolution R all noise sources have to be taken into

account [16]:
0 =1/0%, + Otomp- (5.2)

This yields a resolution of R = 30 = 8.7pm or R = 8.4pm for peak heights of 200
counts or 500 counts, respectively.

In order to minimize influences from thermal noise our collaborators at the Institute
of Microstructure Technology (IMT, KIT) developed a referencing scheme [167]. One
so-called “reference” resonator is embedded in a polymeric glue, inhibiting interac-
tions of the evanescent field with the surrounding. During a sensing experiment the
signal from both an actual sensing resonator and a reference resonator is acquired
and subtracted. Since the signal resonator is sensitive to the actual change in envi-
ronment and disturbances from temperature fluctuations and the reference resonator
only detects temperature changes this method allows to minimize disturbing ther-
mal influences. Furthermore, also the blue-shift of the lasing peaks originating from
bleaching of dye molecules can be corrected with this referencing technique [167].
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Figure 5.1: Influence of the linewidth dAgauss and peak height A on the resolution R.
(a) Typical lasing peak in the spectrum of the WGM resonators with the Gaussian curve
fitted to the data points. (b) The resulting standard deviation of the center wavelength o,
for different peak heights and linewidths of the generated Gaussian peaks. (c) Standard
deviation of the center wavelength oy, for the typical linewidth dAgauss in the conducted
experiments and varying peak height h.
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Sensitivity of WGM resonators

A particularly important sensitivity is the bulk refractive index sensitivity (BRIS)
which has already been briefly introduced in the previous chapter. It describes how
the sensor reacts towards changes in the refractive index of the surrounding. The
BRIS is proportional to the fraction of light energy of the mode in the surrounding
Neuwr [16]. During this work the BRIS was used to evaluate the sensor performance
for the following reasons:

e The shift Ay caused by attaching molecules is proportional to the BRIS
(see section 4.1.1 and [136]), as long as the field at the resonator surface is
homogeneous and no local hotspots are formed as it is the case for attached
plasmonic particles [139].

e The BRIS is independent of functionalization schemes which are applied to
make the resonators sensitive towards certain biomolecules, i.e., the BRIS is
reliable and stable over time.

e An important advantage of the WGM lasers, which can be excited and read-out
via free-space optics is that the conduction of BRIS measurements is simple.

For BRIS measurements the WGM lasers are placed in a sample chamber which is
integrated in the p-PL setup described in section 3.3.1. Lasing spectra of the WGM
resonators are acquired continuously while the sample chamber is filled with water—
glycerol mixtures of different refractive indices. Fig.5.2 depicts the result from a
typical BRIS measurement. In Fig.5.2 (a) the shift of a lasing mode is monitored
over time showing a step-like red-shift when a solution with higher refractive index is
filled into the chamber. After each step the chamber was filled with water to obtain
a baseline. To determine the BRIS the wavelength shifts A)\q are plotted versus the
refractive index change of the surrounding Ang,, and the BRIS Sggis is obtained as
the slope of a linear regression which is fitted to the data points.

Detection Limit of WGM Lasers
When transferring the considerations above to the detection limit we can see that
it is low for resonators with high quality factors @ (i.e., small linewdith) and modes
with high overlap with the surrounding ng,,

R 1

DL =— . (5.3)

S QT’SUI’
This equation is valid when thermal noise is neglected and a high resolution is
assumed [11]. Since an increase of the field overlap with the surrounding 7, (and
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Figure 5.2: Results of a typical BRIS measurement. (a) The lasing modes exhibit an
immediate red-shift when the refractive index of the surrounding changes to a higher
value (orange arrow). Between the solutions with the different refractive indices water is
filled into the sample (blue arrow) chamber to obtain a baseline. (b) When the wavelength
shift A)\g is plotted in dependence of the refractive index change Ang,, the slope of the
linear regression yields the BRIS Spgris. Adapted from [168] and [169].

hence an increase in the sensitivity) usually goes along with a decrease of the Q-
factor [16], these two quantities cannot be optimized independently, so the product
Q@ - Nsur Needs to be maximized to yield a low detection limit.

For WGM lasers usually the spectrometer limits the resolution and the actual
linewidth of the lasing modes is much narrower. The absolute limit of the linewidth
of a laser dw,s, was deduced by Schawlow and Townes [170]:

P PQ*

(5.4)

ow 0sz —

Here, P denotes the power in the oscillating field and dwq the linewidth of the cavity.
In high-Q silica toroids Yang et al. observed lasing linewidth down to 4 Hz which is
close to the Schawlow-Townes limit [171]. The narrow linewidth of the lasing peaks
also has an impact on the resolution and the detection limit. While for passive
cavities an increased sensitivity would lead to a broader measurable linewidth and
thus increased amplitude noise, for WGM lasers the total resolution stays the same
as the broadening of the linewidth (corresponding to a decrease of the Q-factor) is
not measurable by the system. This circumstance is visualized is Fig. 5.3.

Hence, for WGM lasers which are read out with a spectrometer the detection limit
can be improved by enhancing the field overlap of the modes with the surrounding
leading to increased sensitivities. This can be realized with different approaches:
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Figure 5.3: Comparison of the linewidth of passive and active resonators for different Q-
factors. For active resonators the measurable linewidth is usually limited by the resolution
of the spectrometer so a broadening due to a lower Q-factor will not be measurable. Hence,
the total resolution will not suffer from lower Q-factors as long as the linewidth of the lasing
mode stays below the measurable linewidth.

e Coupling of resonators: When two WGM resonators are brought closely
together so that the evanescent fields of the modes overlap, so-called super-
modes form which extend over both cavities [172]. In analogy to the hydrogen
molecule a bonding and an anti-bonding mode develop, the former exhibiting
a field enhancement in the coupling gap which leads to an increased sensi-
tivity [173,174]. In previous work T. Grofimann fabricated coupled WGM
resonators and measured a BRIS which was enhanced by a factor of three
compared to single disc resonators [11].

Coating resonators with a high refractive index layer: When resonators
are coated with a material which exhibits a higher refractive index than the
cavity itself, the resonant modes can be mainly guided inside this coating as
soon as its thickness is large enough. Hence, the maximum of the modes is
closer to the rim of the cavity and the evanescent field outside the cavity is
enhanced [175]. U. Bog demonstrated that with a high-refractive polymer
(poly(p-xylylene)) coating the sensitivity of PMMA microgoblets can be en-
hanced by 54% [176]. In this work microgoblet resonators were coated with
TiO,, which is expected to yield even higher improvements than the high-
refractive polymer due to its higher refractive index.

Optimizing the size of the resonators: The dimensions of the resonator,
its radius and its thickness, also influence the field distribution and thus the
overlap of the mode with the surrounding. By optimizing the radius and the
thickness of the cavity the sensitivity can be enhanced which was shown in the
course of this work.
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5.2 Resonators with High Refractive Index Coat-
ing Layer

In order to increase the sensitivity of WGM cavities the mode overlap with the
surrounding 7, needs to be enhanced. One method is the deposition of a high
refractive index coating layer on top of the resonator to “pull” the mode further
towards the cavity rim. As coating material titanium dioxide (TiO3) is suitable due
to its high refractive index of nrio, ~ 2.3 at wavelengths around 600 nm. Before
goblet-shaped cavities with TiO, coating layer were fabricated finite element sim-
ulations were performed to make predictions on the sensitivity and the optimum
coating thickness. In this section a brief introduction to finite element simulations
is given. Then the theoretical and experimental results for TiOy-coated resonators
are presented and compared. The results of this section were obtained during the
Master’s thesis of Fabian Ruf where further details on the performed simulations
are given [164].

5.2.1 Finite Element Simulations of WGMs

In order to calculate the resonance frequency and the field distribution of resonant
modes of the WGM cavities simulations based on the finite element method (FEM)
were performed. This simulation method is a frequency domain eigensolver that
determines solutions of Maxwell’s equations on the computational domain for the
given geometry and material of the cavity.

By using a time-harmonic ansatz for electromagnetic waves,
E(r,t) = E(r)e ™", (5.5)

Maxwell’s equations can be reduced to an eigenvalue problem which connects the
time-independent field distribution E(r) to the corresponding eigenfrequency w [177]

e'Vxu'VxE-wE=0. (5.6)

The finite element method divides the computational domain into small patches,
usually triangles in 2D and tetrahedrons in 3D. The approximated electric field is
then a superposition of local ansatz functions inside these patches.

A full 3D simulation of resonators with dimensions of hundreds of wavelengths re-
quires high computational resources. To reduce computational effort the rotational
symmetry of the resonator is exploited and cylindrical coordinates are used reducing
the problem to two dimensions. The geometry of the goblet-shaped resonators is
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obtained from a sample which was cut in the middle with a focused ion beam and
then imaged with a scanning electron microscope. In Fig.5.4 the cross section of a
TiOs-coated microgoblet and the derived geometry used for FEM simulations are
shown. Furthermore, the division of the computational area into triangles is visu-
alized — this mesh is adaptively refined during the simulation. The left boundary
is the rotation axis while for the other boundaries perfectly matched layers (PMLs)
are used. The PMLs allow implementation of transparent boundary conditions and
avoid artefacts in the simulation which might result from, e.g., back-reflections of
energy.

In this work the software JCMSuite from JCMwave was used to perform simulations.
More details on FEM simulations performed with JCMSuite can be found in [95,164].

5.2.2 Optimization of the Layer Thickness

In order to determine the optimum layer thickness of the TiOy coating layer FEM
simulations were used to calculate the filling factor of the mode with the surrounding
Nswr Which is proportional to the BRIS [136]. The filling factor is given as the
fractional energy of the mode in one material divided by the total energy [178]:

Jo c()[E(r)[*dV

" Ty OB PAY o0

Here, €(r) denotes the dielectric function. With FEM simulations the filling factors of
a TM o mode with the resonator material (PMMA), the TiO4 coating layer, and the
surrounding medium (Hy0O) were determined for different TiO, layer thicknesses. An
inhomogeneous coating thickness on top and at the bottom of the cavity originating
from the deposition method of the TiOy has been considered in the simulations. In
Fig. 5.5 the simulation results are depicted for varying thickness of the TiO, coating
layer. For thin coating layers the mode is mainly localized in the PMMA as can
be seen from the filling factors (a) and the energy density distribution (b). For a
layer thickness exceeding 35nm the mode is mainly localized in the TiO, coating
layer which acts as a potential well for photons escaping the cavity [175]. The
maximum filling factor in the surrounding is achieved for a coating thickness of
t ~ 35nm. At this point the mode has just moved to the TiOg layer meaning that
the maximum field intensity of the mode is close to the rim of the cavity. This leads
to a high evanescent field outside the cavity. For a further increase of the coating
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Figure 5.4: Geometry of the resonator used for FEM simulations. The cross section of
a TiOs-coated resonator is obtained from a SEM image after the resonator was cut with
a focussed ion beam. The lower part shows the cross section used for FEM simulations.
The left boundary is the rotation axis. For the other boundaries perfectly matched layers
are used. The inset shows the rim of the goblet and the triangular mesh at the beginning
of the simulation. Adapted from [164].
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Figure 5.5: (a) Filling factor of a TMgop mode with the resonator material (PMMA,
red), the coating layer (TiOg, blue) and the surrounding (H2O, black). For a TiOs layer
thickness t of approximately 35 nm the overlap with the surrounding reaches its maximum.
(b) Energy density distribution for different TiO2 layer thickness t. The mode is mainly
localized in the high refractive coating layer for thickness exceeding 35nm. Adapted
from [164].

layer thickness the distance between the maximum of the energy density and the
cavity rim increases again leading to a lower filling factor in the surrounding.

Goblet-shaped microcavities doped with PM597 were fabricated according to the
process described in section 4.2. TiOy coating layers were deposited using ion beam
sputtering deposition. Tilting of the sample holder enables the deposition of TiO,
also at the bottom of the resonator. The layer thickness and the refractive index of
TiOy were determined on a flat layer with ellipsometry. The deposition was done
by Dr. Christoph Vannahme and Kristian Sgrensen at the Technical University of
Denmark (DTU).

As the BRIS is the experimentally accessible quantity FEM simulations of the BRIS
were performed. The strategy for simulations is the same as in experiments. The
resonant wavelength \g is determined for different refractive indices ngy,, of the sur-
rounding and the wavelength shift A\, is plotted versus the refractive index change
Ang,, — the slope of a linear regression yields the BRIS.

In experiments the BRIS of the same resonators was measured before and after
deposition of the TiOy coating layer to ensure a better comparability. In Fig. 5.6 (a)
both simulation results for the fundamental TE and TM mode and experimental
results on the BRIS are shown. Qualitatively the measured values agree well with
the predictions from simulations. However, quantitatively higher BRIS values were
expected from simulations even for resonators without TiO, coating. Deviations are
likely due to variations in the geometry of the resonators.
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To minimize the influence of the shape of the goblet resonators an enhancement
factor comparing the BRIS values without and with TiO, coating was calculated.
These values show a better agreement between simulations and experiment but still
the experimental improvement of the sensitivity by a factor of 2.4 is lower than the
one expected from simulations which is 3.5. One reason for the deviation might be
the inhomogenity of the TiOs layer. The thickness of the TiOs layer is measured on a
flat substrate so the thickness on top of the goblet resonator might be different. Also
the ratio between coating thickness on top and bottom of the resonator might be
different as assumed in the simulations. The thickness distribution for simulations
was obtained from SEM images of a resonator with a TiO, layer of approximately
100 nm which was cut with a focused ion beam. However, for thinner layers the
distribution might be different and thickness determination from SEM images was
not possible.

For the resonators with a TiOy layer of 37 nm measurements on the lasing thresh-
old in air and water were conducted. Lasing thresholds of 380 pJ/cm? in air and
455 nJ /em? in water were obtained. The values exceed the thresholds of goblet res-
onators without TiO, layer by a factor of almost 10 and 4, respectively. The increase
in threshold arises from the lower mode overlap with the gain medium and probably
also from lower Q-factors of the TiOg-coated resonators. Polymeric resonators where
the gain medium was deposited externally also exhibit three times higher thresholds
in air than their counterparts where the gain medium is integrated into the polymer
matrix [176]. However, the lasing thresholds of the TiOs-coated resonators are still
comparably low — when determining the energy required per resonator one obtains
values of Eireshold = 4.81nJ in air and Eliyreshola = 5.7 nJ per pulse in water.

To determine the detection limit besides the BRIS also the resolution of the system
needs to be considered. As discussed in section 5.1 the resolution depends on the
uncertainty in the determination of the peak position o), and on thermal fluctuations
of the peak position. Since the thermo-optic coefficients of PMMA and TiO, are
comparable the noise caused by temperature-induced shifts in the peak position
should be similar for bare PMMA resonators and for resonators with a TiO, coating
[179]. From BRIS measurements it is evident that there is no dependence of the
measurable linewidth of the lasing peaks on the thickness of the TiO, coating. An
average measurable linewidth of the Gaussian fit of dAgauss = 0.033 nm was obtained.
With the Monte-Carlo simulations described in section 5.1 the noise caused from
limited precision to determine the peak position was calculated to be oamp = 0.71 pm
(Camp = 0.28 pm) for peak heights of h = 200 (h = 500) counts.. The resulting
detection limits are depicted in Fig.5.7. The lowest detection limit of DL = 2.1 x
107° RIU was achieved for a TiO, coating thickness of 60nm and a peak height of
h = 500. Compared to bare PMMA microgoblet cavities the detection limit was
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Figure 5.6: Comparison of simulated and measured BRIS values for different TiO9 layer
thicknesses. (a) The experimental BRIS values are not as high as predicted by simulations
but the layer thickness yielding the maximum BRIS agrees well. (b) Relative enhancement
of the BRIS for different layer thickness. The enhancement factor was calculated from
BRIS values of the same cavities before and after deposition of TiOs. In this way influences
from variations in the shape of the goblets are reduced. Adapted from [164].

improved by a factor of 2.3. The absolute detection limit of the WGM lasers is
lower than values achieved with surface plasmon resonances (DL ~ 7 x 1077 [38])
and Mach-Zehnder interferometers (DL ~ 1077 [180]) but comparable to detection
limits achieved with photonic crystals (DL ~ 107> [4]).

5.3 Resonators of Varying Size and Geometry

Another method to increase the overlap of the resonant modes with the surrounding
is the variation of the size of the cavity. For resonators of reduced radii or thicknesses
an increased BRIS is expected. The fabrication process of dye-doped polymeric
microdiscs or -goblets allows to change the radius or the thickness of the cavity
simply by changing the lithography pattern or the spin-coating speed, respectively.
An advantage of this method is that no additional fabrication step is required.

In this work polymeric discs of different radii and thicknesses were investigated
regarding their BRIS, lasing thresholds, and Q-factors. Since in most biosensing
experiments liquids are analyzed all measurements were conducted in aqueous envi-
ronment. The shape of the goblets obtained after the thermal reflow depends on the
radius of the pedestal with respect to the radius and the thickness of the PMMA
disc. Therefore, to better control the shape of the cavity and to ensure comparabil-
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Figure 5.7: Detection limit of resonators coated with TiOs for different TiO layer thick-
nesses. The measurable linewidth of the lasing peaks and thus the resolution remains
constant for varying layer thicknesses of TiOs. The detection limit could be improved by
a factor of 2.3 for resonators with a TiOs layer of approximately 60 nm.

ity of the different samples the experiments for varying radius and thickness were
conducted with disc resonators. Parts of the results presented in this section were
achieved in the Master’s thesis of Sanaz Rastjoo [168] and are published in [169].

5.3.1 Disc Resonators of Varying Radii

In previous work in our group on polymeric microresonators the standard radius
of disc cavities was 25 pm and the thickness was approximately 1pm. From this
starting point the fabrication parameters were modified. In this section the results
which were obtained for varying radii are presented.

Fig. 5.8 shows the energy density distribution of resonant modes in two different
cavities — one with a radius of R = 25pm and one with R = 7.5pum for resonant
modes with wavelengths of A &= 630nm. The field distribution was obtained from
FEM simulations performed with JCMsuite. Obviously the overlap of the resonant
mode with the surrounding is increased for smaller cavity radii. Hence, also an
increased BRIS is expected.

We fabricated PM597-doped polymeric disc resonators with radii ranging from
R =5um to R = 25pm according to the fabrication procedure described in sec-
tion 4.2. With SEM images the thickness of the PMMA discs was determined to be
d = 0.9+ 0.05pm. For all cavities except for the ones with a radius of R = 5um
lasing in aqueous environment was observed.

65



Chapter 5.  Whispering Gallery Mode Lasers with Enhanced Sensitivity

Figure 5.8: Energy density distribution for resonators with a radius of 25 pm and 7.5 pm.
It is evident that for a smaller radius of the cavity the overlap of the resonant mode with
the surrounding is increased.

BRIS measurements of the different resonators were conducted according to the
procedure described in section 5.1. For each radius multiple resonators were in-
vestigated. Furthermore, FEM simulations were performed to compare theoretical
expectations with experimental results. Since the wavelength of the lasing modes
in the experiments decreased from A ~ 630nm for R = 25pm to A &~ 560nm (see
Fig.5.9 (b)), simulations were conducted for vacuum wavelengths of 630 nm (green)
and 560 nm (blue). In aqueous environment mainly fundamental modes (see e.g. sec-
tion 3.1.2) are expected to appear in the emission spectrum since they exhibit lower
radiation losses than higher-order modes [134]. Hence, simulations were performed
for fundamental TE and TM modes.

Fig. 5.9 depicts both the simulation results and the experimental data which are in
good agreement. The experimental BRIS values are slightly lower than the predicted
ones which could be attributed to the fact that a perfect disc resonator was used
for simulations. In reality the resonator exhibits surface imperfections which might
lead to a different mode distribution and thus different BRIS values. Since different
BRIS values were measured for cavities of the same radius we assume that both
fundamental and higher-order modes were present in the emission spectrum. Higher-
order modes exhibit a higher overlap with the surrounding medium and hence an
increased BRIS compared to fundamental modes. The p-PL setup only detects
scattered light, hence it is not possible to distinguish between TE and TM modes
directly. We assume that the data points depicted in red belong to fundamental
modes (TE or TM) whereas the black data points belong to higher order modes. By
reducing the radius of the cavities the BRIS could be increased from 23 nm/RIU to
60 nm/RIU which corresponds to an enhancement of a factor of 2.6.

The fact that the lasing wavelength decreases with decreasing cavity radius is due
to increased radiation losses for smaller cavities in aqueous environment. In the
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Figure 5.9: (a) BRIS for disc resonators of varying radii. The results from FEM simulations
agree well with the measured values. Since the wavelength of the lasing modes decreased
with decreasing radius the simulations were performed for wavelengths of A ~ 560 nm and
A = 630nm. The data shown in red is assumed to correspond to fundamental modes
whereas the data shown in black probably arises from higher-order modes. (b) Lasing
wavelengths during the BRIS measurements for different radii. Adapted from [168] and
[169].

following the correlation of the lasing wavelength and the Q-factor of the cavity will
be discussed. For simulations of the Q-factor absorption losses can be neglected since
the absorption of PMMA and water at wavelengths in the visible regime is low [85].
Hence, the imaginary parts of the dielectric functions were set to zero. Scattering
losses are difficult to implement into simulations as the rotational symmetry of the
cavity is broken and a full 3D simulation would need to be performed. The Q-factor
(1aa Which only considers radiation losses can be determined from FEM simulations
via Qrad = Wreal/2Wimag, Where wiea denotes the real part of the eigenfrequency of
the mode and win.g denotes the imaginary part.

Measurements on the passive Q-factors of different cavities were conducted with the
tapered-fiber setup described in section 3.3.2. Fig.5.10 depicts one typical trans-
mission spectrum with a resonant mode (a) and the derived Q-factors in aqueous
environment for cavities of different radii as well as the simulation results for Qraq (b).
As expected the Q-factor decreases with decreasing radii. For small radii simulation
and experiment are in good agreement indicating that radiation losses dominantly
limit the Q-factor. For radii exceeding R = 15 pm the measured Q-factors saturate
around values of Q ~ 8 x 10%, while the values for Q,,q from simulations further
increase. This indicates that in experiments scattering losses are dominating over
radiation losses for cavities with larger radii.
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Figure 5.10: Q-factors in aqueous environment for disc resonators of varying radii for wave-
length around 635nm. (a) Typical measurement of the Q-factor showing the transmission
spectrum with one resonant mode. A Lorentzian function is fitted to the data to obtain
the Q-factor. (b) Simulation results for Q,,q and measured Q-factors for different cavity
radii. For small radii (R = 7.5 — 15 um) radiation limits the Q-factor, hence experimental
data agree well with the simulation results. For larger radii the experimental Q-factor
saturates. In this range scattering losses limit the Q-factor. (b) adapted from [169].

The lower Q-factors for smaller radii affect the lasing threshold since the minimum
fraction of excited dye molecules required for lasing emission vy depends on the Q-
factor (see Eq.3.16) and the threshold power fluence is proportional to this fraction
(P o 7). Fig.5.11 (a) depicts the fraction of excited molecules required for lasing
for different wavelengths and Q-factors. (\) was calculated according to Eq.3.16
with the absorption and emission cross sections and the other parameters of PM597
embedded in PMMA given in section 3.2.2. With decreasing Q-factor the fraction of
excited dye molecules required for lasing increases and its minimum shifts towards
lower wavelengths. For Q-factors below 100 v(\) exceeds unity for all wavelengths
meaning that lasing cannot be achieved for the given parameter combination. When
considering Q-factors exceeding Q@ = 5 x 10* the value of v does not change much
and approaches zero. This means that the lasing threshold is almost constant for
cavities with Q-factors larger than QQ = 5 x 10?.

The blue-shift of the minimum of v(\) with decreasing Q-factor explains that the
lasing wavelengths of the polymeric cavities shift to lower wavelengths for smaller
Q-factors. In the plot of v it is not considered that the Q-factor itself is wavelength-
dependent. The radiation-limited Q-factor (),.q increases with increasing azimuthal
mode number Ng meaning that (),.q increases with decreasing wavelength \. When
taking this into account the minimum of v(\) would exhibit an even higher blue-shift
than shown in Fig. 5.11 explaining the observed blue-shift of the lasing modes with
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Figure 5.11: (a) Minimum fraction of excited dye molecules required for lasing emission ~y
for different Q-factors. With decreasing Q-factor the fraction v increases and its minimum
shifts to lower wavelengths. For Q-factors below @ = 100 lasing is not possible for the
given parameter combination since the fraction - exceeds unity. (b) Lasing thresholds in
aqueous environment for different cavity radii, clearly showing the expected increase due
to higher radiation losses for decreasing radius. (b) adapted from [169].

decreasing cavity radius.

Since the lasing threshold power fluence is proportional to 7 also an increase of the
lasing threshold is expected for cavities of smaller radii. The lasing threshold power
fluence can be calculated as follows [117]:

_ Yheo
 TApol (Ap)md

abs

Py, (5.8)

Here, h denotes Planck’s constant, ¢y the speed of light in vacuum, 7 the fluorescence
lifetime of PM597, A\p the pump wavelength, o2, (\p) the squared absorption cross
section at the pump wavelength, n; the number density of dye molecules and d the
thickness of the cavity disc. Fig.5.11 (b) depicts the calculated and measured lasing
thresholds for cavities of varying radii. For the calculation the Q-factors shown in
Fig.5.10 were used. The calculated lasing thresholds show the same trend as the
measured ones and — also quantitatively — the values are comparable since they are
in the same order of magnitude. This is convincing especially when considering how
many parameters — all exhibiting an uncertainty — enter the calculation of the lasing

threshold.

In order to determine whether cavities of smaller radii can improve the detection
limit DL first the measurable linewidth of the lasing modes was determined for
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Figure 5.12: Detection limit for disc resonators of varying radii. The detection limit
improves with decreasing radius since the BRIS enhances with decreasing resonators while
the measurable linewidth of the lasing peaks and thus the resolution remain constant. The
only exception are the smallest cavities with a radius of R = 7.5 nm, where the linewidth
of the modes increases to d Agauss = 0.075 nm.

different radii. Except for the cavities with the smallest radius of R = 7.5 pm the
linewidth of the Gaussian fit remains constant and is limited by the resolution of the
spectrometer to dAgauss = 0.033nm. With the Monte Carlo simulations described
in section 5.1 the resulting noise in the determination of the peak position o), and
the resolution R = 30, were determined for peak heights of h = 200 and h = 500
counts above background.

Fig.5.12 depicts the detection limit which improves from DL = 1.2 x 1075 RIU to
DL = 5.2 x 107 % RIU with decreasing radius when a peak height of h = 500 counts
is assumed. Since the measurable linewidth of the lasing modes increases for radii
below R = 8.75 pm a further reduction of the radius does not improve the detection
limit further. Thermal noise was neglected when calculating the resolution since it
is different for each radii. However, if taken into account it would even enhance
the improvement of the detection limit since thermal noise is expected to reduce for
smaller cavity radii. Water has a lower thermo-optic coefficient (Kyater = —0.8 X 1074
[181]) than PMMA (kpyma = —1.05x107% [182]), hence, the increased mode overlap
with the surrounding should lead to lower shifts of the lasing modes upon changes
in temperature.

In summary, it was shown that a decrease of the cavity radius leads to an increased
mode overlap with the surrounding resulting in higher BRIS values. Although the
smaller radii lead to higher lasing thresholds in aqueous environments the detection
limit could be improved by a factor of 2.3 compared to the standard discs.
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Figure 5.13: Energy density distribution for resonators with a thickness of 1 pm and 0.2 pm.
The overlap of the resonant mode with the surrounding is higher for the disc with the lower
thickness d. Hence, an enhancement in BRIS is expected for thinner disc resonators.

5.3.2 Disc Resonators of Varying Thicknesses

Another way to increase the overlap of the resonant mode with the surrounding
is to reduce the thickness of the resonator discs. The energy density distributions
obtained with FEM simulations for resonators with a thickness of d = 1 pm and of
d = 0.2m are depicted in Fig5.13. Obviously the mode of the thin resonator has
an increased overlap with the surrounding than the mode of the thick resonator.
Thus, higher sensitivities are expected for resonators of reduced thickness.

We fabricated disc resonators of varying thicknesses by changing the rotation speed
during the spin-coating of the PMMA layer. The thickness of the resonators was
determined from the cross sections of the cavities. Preparation of the cross sections
of the cavities was done with a focussed ion beam (FIB). The results from the
FIB cuts agree within a deviation of 10% with the thickness determined from SEM
images where the outer rims of the cavities were imaged. Based on these results an
uncertainty of the thickness of 10% was assumed for the following experiments.

BRIS measurements for the disc resonators of varying thicknesses were conducted
as described in section 5.1. The measurement results as well as the results obtained
from FEM simulations are depicted in Fig. 5.14 (a). Since the the lasing wavelengths
depend on the thickness of the cavity as visualized in Fig.5.14 (b) the simulations
were conducted for wavelengths of A =~ 560nm and A ~ 630nm. The measured
BRIS values are in good agreement with the simulated data. The BRIS increases
with decreasing cavity thickness and BRIS values as high as Sgris = 156 nm/RIU
are achieved for a resonator with a thickness of d = 0.2 pm. This exceeds the BRIS
of the standard cavities by a factor of 6.8.
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Figure 5.14: (a) BRIS for disc resonators of varying thicknesses. The results obtained
from FEM simulations agree well with the measured values. Since the wavelengths of
the lasing modes differ for the different samples the simulations were performed for two
wavelengths A ~ 560 nm and A ~ 630nm. (b) Wavelengths of the lasing modes during the
BRIS measurements of the resonators of varying thickness. Adapted from [168] and [169].

The lower lasing wavelengths of the resonators of reduced thickness can be explained
with lower Q-factors as it was the case for the cavities of smaller radii. Furthermore,
a reduction of the resonator thickness goes along with an increase of the lasing
threshold as shown in Fig.5.15 (a). The experimental results on lasing thresholds in
aqueous environment and the calculated lasing thresholds determined with Eq. 5.8
are in the same order of magnitude. The increase in threshold is due to the lower
Q-factors and due to the reduced thickness of the resonators going along with less
absorption of the pump light (compare Eq.5.8). For the calculations of the lasing
thresholds the measured Q-factors shown in Fig.5.15(b) were used. For cavities
with a thickness below d = 0.36 pm a measurement of the Q-factor was not possible
since no light could be coupled from the tapered fiber into the resonator. This is due
to the fact that phase-matching of the mode in the tapered fiber and the mode in the
cavity is required for coupling which could not be achieved [183]. For thin resonators
a thin tapered fiber is necessary which is then extremely fragile especially in aqueous
environment. However, for a cavity thickness of d = 0.36 pm the measured Q-factor
agrees well with the Q-factor from simulations which only considers radiation losses,
hence indicating that this is the dominating loss mechanism in experiment. Since
radiation losses increase further and are the dominating loss mechanism for thinner
cavities we used the Q-factors from simulations to calculate the lasing thresholds of
thin cavities. When looking at the Q-factors for cavities with a thickness exceeding
d = 0.5 pm one can see only a slight increase for increasing thickness. In this range
scattering losses are the limiting mechanism and the slight increase in ) can be
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Figure 5.15: (a) Lasing thresholds in aqueous environment for discs of varying thicknesses.
Both calculated and measured values increase when the thickness of the cavity is reduced.
(b) Measured Q-factors in aqueous environment and simulation results of Q-factors only
considering radiation losses. When the cavity thickness exceeds d = 0.5 pm the measured
Q-factors saturate since scattering is then the dominating loss mechanism. Resonators
thinner than d = 0.36 pm could not be measured but will follow the simulation since their
Q-factors are assumed to be radiation-limited. Adapted from [168] and [169].

attributed to the fact that the field intensity at the surface decreases for increasing
thickness. Therefore, the influence of surface imperfections reduces with increasing
cavity thickness.

The determination of the detection limit for cavities of varying thicknesses was
performed in the same way as for resonators of varying radii. The reader is referred
to the previous section for further details. The measurable linewidth of the lasing
modes remains constant for all investigated resonators, yielding the same resolution
of the optical system. Fig.5.16 depicts the calculated detection limit for peak heights
of h = 500 and h = 200 counts above background. The best achieved detection limit
was DL = 1.8 x 1079 RIU which corresponds to an improvement by a factor 6.8
compared to the value of DL = 1.2 x 107° RIU which was achieved for the standard
discs.

In conclusion cavities of reduced thicknesses are a good and simple approach to
improve the sensitivity of WGM resonators. Just as for cavities of reduced radii the
increase in sensitivity is accompanied by an increase in lasing threshold. However,
for thin resonators this is partly due to the shorter absorption length and could
maybe be compensated by increasing the dye concentration. For all investigated
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Figure 5.16: Detection limit for resonators of varying thicknesses. With decreasing thick-
ness of the cavity the detection limit improves continuously. For the investigated cavities
the detection limit was improved by a factor of 6.8 compared to the value of a standard
disc cavity.

cavities of varying thicknesses the measurable linewidth of the lasing modes remains
constant leading to an improvement of the detection limit up to a factor of 6.8.

5.3.3 Goblet Resonators of Optimized Size

In the previous sections it was shown that cavities of reduced radii and thicknesses
exhibit enhanced sensitivities. However, this improvement goes along with an in-
crease in lasing threshold due to reduced Q-factors. For cavities of reduced radii
radiation losses limit the Q-factor. When reducing the thickness first scattering
losses seem to increase and the radiation-limited Q-factor regime is reached when
the thickness goes below d ~ 0.4 pm. While radiation losses cannot be influenced for
a given cavity radius and thickness, scattering losses can be reduced when surface
imperfections are minimized. As mentioned in section 4.2 for polymeric resonators a
thermal reflow step — during which the cavities are heated above the glass transition
temperature of PMMA — smoothens the cavity surface and leads to a significant
enhancement of the Q-factor [107].

In this work a thermal reflow was applied to disc resonators with a radius of
R =25pm and a thickness of d ~ 0.4pm. Fig.5.17(a) depicts a SEM image of
a resulting microgoblet. In order to test whether the goblet resonators show an im-
proved performance compared to the disc resonators the lasing threshold in aqueous
environment and the BRIS were measured and compared. The results are shown in
Fig.5.17. Lasing thresholds of Eipreshola = 25 1J/ cm? were achieved in aqueous envi-
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ronment which is a factor of 3.5 lower than the value of the comparable disc-shaped
counterparts.

During the BRIS measurement doublets of lasing modes in a spectral distance
of the free spectral range were observed in the emission spectrum as shown in
Fig.5.17 (c). We assume that these are fundamental modes with TE and TM polar-
ization. For both kind of modes the BRIS was determined as Sgris = 48 nm/RIU
and Spris = 64 nm/RIU, respectively. A comparison to the simulation results shown
in Fig.5.14 (a) confirms the assumption that TE and TM modes are observed. The
fact that the simulations were conducted for disc resonators instead of goblets should
not have a strong influence since the thickness and the radius are the main quantities
which determine the BRIS. The slight reduction in cavity radius (R = 22.5 pm com-
pared to R = 25 pum) due to the thermal reflow does not have a strong impact on the
BRIS so the radius change was neglected. When comparing the measured sensitivi-
ties with the simulation results we can conclude that the mode with the higher BRIS
is the TM mode. Furthermore, when the values are compared quantitatively one
can see that the values correspond to a cavity thickness of approximately 0.65 pm.
This value is higher than the initial thickness of the disc which indicates that a bead
has formed at the rim of the cavity during the thermal reflow.

In summary, the reflow process leads to a reduced lasing threshold while the resulting
thin microgoblet still exhibits an enhanced sensitivity compared to the standard disc.
When the diameter of the pedestal is controlled precisely it is possible to reproduce
the goblet shape and maintain the improved performance.

5.3.4 Comparison of the Different Approaches

In this section the different approaches for the enhancement of the sensitivity are
compared. Since an increase in sensitivity usually goes along with the drawback of
an increase in lasing threshold the different approaches presented in the previous
sections are compared in two manners:

First, only the bare detection limits are compared and no attention is paid to the
increase in threshold. Since the lasing thresholds of the disc resonators which served
as a starting point are comparably low an increase of the threshold is acceptable as
long as the operational lifetime of the lasers is sufficient for sensing experiments. All
of the investigated samples (except for the discs with a radius of R = 7.5 pum) showed
sufficient operational lifetimes to conduct regular BRIS measurements. Therefore it
is expected that also sensing experiments are feasible with increased thresholds.
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Figure 5.17: (a) SEM image of a goblet made from a disc with a thickness of d ~ 0.4 pm.
(b) The goblet resonators exhibit lasing thresholds of Eipreshold = 25 1J/em? in aqueous
environment. (c) Part of the lasing spectrum of the thin goblet cavity showing doublets
of lasing modes separated by the free spectral range. The two modes are probably fun-
damental modes with TE and TM polarization. (d) Results on BRIS measurements show
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that the different modes exhibit different sensitivities.
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5.3 Resonators of Varying Size and Geometry

Second, a new figure of merit is defined as the ratio of the BRIS to the lasing
threshold in aqueous environment and the resulting values are compared. Besides
these two comparisons also intermediate regimes where, e.g., all cavities with a lasing
threshold below a certain value are compared regarding their detection limit, can be
thought of. However, the figure of merit depends on the final application and needs
to be defined individually.

Besides the approaches presented in this work also a standard goblet which was used
previously in our research group and coupled polymeric microdiscs investigated by
Tobias Grofimann [11] are included in the comparison. For the approaches where
a parameter sweep was performed the best result was used for the comparison to
ensure clarity.

Fig.5.18 (a) compares the different resonators regarding the achieved detection lim-
its. Here, a peak height of A = 500 counts above background was used to determine
the resolution and it was assumed that the measurable linewidth of the lasing modes
of the standard goblet and the coupled microdiscs is also dA\qauss = 0.033nm. The
comparison shows that all approaches, covering the resonators with TiO,, reduc-
ing the radius and the thickness and the coupling of two resonators improve the
detection limit compared to the standard goblet. The best result was achieved for
disc resonators with a thickness of d = 0.21 pm, which show a detection limit of
DL = 1.8 x 1079 RIU corresponding to an improvement by a factor of 6.8.

The results of the second comparison also considering the lasing threshold are de-
picted in Fig.5.18 (b). The performance of the disc cavities of reduced radius and
thickness is comparable to the one of the standard goblet, while the TiOs-coated
cavities and the coupled discs suffer from higher lasing thresholds. The goblet of
reduced thickness shows the best value for the ratio of BRIS to lasing threshold
which exceeds the one of the standard goblet by more than an order of magnitude.
This is due to the higher BRIS value of the thin goblet but also due to its low las-
ing threshold which is even lower than the one of the standard goblet. One reason
for this might be that the radius of the standard goblet is smaller than the radius
of the thin goblet leading to higher radiation losses and hence an increased lasing
threshold. The good performance of the thin goblet shows that the reflow process
reduces the surface roughness and that sensitive resonators with low thresholds are
feasible.

So far only performance parameters have been compared. Another point is that the
approaches where the size of the resonators is changed do not require an additional
fabrication step. This is needed for the TiOs-coated cavities but also for the coupled
microdiscs since the coupling gap after fabrication was closed by depositing an ad-
ditional polymer layer onto the discs by using chemical vapor deposition [184]. The

77



Chapter 5.  Whispering Gallery Mode Lasers with Enhanced Sensitivity

thermal reflow also represents an additional fabrication step, however, very simple
to implement.

In conclusion the use of disc or goblet cavities of reduced thickness is a simple method
how the sensitivity can be improved with no or little effort for further fabrication
steps. When the thickness is kept larger than approximately half of the wavelength
of the emission light the increase in lasing threshold should be in an acceptable
range. The thermal reflow step can reduce the surface roughness further improving
the properties of the cavities.

5.4 Summary and Conclusions

In this chapter different approaches for the enhancement of the sensitivity of poly-
meric WGM lasers were presented and compared. First, the focus was set on the
standard figures of merit such as the sensitivity, the resolution and the detection
limit. It was discussed how these quantities can be determined for WGM lasers and
which influences they depend on. Since the resolution for peak shifts of WGM lasers
besides thermal noise mainly depends on the spectrometer used for the read-out
of the lasing modes the resolution usually remains constant even if the Q-factor of
the cavity decreases. In order to improve the detection limit of WGM lasers the
best approach is to increase the sensitivity. To do so different approaches were pre-
sented in this chapter. Goblet-shaped cavities were coated with TiO, serving as a
high-refractive index coating layer which pulls the resonant modes towards the rim
of the cavity an hence increases the mode overlap with the surrounding medium.
The thickness of the TiO, coating layer was varied and the different resonators were
investigated regarding their BRIS. Results from FEM simulations and experiments
for the different thickness of TiO, are qualitatively in good agreement and the quan-
titative deviations can be explained by the varying geometry of the TiO, coating
layer.

Afterwards a detailed investigation on polymeric cavities of varying dimensions and
geometries was presented. Both, radius and thickness of the cavity were reduced in
order to increase the sensitivity. The different resonators were characterized regard-
ing their BRIS, their lasing thresholds and their Q-factors in aqueous environment.
With decreasing radii or thicknesses of the cavities the BRIS was enhanced while the
Q-factor was reduced and an increase in lasing threshold was observed consequently.
However, the measurable linewidth of the lasing modes remained constant so the
increase in sensitivity leads to an improvement of the detection limit up to a factor
of 6.8.
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Figure 5.18: Comparison of the different approaches to improve the detection limit by
enhancing the sensitivity. (a) The comparison of the achieved detection limits shows that
resonators of reduced thicknesses exhibit the best detection limit DL which can be as low

as DL = 1.8 x 107 RIU. (b) When the ratio of the BRIS to the lasing threshold is used
as figure of merit the thin microgoblets show the best performance.
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In order to minimize scattering losses and to maintain low lasing thresholds while
achieving improved sensitivities goblet resonators of reduced thickness were fabri-
cated. The obtained results confirmed the expectations since the sensitivity could be
improved up to a factor of 2.8 while the lasing threshold was even lowered compared
to disc resonators.

In the last section of this chapter the different approaches namely TiOs-coated mi-
crogoblets and disc- and goblet-shaped cavities of reduced dimensions were compared
quantitatively. In the comparison also former results — the standard goblet and cou-
pled disc cavities — were included. When only the detection limit is considered it
turns out that microdiscs of reduced thickness provide the best performance while
when also the lasing threshold is taken into account the goblets of reduced thickness
achieve the best results.
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Chapter 6

Lasing Emission from Random
Resonators in Electrospun
Dye-Doped Polymer Fiber
Networks

This chapter focusses on dye-doped electrospun polymer fiber networks and the ori-
gin of their lasing emission. First the principle of elctrospinning and the geometrical
structure of the resulting fibers are presented. In the second part the lasing prop-
erties of the polymer fiber networks investigated in this work are discussed. In the
last part it will be shown that random resonators are responsible for the lasing emis-
sion. Furthermore, the theory of directional couplers is introduced and applied to
the coupling region of the fiber resonators.

Parts of the presented results were obtained during the Bachelor’s thesis of Stefan
Schierle [185]. Furthermore, most results were published in [132].

6.1 Electrospun Polymer Fiber Networks

Electrospinning is an established and simple technique for the fabrication of one-
dimensional structures which are small in diameter (down to d < 100nm) and can
be extremely long in length (I > 1km) [186]. In the following these structures will
simply be referred to as fibers. A tremendous variety of materials including different
polymers, ceramics and composites has successfully been used for the fabrication of
electrospun fibers [187,188]. Hence, the fiber properties such as stiffness, weight,
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porosity, surface functionality and biocompatibility can be tuned and adapted ac-
cording to the purpose of the fibers [186,187]. In the field of optics and photonics
electrospun fibers are of high interest since their optical properties such as the re-
fractive index can be tuned. Furthermore, optically active dopants such as dyes
or nanoparticles can be incorporated to realize broad-band light-sources or even
lasers [189-192].

6.1.1 Principle of Electrospinning

The basic electrospinning setup is simple and consists of three main parts: a high-
voltage power supply, a metallic syringe needle and a collector, which is a grounded
electrode essentially. In Fig. 6.1 (a) a schematic of an electrospinning setup is shown.
The metal needle is attached to a syringe which is filled with the solution (or melt)
of the fiber material, which is a polymer is this work. The use of a syringe pump
allows control over the flow rate of the polymer solution. A high voltage is ap-
plied between the metal needle and the collector. The drop of polymer solution at
the nozzle is electrified and the induced charges will distribute homogeneously on
the surface. Due to repulsive electrostatic forces between the surface charges and
Coulomb forces of the external field the droplet deforms into a conical object which
is known as Taylor cone. When the voltage is high enough repulsive electrostatic
forces overcome surface tension and a liquid jet is ejected. The jet experiences a
stretching and whipping process during which the solvent evaporates and long, thin
fibers are formed. Different theories and models based on experimental observations
have been developed to describe and understand this rather complex spinning pro-
cess [193-195]. The charged fiber is attracted by the collector and often deposited
in a random orientation. The resulting fiber network is also called a non-woven web.
In Fig. 6.1 (b) a photograph of such a fiber network with varying density is depicted.

The polymer fiber networks investigated in this work were fabricated by Dr. Lars
Jorgensen and Dr. Ana C. Mendes at the Technical University of Denmark (DTU).
PMMA doped with the dyes Rhodamine 6G (Rh6G) or PM597 is used as fiber
material and a silicon wafer coated with 200 nm SiO, to enable light propagation in
the fibers serves as collector. Typical fiber diameters are in the order of 1 micrometer.
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Figure 6.1: (a) Electrospinning setup consisting of a high voltage supply, a syringe with a
metal needle and a collector. (b) Image of Rh6G-doped electrospun polymer fiber networks
with varying fiber density. (a) adapted from [132].

6.1.2 Structure and Alignment of Electrospun Fibers

The fibers investigated in this work exhibit a smooth surface and a solid interior.
The fibers are randomly distributed on the silicon wafer as can be seen in the SEM
images shown in Fig. 6.2. The density of the fibers ranges from single layers to dense
networks of fibers. Throughout the fiber network random resonators are distributed.
They consist of a fiber running in parallel with itself for a certain distance after
forming a loop. Examples for such resonators are depicted in Fig6.2 (c) and (d).

As mentioned before electrospinning is a flexible fabrication technique which allows
the use of different materials but also modification of the fiber structure and fiber
alignment [187]. Concerning the fiber structure so-called core-shell fibers consisting
of two different materials can be fabricated by using coaxial capillaries for electro-
spinning [196]. Furthermore, by using the same setup fibers with hollow interior
can be realized by removing the interior material after fabrication [197,198]. Be-
sides core-shell structures also fibers consisting of two or multiple components are
feasible [199]. The nozzles are arranged side by side and fibers with multiple func-
tionality can be obtained [199]. Furthermore, porous fibers or fibers with a specific
surface morphology have been realized [200].

For some applications also the spatial alignment of the fibers is important. In the
field of photonics axially aligned fibers have been used as polarizers [201] or as
polarized light sources in lab-on-a-chip applications which allow for the separation
of excitation and emission light [202]. Different methods based on modifications of
the electrospinning collector have been implemented to realize aligned fibers [203].
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Figure 6.2: SEM images of electrospun polymer fibers. (a) and (b) Region with high fiber
density illustrating the random alignment of the fibers. Images were taken at the DTU,
Denmark. (c) and (d) Examples for random resonators (marked in orange) within the
polymer fiber network. (a) and (b) taken from [132].

For example parallel plates [201] or rotating drums have been used, the latter one
even allows the fabrication of complex 3D architectures such as yarns [204] or tubes
[205]. In 2006, near-field electrospinning (NFES) was introduced allowing precise
deposition of fibers by using short distances between needle tip and collector, thus
exploiting the stable linear region of the jet trajectory [206]. By moving the collector
within the plane perpendicular to the fiber jet almost arbitrary patterns of fibers
can be designed [207].

6.2 Lasing emission: Observations

The photoluminescence (PL) of dye-doped electrospun fiber networks has been in-
vestigated with the p-PL setup described in section 3.3.1. Fibers doped with either
Rh6G or PM597 were excited with ns-pulses of the frequency-doubled Nd:YVO,
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laser and the emitted light was spectrally analyzed. Different positions of the sam-
ples were investigated.

6.2.1 Typical Photoluminescence Spectra

In Fig. 6.3 typical PL-spectra of Rh6G-((a)-(d)) and of PM597-doped ((e)-(h)) elec-
trospun fibers and corresponding images of the fibers at the same position under
laser illumination are depicted. Obviously, the spectra taken at different positions
of the sample differ significantly. In spectrum (a) and (e) only bare fluorescence is
visible whereas all the other spectra exhibit sharp peaks. At some sample positions
spectrally regular spaced comb-like peaks with a clear free spectral range are ob-
served as shown in (d) and (h). At other positions the spectral distribution of the
peaks is irregular and the spectral distance between adjacent peaks is random. The
density of the fiber network does not determine the emission spectra since for com-
parable fiber density bare fluorescence (a), peaks with a regular spectral distribution
(h) and peaks with a random spectral distance (c) are observed.

As will be shown in the following the sharp peaks originate from random resonators
within the fiber network providing the feedback mechanism required for lasing. The
different emission spectra presented can be explained as follows: At positions with
bare fluorescence no resonator is present while comb-like lasing emission is attributed
to a single resonator its length yielding the corresponding free spectral range. Spec-
tra with many irregularly spaced peaks arise, when multiple resonators with different
sizes overlap spatially and lasing emission of multiple resonators contributes to the
spectrum. Throughout the different sample positions spots with lasing emission are
frequent, especially at sample areas with high fiber density. In regions with low fiber
density lasing emission is more rare but still easy to find.

6.2.2 Lasing Thresholds

In order to verify that the peaks observed in the emission spectra are due to lasing
so-called input-output curves were measured. For increasing excitation energy the
output intensity of a peak is monitored. In Fig.6.4 (a) the integrated intensity of
the lasing mode which appears at the lowest energy is plotted versus the excitation
energy for a PM597 fiber resonator. A clear change in slope can be observed when
the energy overcomes the threshold — a typical characteristic for lasing [208]. The
lasing threshold is determined from the intersection of the two linear regressions to be
26.5 1J /cm? per pulse. In the emission spectra taken at different excitation energies
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Figure 6.3: Typical photoluminescence spectra of dye-doped electrospun polymer fiber
networks. (a) to (d) Rh6G-doped, (e) to (h) PM597-doped. The different characteristics,
(a) and (e) bare fluorescence, (d) and (h) comb-like lasing peaks and (b), (c), (f) and
(g) spectrally irregular spaced lasing peaks can be explained by resonators randomly dis-
tributed in the fiber network. Scale bar is 30 pm. The different colors of the fibers under
laser illumination arises from the use of different long-pass filters in the detection beam
path. (a) to (d) taken from [132].
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emerging peaks demonstrate the onset of lasing (Fig.6.4 (b)). The input-output
curve for fibers doped with Rh6G is shown in Fig.6.4 (¢). Spectra were taken at a
sample position where the spectral distance between the lasing peaks is irregular.
The lasing thresholds of two different peaks were determined to be 3.1 mJ/cm? and
5.1mJ/cm? per pulse. The corresponding spectra at different excitation energies
are shown in Fig. 6.4 (d). It is clearly visible that the lasing thresholds for different
peaks are distinct. One possible explanation is that the peaks belong to different
resonators exhibiting different Q-factors and hence different lasing thresholds.

When the thresholds of the samples with the different dyes are compared it is evident
that PM597-doped fibers show thresholds which are lower then those of Rh6G-doped
fibers. Since each resonator exhibits a different threshold due to a different Q-factor
single threshold measurements will not allow a statement on which dye shows the
better performance. However, when the range of the measured thresholds is com-
pared thresholds for Rh6G-doped samples range from 1.3 mJ/cm? to 3.3 mJ/cm? per
pulse whereas for PM597 thresholds between 27 pJ/cm? and 8751J /cm? per pulse
have been measured. The lower threshold values of PM597-doped fibers could be due
to a higher quantum yield of PM597 when integrated in PMMA. For comparison,
in [11] Rh6G and PM597 have been embedded in goblet-shaped whispering gallery
mode resonators made of PMMA. For the same resonator geometry and hence com-
parable Q-factors the lasing thresholds of Rh6G-doped resonators exceeded the ones
of PM597-doped resonators by a factor of six which is similar to the observations
made in the polymer fiber networks in this work. Camposeo et al. observed lasing
thresholds of approximately 60 pJ/cm? for fiber pieces acting as Fabry-Pérot cavi-
ties with Rh6G as gain medium at a comparable concentration as used in this work.
The lower threshold energy when compared to the Rh6G-doped fibers investigated
in this work is due to the shorter excitation pulses of only 0.6 ns which results in
higher peak power fluences.

6.3 Lasing Mechanism of Fiber Resonators

To show that random resonators within the polymer fiber network are the origin of
lasing emission the fiber networks were analyzed with spatially resolved spectroscopy.
At the beginning of this section the method of spatially resolved spectroscopy is
explained. Then examples of random resonators are presented and their emission
spectra are analyzed quantitatively. Finally, the theory of directional couplers is
introduced which is used to describe the light propagation in the coupling region of
the fiber resonators in this work.
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Figure 6.4: Lasing threshold of dye-doped electrospun polymer fibers. (a) Example of
an input-output curve for a single resonator in a PM597-doped fiber network. The in-
tersection of the two linear regressions at 26.511J/cm? represents the lasing threshold.
(b) Corresponding emission spectra taken at different excitation energies clearly showing
the lasing mode appearing above threshold energy. (c) and (d) Analogue graphs for Rh6G-
doped fiber networks. The lasing threshold is determined for two different modes probably
belonging to two different resonators. The emission spectra show the onset of lasing. (c)

and (d) taken from [132].
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Figure 6.5: Spatially resolved spectroscopy. A photograph of the fiber network and a
spatially resolved spectrum are taken at the same sample position. The position of the
entrance slit is mapped onto the photograph so that the luminescence in the spectrum can
be assigned to the corresponding fiber. Taken from [132].

6.3.1 Spatially Resolved Spectroscopy

The setup used for spatially resolved spectroscopy is the same as the one described
in section 3.3.1. In order to get a spatial resolution each pixel of the CCD camera
coupled to the spectrometer is read out separately yielding a spectral resolution
along the x-axis and additionally spatial resolution along the y-axis. Simultaneously
a photograph of the corresponding sample area under laser illumination is recorded.
The position of the entrance slit of the spectrometer is mapped onto the photograph.
This way the photoluminescence in the spectrum can be assigned to the fiber it
originates from. In Fig. 6.5 an example of a photograph and a corresponding spatially
resolved spectrum is shown. At sample positions where the fiber density is low one
can clearly identify the fiber the lasing emission is originating from. The sample
holder with the fiber networks can be moved laterally in z- and y-direction. This
allows to track the fibers exhibiting lasing emission and to identify random resonators
and their corresponding emission spectra.
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Figure 6.6: Example of a simple random resonator (Res 1) in the polymer fiber network
and emission spectra taken at different positions of the resonator. The fiber forms a loop
and then overlaps with itself (marked with white bars) where light couples from one part
of the fiber to the other and forms a closed optical path. Taken from [132].

6.3.2 Geometry of Random Resonators

In this section it will be shown that random resonators are the origin of the lasing
emission in electrospun polymer fiber networks. For this the data recorded with
spatially resolved spectroscopy was analyzed qualitatively and quantitatively. In
random resonators the light is guided along a fixed optical path in contrast to random
lasing where the light spreads through the medium over statistically varying paths.
The mechanism of random lasing has been excluded for the polymer fiber networks
by performing single-shot experiments [209].

Fig. 6.6 shows an example of a random resonator. Furthermore, spectra along differ-
ent positions of the resonator are depicted. The fiber forms a closed loop by running
in parallel with itself for a certain distance. The light couples from one part of
the fiber to the other thus forming a closed optical path. Along the resonator (see
Fig. 6.6, position 1-6) and also at adjacent parts of the fiber (position 7) the same
comb of lasing modes is observed. The varying intensity of the lasing peaks arises
from the fact that only scattered light is collected with the spectrometer and hence,
the intensity depends on the presence of scatterers. Fibers which only cross the
resonator only show bare fluorescence. At the crossing points no efficient coupling
occurs. This is consistent with similar results observed in silica fibers [210].

The formed geometry is different for each resonator. In Fig.6.7 a more complex
resonator structure is depicted but again after several loops the fiber reaches its
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Figure 6.7: Example of a more complex random resonator (Res 2) in the polymer fiber

network and emission spectra taken at different positions along the resonator. Still, after
forming some loops the fiber runs in parallel with itself and forms a closed optical path.

starting point and runs in parallel with itself. The spectral distance between two
adjacent modes is shorter than for Res 1 (compare Fig. 6.6) since the resonator length
is larger. As the modes compete for gain some of the modes are suppressed in the
emission spectrum. In principle arbitrary resonator geometries are possible as long
as a closed optical path is created where light can couple from one part of the fiber
to the other in the coupling region.

Depending on the fiber diameter and the coupling length (the length for which the
fibers run in parallel) the coupling is more or less efficient. Since the lasing modes
are also observed in adjacent fiber parts which do not belong to the resonator the
coupling efficiency is below 100% (compare Fig. 6.6, position 7). A more detailed
discussion and comparison with simulation results will be given in section 6.3.3.
To further prove that the lasing emission originates from the random resonators a
quantitative analysis of the spectra was performed. By using the free spectral range
F'SR, the spectral distance between two adjacent modes the resonator length Ly
can be calculated with

A1 g

Lyp=—212
T e FSR|

(6.1)

where A\; and A5 are the wavelengths of the two adjacent modes. The effective refrac-
tive index neg depends on the diameter of the fiber and is determined using modal
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Figure 6.8: Mode profile and effective refractive index neg of the fundamental mode for
varying fiber diameters. For smaller diameters a larger fraction of the mode is localized
outside the fiber resulting in a lower effective refractive index. Simulations were carried
out with COMSOL for a wavelength of A\ = 570 nm. Adapted from [132].

analysis based on the finite element method (FEM) performed with COMSOL. The
dispersion of PMMA and the influence of the dye molecules on the refractive index
of PMMA is neglected for the spectral region of lasing emission and a constant value
of npymva = 1.49 is assumed. In Fig. 6.8 the effective refractive index is plotted for
different fiber diameters. Furthermore, the normalized electric field in the fibers and
their surrounding is shown for fiber diameters of 0.8 pm and 2.0 pm. As the mode
overlap with the surrounding decreases for increasing fiber diameter the effective
refractive index approaches the refractive index of PMMA.

By using Eq.6.1 and the simulation results for the effective refractive index neg
the resonator length is calculated for different fiber diameters and compared to the
measured resonator length obtained from the photographs. The fiber diameters were
estimated from SEM images taken at different areas of the same sample. In table 6.1
the results for the resonators depicted in Fig.6.6 (Res 1) and Fig.6.7 (Res 2) are
listed. For both resonators the measured resonator length and the calculated one
are in good agreement, especially when considering the fact that the photograph of
the resonator is a 2D projection of an actual three-dimensional object. These results
further prove that the lasing emission originates from the random loop resonators.
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Table 6.1: Comparison of calculated resonator lengths using the free spectral range and
the measured lengths obtained from photographs of the resonators. Both values are in
good agreement, the smaller value for the measured length can be explained by the fact
that a 2D projection of the resonator is analyzed leading to an underestimation of the real
length.

Diameter range Calculated length Measured length

(pm) (pm) (pm)
Res 1 0.90- 1.10 408 - 414 392
Res 2 0.82-1.02 1166 - 1186 1060

6.3.3 Simulations of the Coupling Region

In the region where the fiber runs in parallel with itself the propagating mode couples
from one part of the fiber to the other. The mode propagation in parallel running
fibers can be described by the theory of a directional coupler. For two parallel fibers
a symmetric and an anti-symmetric mode are the solutions of Maxwell’s equations
[211]. In Fig.6.9 (a) the electric field distribution obtained with FEM simulations of
these modes is illustrated. A mode propagating in one of the fibers is described as a
superposition of the symmetric and the anti-symmetric mode. As the symmetric and
anti-symmetric mode have different effective refractive indices a phase shift between
these two modes arises when propagating along the fibers. When the phase shift
is m the power has been completely transferred from one fiber to the other. This
means that the power of the propagating mode is transferred periodically back and
forth between the two fibers in dependence of the traveled distance. The coupling
coefficient k describes the portion of transferred power in dependence of the coupling

length L. [211]:
k = sin® (%) (6.2)

Here, An.g is the difference of the effective refractive indices of the symmetric and
anti-symmetric mode. In Fig. 6.9 (b) the difference of the effective refractive indices
of the symmetric and anti-symmetric mode is plotted for different fiber diameters
and TE and TM polarization, respectively.

By exponentially extrapolating the data for the difference in effective refractive index
the coupling constant k£ was calculated for different diameters d and coupling lengths
L.. For the spectral region with lasing emission the coupling constant is almost
constant for different wavelength. Simulation results for the coupling coefficient are
shown in Fig. 6.9 (c) and (d). For Res 1 a mean fiber diameter of 1 pm was estimated
from SEM images taken from that sample. When inserting the measured coupling
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length of 73pm for the TE mode a coupling coefficient of & = 0.6 is obtained.
The result that not all the power is transferred agrees well with the fact that the
lasing modes are also observed in adjacent fiber parts which do not belong to the
resonator loop itself (compare Fig. 6.6, position 7). For Res 2 (compare Fig.6.7) a
coupling length of 44 pm is measured and SEM images of the same sample yield a
mean fiber diameter of 0.92 pm. Calculating the coupling coefficient for these values
yields k£ =~ 0.9. However, as the fiber diameter distribution exhibits a standard
deviation of approximately 10% and is not measured directly at the investigated
resonators, the real coupling coefficient will probably deviate from the calculated
values. For a more accurate quantitative analysis instead of using random resonators
one would have to fabricate resonator structures on purpose with known coupling
length L. and diameter d, e.g., with near field electrospinning and investigate those
in detail. The simulations presented in this section can serve as design guide in
order to obtain resonators with high coupling coefficients. As the quality factor is
proportional to the coupling coefficient high-Q resonators with low lasing threshold
can be designed [117].

6.4 Summary and Conclusions

Electrospun fibers can be fabricated with a simple technique that allows the use
of many different materials hence providing flexibility. Optical properties can be
easily tuned by using different gain materials or varying the refractive index. The
PL-spectra of PMMA fiber networks doped with RhG6 or PM597 were analyzed and
measurements on lasing thresholds were presented. Although the thresholds vary for
each resonator, in general fibers doped with PM597 exhibit lower lasing thresholds
than those doped with RhG6.

By using spatially resolved spectroscopy random resonators were identified as the
origin of lasing emission. For this the emission light was assigned to the correspond-
ing fiber and the fibers with lasing emission were tracked. Fibers arranged in loops
and forming closed optical paths by overlapping with itself for a certain distance
provide the required feedback for lasing emission. A quantitative analysis of the
emission spectra of the random resonators shows good agreement between the mea-
sured resonator length and the length calculated from the free spectral range. The
coupling of light in two parallel running fibers can be described by the theory of
directional couplers. In order to obtain the effective refractive indices required to
calculate the coupling coefficient FEM simulations were performed. The coupling
coefficient was determined for different coupling lengths and fiber diameters.
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Figure 6.9: Simulation results of the coupling region. (a) Electric field distribution of
a symmetric and anti-symmetric mode in parallel fibers with a diameter of d = 1pm.
(b) Difference in effective refractive index Aneg between the symmetric and anti-symmetric
mode for varying fiber diameters. (c) and (d) Coupling coefficient k for a constant coupling
length L. and varying fiber diameter d and vice versa. Adapted from [132].
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The simulations presented in the last part of this chapter can be used to optimize
the fabrication of resonators. Cavities with high coupling coefficient and hence
high Q-factors can be fabricated, e.g., by using near-field electrospinning where the
geometry of the deposited fibers can be precisely controlled. In the next chapter
applications of electrospun fibers and results obtained on sensing will be presented.
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Chapter 7

Optical Sensing with Polymer
Fiber Networks

Possible fields of applications of electrospun fibers include photonics, sensorics, catal-
ysis or medicine and pharmacy [212]. In these areas the fibers are used as, e.g.,
broadband or laser light sources [132,189,191], scaffolds for tissue engineering [213]
or drug release systems [214]. For sensing applications electrospun fibers are promis-
ing candidates as they exhibit high surface to volume ratios. In terms of optical sens-
ing usually electrospun light-emitting fibers are used and the luminescence intensity
serves as sensor signal to detect target molecules which induce quenching. Success-
ful detection of several metal ions [215], explosive compounds [216] and different
biomolecules [217,218] was demonstrated by incorporating different light-emitting
materials in electrospun fibers.

In this work a different approach was chosen and the spectral position of the lasing
modes is used as sensor signal as it is also done for the WGM lasers (see chapter
4 and 5). An advantage of this method is that the signal is independent of back-
ground light. The dye-doped polymer fiber networks were investigated as sensors
for different vapors and as sensors in aqueous environment and for both sensing was
demonstrated successfully.

In the first part of this chapter the mechanism of vapor sensing is explained before
results on the detection of vapors of water, ethanol, methanol and ethanol-methanol
mixtures are presented and discussed. It will be shown that the temporal evolution of
the lasing mode shift is different for ethanol and methanol since they exhibit different
diffusion coefficients in PMMA. In the second part of this chapter results on the
performance of the fiber networks in aqueous environment are presented and their
suitability as sensors in water is demonstrated via bulk refractive index sensitivity
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measurements. Since PM597-doped fiber networks exhibit lower lasing thresholds
than their Rh6G-doped counterparts the sensing measurements were performed with
PM597-doped fibers.

7.1 Sensing of Different Vapors

Many polymers exhibit so-called “polymer swelling” when they are exposed to an-
alytes [219]. The expansion of the polymer can be exploited to deform an optical
cavity. This and the change of the refractive index of the polymer upon absorption
of analyte molecules change the optical path length of the cavity and hence lead to
a spectral shift of the resonance. In literature several approaches based on differ-
ent resonators were successfully implemented. St.-Gelais et al. used a deformable
Fabry-Pérot interferometer which was filled with the polymer polydimethylsiloxane
(PDMS) to detect m-xylene and cyclohexane by tracking the spectral position of the
transmission signal [220]. Smith et al. coated a photonic crystal with polysterene
(PS) to enhance the shift of the resonance when the photonic crystal is exposed
to ethanol vapor [221]. Convertino et al. fabricated polymer-based distributed
Bragg reflectors where swelling of the polymers causes the reflectance spectrum to
shift to different wavelengths [222]. Further approaches and examples can be found
in [223-225].

In the approach presented in this work the resonators itself are made out of the
polymer providing the advantage that fabrication is simple and basically consists of
a single step. The fact that a variety of polymers can be used for electrospinning
is important when thinking of sensor arrays in which the individual sensors are
sensitive towards different analytes. For the dye-doped electrospun polymer fiber
networks the vapor sensing principle will be demonstrated through detection of light
alcohols and water vapor.

Preliminary measurements on sensing with electrospun fibers have been conducted
during the Master’s thesis of Minh Tran [226] and the Bachelor’s thesis of Pascal
Kiefer [227]. The results presented in this section have partly been published in [228]
and achieved during the Bachelor’s thesis of Felix Friedrich [229].

7.1.1 Mechanism of Vapor Sensing

In this work the spectral position of the lasing peaks is used as sensor signal. Once
the polymer fiber networks are exposed to alcohol or water vapor, the polymer
expands and the ring resonators change their optical path length L - n.g leading to
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a shift of the resonance wavelength Ag:
L-neg=m- . (7.1)

The integer m denotes the number of electric field maxima along the ring resonator.
As obvious from this resonance condition changes of both the resonator length L and
the effective refractive index ng contribute to the wavelength shift. As discussed in
the previous chapter the effective refractive index depends on the refractive index
of the PMMA npya and the fiber diameter d (compare Fig. 6.8). In the following
the contributions of the different origins to the total shift of the lasing modes will
be determined after a brief description on diffusion in polymers is given.

Diffusion in Polymers

The swelling of polymers when exposed to solvent vapors is caused by solvent
molecules diffusing into the polymer matrix. In this paragraph a brief introduc-
tion to diffusion in glassy polymers is given. First the ideas of Fickian diffusion
and Case II transport are introduced and a description including both processes is
presented. Afterwards the diffusion of light alcohols into polymers is discussed.

In the simplest case the equilibrium concentration ¢ of a solvent in a polymer matrix
is given by Henry’s law
c = kp, (7.2)

where k denotes the solubility or partition coefficient of the solvent—polymer system
which states how miscible the substances are and p is the partial pressure of the
solvent at the interface.

For describing the kinetics of diffusion different theories have been proposed, with
Fickian diffusion and Case II transport being the most prominent ones. Fickian
diffusion is described by Fick’s second law

Oyc = 0,(DO,c), (7.3)

with D being the diffusion coefficient [230], which usually depends on the concen-
tration c¢. The concentration gradient 0,c of the analyte in the polymer decreases
over time until in equilibrium the analyte concentration is the same in the com-
plete polymer. Fickian diffusion occurs when the relaxation of stress in the polymer
chains which is introduced by the solvent molecules is faster than the movement of
the solvent molecules. For short time-scales the kinetics follow M, o< t'/2, where M,
is the absorbed mass of the solvent at time t.

For Case II transport the solvent molecules diffusing through the polymer form a
sharp front that moves at a velocity v. In this case diffusion is fast compared to
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relaxation of the polymer chains. The velocity of the front depends on the viscous
resistance of the polymer to deform [231]. For a thin polymer film the kinetics of
Case II diffusion follows M; o ¢t. A clear distinction between Fickian diffusion and
Case II transport is not always possible since also intermediate processes occur.
Thomas et al. defined different regimes based on the diffusion coefficients and the
viscosity [231]. Furthermore, Wang et al. presented a generalized diffusion equation
which describes combinations of Fickian diffusion and Case II transport [232]:

Orc = 0,(DOyc — ve). (7.4)

Again, v is the velocity of the sharp front and is interpreted as stress coefficient. For
a film with thickness [ which is exposed to solvent vapor from both sides Eq. 7.4 is
solved by

M, =, 4n*m? (1 — (—1)"cosh (%)) ( (n27T2D v? ) >
:1_2 > exp| — +-—=)t), (7.5)
Moo n=1 ((2”—1)2 + (mr)2> 4 4D

where M., is the mass increase at equilibrium. For long times ¢ only the first
addend in Eq.7.4 is important and the solution of Eq.7.4 is given by a simple
limited exponential growth function:

]\% —1— Be " (7.6)
The parameters B, and 7 depend on the diffusion coefficient D, the velocity v and
the film thickness . When entirely Fickian (Case II) diffusion should be described
v (D) needs to be set to zero. The ratio of the diffusion coefficient to the velocity
determines whether the process is rather Fickian or Case II. The higher the diffusion
constant the more Fickian is the process. Since many intermediate processes exist
and both the diffusion constant and the velocity depend on concentration and tem-
perature [231] it is not possible to clearly assign either Fickian or Case II diffusion
to a specific polymer—solvent combination [233].

Sfirakis et al. reported Case II transport for ethanol and methanol vapors in PMMA
at room temperature when PMMA was exposed to saturated vapor [234]. In con-
trast to that Papanu et al. observed Fickian-like kinetics for the diffusion of methanol
at room temperature when investigating PMMA films with a thickness of 1-2 pm.
For ethanol the diffusion kinetics were rather Case II when measured at 40°C.
Papanu et al. explain the Fickian diffusion behaviour for methanol with thin-film ef-
fects: The initial uptake could be Fickian and the sharp front cannot be established
for thin samples [233,235]. Furthermore, it is known that with Case II diffusion a
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Fickian precursor precedes the front which attenuates the sharp concentration gra-
dient [236]. For thin samples, e.g., a thin polymer film, a precursor of few hundreds
of nanometers would already expand over the whole sample thus not allowing Case
II transport.

Since in the vapor sensing experiments conducted in this work small ethanol and
methanol vapor concentrations are used it seems intuitive that stress effects in the
polymer are rather small. This and the fact that fibers with diameters of 1pm
or less are used indicate that rather Fickian diffusion occurs in the polymer fiber
networks. A clear assignment of the diffusion process requires further investigations
but a detailed study of diffusion kinetics is beyond the scope of this work.

Analytical Model to Predict the Shifts of the Lasing Modes

In order to predict the shift of the lasing modes upon exposure of the fiber networks
to ethanol or methanol vapor a simple analytical model was developed. The volume
change of the PMMA V — V' = oV, which occurs upon exposure to vapors,
is transferred to the cylindric fiber geometry. For the fibers isotropic swelling is
assumed. The increase of the length L — L’ = vL and the diameter d — d' = ~d of
a cylindrical fiber is determined via

oV =V'=aLl'(d/2)?* =7 -vL- (yd/2)* = *V. (7.7)

Besides expansion of the fibers the analyte molecules diffusing into the polymer also
change the refractive index of the PMMA npynva — npypa- Lhe effective refractive
index neg which is crucial for the optical path length depends on both the refractive
index of the PMMA and the fiber diameter. An increase of the refractive index of
PMMA can occur when the solvent molecules fill holes in the polymer matrix. With
finite element simulations performed with COMSOL we determined the dependence
of the effective refractive index on the fiber diameter and on the refractive index of
the PMMA. The former dependence is depicted in Fig. 6.8 and the latter one turned
out to be linear.

When changes in length, diameter and refractive index of the PMMA upon exposure
to solvent vapors are known, the expected shift of lasing modes can be determined.
Starting from the resonance condition given in Eq. 7.1 one obtains:

& _ % Aneg _ et (YA, Wpyinia)

A L Neft Net(d, mpMMA )

—9 (7.8)

In order to figure out whether the shift of the lasing modes is caused by changes of the
resonator length L or changes of the effective refractive index n.g or both ellipsome-
try measurements on PMMA films were conducted. PMMA films of approximately
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300 nm thickness were spin-coated on silicon wafers and both the refractive index of
the PMMA npyva and the layer thickness were determined by ellipsometry when
the film is exposed to ethanol and methanol vapor. Since the film is fixed to the sub-
strate on one side and the lateral extent of the film exceeds the thickness by orders of
magnitude we assume that the complete volume change occurs as thickness change.
To adjust the vapor concentration a vapor mixing system was developed during the
Bachelor’s thesis of Felix Friedrich [229]- a description can be found in appendix A.
The ellipsometry measurements were performed and evaluated by Fabrice Laye at
the Institute of Functional Interfaces (IFG, KIT).

Predictions on Shifts of the Lasing Modes Based on Ellipsometry Mea-
surements

From ellipsometry measurements information on changes in volume and refractive in-
dex of PMMA upon exposure to alcohol vapors is gained. Using Eq. 7.7 and Eq. 7.8
this information is transferred to the fiber geometry and predictions on the shift
itself but also on its origin are obtained. When the data from ellipsometry mea-
surements (which were conducted at concentrations of 15000 ppm and 32000 ppm
for ethanol and methanol, respectively) were transferred to other concentrations a
linear dependence of expansion and change of refractive index on concentration was
assumed.

In Fig. 7.1 the predicted shifts of the lasing modes for different ethanol and methanol
concentrations is depicted and broken into the different contributions. The bar
plots show that the shift of the lasing modes A)\y mainly originates from length
changes AL (green) and an increase of the refractive index of PMMA which leads
to an increase of neg (blue). The lateral expansion of the fibers which results in
an enhanced fiber diameter and hence also in an increased effective refractive index
(orange) only plays a minor role. For fiber diameters of between d = 0.6 pm and
d = 1.2m the dependence of the effective refractive index on the refractive index
of PMMA is almost the same. This means that the sensitivity is not influenced by
slight fluctuations of the fiber diameter due to the fabrication process.

Besides analyzing the different contributions to the peak shift also the sensitiv-
ity of the fibers towards ethanol or methanol vapor is predicted. Assuming a
fiber diameter of 0.9 pm and a wavelength of 590 nm yields an expected sensitiv-
ity of Sgion = 0.33 pm/ppm for ethanol while for methanol a lower sensitivity of
Smeon = 0.23 pm/ppm is predicted.
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Figure 7.1: Expectations of the lasing peak shifts when polymer fibers are exposed to
ethanol (EtOH) and methanol (MeOH) vapor. The totel shift can be decomposed into
contributions from changes of the resonator length AL (green), contributions from changes
of the effective refractive index caused by changes of the fiber diameter (orange) and con-
tributions from changes of the effective refractive index caused by changes of the refractive
index of PMMA (blue). A fiber diameter of d = 0.9 pm and a resonance wavelength of
Ao = 590 nm was assumed for the calculations. Adapted from [228].

7.1.2 Temperature Dependence and Operational Lifetime of
Dye-Doped Polymer Fibers

When thinking of possible applications of the dye-doped polymer fiber networks
the temperature dependence and the operational lifetime of the lasing modes are
important aspects which need to be investigated.

The spectral position of the lasing modes is influenced by temperature changes since
the optical path length of a cavity depends on temperature. In the simplest case two
factors need to be considered: The temperature dependence of the refractive index of
PMMA which is given by the thermo-optic coefficient x and the expansion of PMMA
upon changing temperature which is described by the thermal expansion coefficient
a. Both coefficients were determined for PMMA by performing ellipsometry mea-
surements on thin PMMA films, yielding x = —3.2x107* /K and o = 4.2 x 107° /K
for a temperature range from 26 °C to 30°C. The negative thermo-optic coefficient
will cause a blue-shift of the lasing mode with increasing temperature whereas ex-
pansion causes a red-shift. The measured thermo-optic coefficient of PMMA is
almost a factor of three higher than the value of x = —1.3 x 107 /K reported in
literature [237] and the expansion coefficient also deviates by a factor of almost
two. However, in [237] the temperature dependence was investigated from 25°C
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to 100°C in steps of 20K, so a stronger temperature dependence for low temper-
atures would not have been noticed. Furthermore, the PMMA used in literature
has a different molecular weight which can also lead to deviations. Compared to
silica (k = 0.55 x 1076 /K [238]) the thermo-optic coefficient of PMMA is more
than two orders of magnitude larger, making polymeric resonators more sensitive to
temperature changes.

With the following equation the expected shift of the resonant modes upon a change
in temperature can be calculated [238]:

AXg = Ao (a + M) AT (7.9)
Nefr

Here, Ay denotes the resonance wavelength in the cavity without temperature change
AT. By performing finite element simulations a linear dependence of the effective
refractive index n.g on the refractive index of the PMMA npyya was found. With
this relation and Eq. 7.9 a spectral shift of —0.11 nm /K for a resonance wavelength of
A = 590 nm is expected. The calculation was done for fiber diameters between 0.6 pm
and 1.3 pm revealing a negligible dependence of the shift on the fiber diameter. Since
the thermo-optic coefficient of air is two orders of magnitude smaller than that of
PMMA and most of the energy of the resonant modes is guided inside the polymer
fibers influences from changes of the refractive index of air were neglected.

The resulting blue-shift of the lasing modes when considering both changes of the
refractive index and expansion of the PMMA is due to the large negative thermo-
optic coefficient of PMMA. The blue-shift caused by changes of the refractive index
of PMMA exceeds the red-shift due to thermal expansion by almost a factor of five.

To investigate the temperature dependence of the lasing modes experimentally, the
polymer fiber samples were mounted on a Peltier-element. Its temperature was
regulated with a proportional-integral-derivative (PID) controller and a resistive
thermometer (PT100) to an accuracy of AT = 0.1 K. The temperature dependence
of the lasing modes of the polymer fiber networks was monitored for increasing and
decreasing temperature and is depicted in Fig.7.2. The slight deviations between
the measurements for increasing and decreasing temperature arise from bleaching of
dye molecules and a blue-shift going along with it [239]. When taking the average of
the two measurements a temperature dependence of —0.115nm /K for temperatures
between 25°C and 30°C is obtained and effects due to bleaching are minimized
in that way. For temperatures exceeding 30 °C the temperature dependence of the
lasing modes is lower, but normally only slight temperature variations occur during
sensing measurements so this temperature regime was not evaluated.

The measured temperature dependence of lasing modes (with A\ &~ 590 nm) of the
polymeric fibers agrees well with the expected value of —0.11 nm /K calculated above.
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Figure 7.2: Temperature dependence of the spectral position of the lasing modes in air

for resonance wavelengths of approximately 590 nm. The blue-shift of the lasing modes

upon increasing temperature arises from the negative thermo-optic coefficient. Deviations

between the measurements for increasing and decreasing temperature originate from the

additional blue-shift due to bleaching of dye molecules [239]. By using the average of

both measurements bleaching effects are minimized and a temperature dependence of
0.115nm/K is obtained. Adapted from [227].

Disturbing influences from temperature during sensing experiments can be reduced
by using temperature stabilisation with a Peltier-element which was done in the
following experiments.

Another important aspect in terms of application is the operational lifetime of the
lasing modes. Photodegradation of dye molecules is one central issue in solid-state
dye-lasers (compare section 3.2 and [127,240]). In order to investigate the opera-
tional lifetime of the lasing modes the polymer fiber networks were optically pumped
well above lasing threshold with an excitation energy of approximately 440 nJ/cm?
at a repetition rate of 50 Hz. The emission spectrum as a function of pump pulses is
plotted in Fig. 7.3. The slight blue-shift of the lasing modes arises from the bleaching
of dye molecules which leads to a decrease of the refractive index [239]. The intensity
of the lasing modes decreases during the measurement and some of the lasing modes
disappear but some modes are still present after 15 x 10* pump pulses. Assuming
a repetition rate of 20 Hz, which is usually used, this yields a measurement time
exceeding two hours which is sufficient for most sensing experiments. To further
extend the measurement time non-permanent excitation can be used.
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Figure 7.3: Operational lifetime of dye-doped polymer fibers. The fibers were exposed
to 15 x 10* excitation pulses at an energy of 44011J/cm? and a repetition rate of 50 Hz.
During the measurement the intensity of the lasing peaks is reduced but some of the modes
are present for more than 15 x 10* pulses. The blue-shift of the modes is due to bleaching
of dye molecules and the refractive index change going along with it [239].

7.1.3 Detection of Water Vapor

Since PMMA exhibits swelling when placed in aqueous environment it is expected
that also changes in the relative humidity of the surrounding lead to expansion of
PMMA. The resulting change of the optical path length of the resonators induces
shifts of the lasing modes. To assess the dependence of the spectral position of
the lasing modes on the relative humidity experimentally one of the gas washing
bottles in the vapor mixing system was filled with water. Furthermore, a closed
sample chamber with a transparent lid was built which can easily be integrated in
the p-PL-setup.

The spectral position of the lasing modes was tracked over time for different con-
centrations of water vapor. The peak position was tracked by fitting a Lorentzian
function to the data. The resulting measurement curves are depicted in Fig. 7.4 (a).
As soon as the fibers are exposed to water vapor the lasing modes exhibit a red-shift
which saturates after few minutes. A sum of two exponential functions

AXo(t) = A1 (1 —exp(—t/m1)) + A2(1 — exp(—t/72)) (7.10)

was used to fit the data. A fast time component of t; = 33 £ 11s and a slow
component of t5 = 300 + 190s are obtained. No trend of the response time with
respect to the vapor concentration is perceptible. The variation of the response times
might arise from different fiber diameters. The necessity of two exponential functions
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Figure 7.4: Detection of relative humidity changes. (a) The spectral position of the lasing
modes is monitored over time for different concentrations. A sum of two exponential
functions can be fitted to the data indicating that two process contribute to the swelling.
(b) The shift in saturation depends linearly on the water vapor concentration. The fibers
show a sensitivity of Syater = 0.087 pm/ppm. Adapted from [229].

for fitting of the data is a hint that two processes are involved when water penetrates
PMMA. In [241], Mathhes considered that besides diffusion of water molecules into
the polymer also the formation of water clusters in the polymer matrix might occur.
With the given data the two time constants cannot be attributed to the processes,
however, this is also beyond the scope of this work.

When the shift in saturation is plotted versus the water vapor concentration as it
is done in Fig.7.4 (b) a linear dependence is obtained for the investigated concen-
tration range. The polymer fiber networks show a sensitivity to water vapor of
Swater = 0.087 pm/ppm.

The fact that the lasing modes of the PMMA fiber networks are sensitive to water
vapor on the one hand enables them to be used as humidity sensor but on the other
hand has the disadvantage that water vapor can disturb the actual signal. When the
humidity changes are known, e.g., when measured with a humidity sensor, the signal
can be corrected by the calibration curve shown in Fig. 7.4 when assuming that other
diffusion processes are independent of humidity. To avoid disturbing influences from
humidity all experiments on sensing have been conducted in a nitrogen atmosphere
with the addition of the analyte vapors.
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7.1.4 Detection of Light Alcohol Vapors

To investigate the performance of electrospun fiber networks as vapor sensors the
light alcohols ethanol and methanol have been chosen as analytes. In the following
the results obtained on ethanol and methanol sensing are presented before experi-
mental data on detection of ethanol-methanol mixtures is presented and analyzed.

Detection of Ethanol Vapor

Ethanol sensing experiments were conducted in the same way as the detection of wa-
ter vapor. By using the vapor mixing system the ethanol concentration was adjusted
to the desired values. The total flow was kept at 1.5L/min for all measurements.
To maintain a constant temperature the sample was mounted on a Peltier-element
which was regulated with a PID controller and a PT100 thermoresistor.

During the measurement spectra were acquired every nine seconds to reduce the
illumination time and bleaching effects of the dye molecules. The spectral position of
the lasing modes was determined by fitting a Lorentzian function to the lasing peaks.
At the beginning of each measurement the sample was exposed to pure nitrogen
resulting in a constant spectral position of the lasing modes. When the fibers are
exposed to ethanol vapor they start to swell and the lasing modes exhibit a red-shift
consequently. Fig. 7.5 (a) shows two spectra — one before exposure to ethanol (black
curve) and one after 117s of exposure to ethanol (red curve), clearly visualizing
the red-shift of the lasing modes. In Fig. 7.5 (b) typical examples of time-resolved
measurements at different ethanol concentrations are depicted. As expected, for
higher ethanol concentrations larger shifts are observed. For all measurements the
shift AXy approaches saturation after several thousands of seconds (more than 90
minutes). The release of ethanol was not monitored to avoid prolonged measurement
times. However, for an exposure of the fibers to ethanol vapor for approximately 30
minutes, the release was monitored and the lasing peaks shift back to their original
spectral position, demonstrating reversibility of the process.

According to the kinetics of diffusion a limited exponential growth function should
represent the data and enable quantitative analysis. Since the initial shift should be
zero the fit function was required to fulfil this condition by setting AXg(t = 0) = 0,
yielding:

Ado(t) = Ason (1 —exp (— ! )) . (7.11)

TEtOH
The parameter Agiog denotes the shift in saturation and tgiog denotes the time
constant which will be referred to as saturation time in the following. Fig.7.5(c)
depicts the data of a typical measurement and the corresponding fit representing
the data. For the investigated concentration range no dependence of the saturation
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time on the vapor concentration was observed. On average a saturation time of
Terog = 2400 £ 500 s was measured. The deviation in the saturation time can result
from different fiber diameters since sensing experiments were conducted at different
sample positions. The shifts in saturation Agion for different concentrations are
plotted in Fig. 7.5 (d). Multiple measurements were conducted for each concentration
and the average shift was calculated. The uncertainty in the vapor concentration due
to the mixing system was estimated to be 15%. The wavelength of the tracked lasing
modes was always around 590 nm resulting in a negligible wavelength dependence of
the shifts. For concentrations below 800 ppm the shift in saturation Agion depends
linearly on the concentration; for higher concentrations the shift Agion approaches
saturation. In the linear regime the sensitivity of the fibers to ethanol is determined
to be Sgton = 1.01 pm/ppm. Concerning noise, thermal fluctuations which lead to
a shift of -115pm/K as discussed previously are the major contribution and other
noise sources are negligible. With the Peltier-element temperature is controlled to
a precision of 0.1 K, which leads to noise of oihemn = 11.5pm and a resolution of
R = 30herm = 34.5 pm resulting in an approximation of the detection limit of

D Lyion ~ 35 ppm. (7.12)

This value is comparable to the detection limit of other optical ethanol sensors

reported in literature, e.g., Smith et al. achieved a response threshold of 50 ppm
ethanol [221].

Detection of Methanol Vapor

The methanol (MeOH) sensing experiments were conducted in the same way as
the ethanol detection measurements. Fig.7.6 (a) depicts time-resolved curves for
different methanol concentrations. As soon as methanol vapor reaches the polymer
fiber networks the lasing modes show a shift to larger wavelengths which saturates
within 300 seconds. When the sample chamber is purged with nitrogen the methanol
in the polymer fibers is released and the lasing peaks shift back to their original
position. Hence, within our measurement accuracy the process of methanol uptake
by the fibers is reversible.

As with ethanol a limited exponential growth can be fitted to the data to extract
the shift in saturation Ayeon and the saturation time myeom to describe the shift
over time: AMg(t) = Ameon (1 — exp (—t/mveon)). For methanol saturation times
of 7veon = 32 £ 5s are obtained. For the investigated concentration range the
shift in saturation Aye.on depends linearly on the concentration as can be seen in
Fig.7.6 (b). A sensitivity of Syeon = 0.26 pm/ppm is obtained from a linear fit to
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Figure 7.5: Detection of ethanol vapor. The lasing modes in the spectra exhibit a red-shift
when the fibers are exposed to ethanol vapor. (a) Spectrum with lasing peaks taken before
exposure to ethanol (black) and after the fibers were exposed for 117s (red). (b) Time-
resolved signal for different ethanol concentrations. (¢) Time-resolved spectral shift of the
lasing peaks. Data points can be fitted with a limited exponential growth, yielding the
shift in saturation Agton and the saturation time mgion. (d) Average shift in saturation
from different measurements and lasing peaks for different ethanol concentrations. For
concentrations below 800 ppm a linear correlation is observed, resulting in a sensitivity
of Sgton = 1.01 pm/ppm. The uncertainty in the vapor concentration due to the mixing
system was estimated to be 15%. Adapted from [228].
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Figure 7.6: Detection of methanol vapor. (a) Time-resolved shift of the lasing modes
when the polymer fibers were exposed to different methanol vapor concentrations. As soon
as methanol is present in the sample chamber the peaks exhibit a red-shift. When the
sample champer is purged with pure nitrogen the lasing modes shift back to their original
position demonstrating the reversibility of the swelling process. (b) For the investigated
concentration range the shift in saturation Ayeon depends linearly on the methanol vapor
concentration and a sensitivity of Syieor = 0.26 pm/ppm is obtained. Adapted from [228].

the data points which yields a detection limit of

DLMeOH ~ 135 ppm. (713)

Comparison of Ethanol and Methanol Vapor Detectioin

The results for sensing of ethanol and methanol vapor are compared in table 7.1.
The sensitivity of the fibers towards ethanol is about a factor of 4 larger than
towards methanol. This can be partly attributed to the higher molar volume of
ethanol (VEtOH [y MeOH ~ 1 4) Furthermore, the solubility parameter & of ethanol
(6gion = 26.0 (MPa)'/?) is closer to that of PMMA (Spama = 18.6 (MPa)'/2) than
the solubility parameter of methanol (Syeon = 29.7 (MPa)/2) [242]. The closer the
solubility parameters of a solvent and a polymer are, the more soluble is the polymer
in the solvent and the other way around [242]. Hence, more ethanol molecules are
expected to diffuse into the PMMA matrix than methanol molecules for the same
exterior concentration.

For methanol the sensitivity measured with the polymer fiber networks agrees well
with the sensitivity prediction based on ellipsometry measurements. For ethanol
the measured sensitivity of the fibers is higher than predicted. The main reason for
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Table 7.1: Comparison of the results on sensing of ethanol and methanol vapor. The
differences in saturation time can be explained by the diffusion coefficients for ethanol and
methanol in PMMA.

Ethanol Methanol

Saturation time (s) 2400 =+ 500 32+5
Diffusion coefficient (cm?/s) [243] ~3x 1071 ~3x 1078
Predicted sensitivity (pm/ppm) 0.33 0.22
Measured sensitivity (pm/ppm) 1.01 0.26

that is that the shift in saturation Agon approaches saturation for higher ethanol
concentrations. However, the sensitivity was determined from the linear regime for
concentrations below 800 ppm. When considering that the ellipsometry measure-
ments were conducted at a high concentration (15000 ppm) and the results were
transferred linearly to lower concentrations it is no surprise that the predicted sensi-
tivity underestimates the measured one. However, the main purpose of the analytical
model is not a precise quantitative prediction but to figure out the origin of the shift
of the lasing modes. Furthermore, it is possible that the fibers behave differently
than bare PMMA films as the polymer chains might be aligned differently. Also the
swelling process of the fibers might not be completely isotropic. Still, despite devia-
tions the developed model allows to give a prediction for the order of magnitude of
the sensitivity and insights into the origins of the shift.

From table 7.1 it is furthermore evident that the saturation time 7 for ethanol is
about 75 times longer than for methanol. This difference can be explained when the
diffusion coefficients of ethanol and methanol in PMMA are considered. In [243] the
diffusion coefficients were determined to be ~ 3 x 1071%cm?/s and ~ 3 x 1078 cm? /s
for ethanol and methanol, respectively. Even if the absolute values for the diffusion
coefficients in the PMMA fibers might be different the ratio of the coefficients yields
an expected ratio of Tgion/™meon = Dumeon/Deton = 100 when Fickian diffusion
is assumed. The expected value corresponds well to the experimentally determined
ratio of 75.

Differentiation of Ethanol and Methanol Vapors

The saturation times of ethanol and methanol depend on the diffusion coefficient
of the solvent and are hence characteristic for the solvent—polymer combination as
long as the fiber diameters are comparable. This should enable the identification of
alcohols also in mixtures when time-resolved data is analyzed. To figure out whether
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the vapor sensor based on electrospun polymer fiber networks is able to distinguish
ethanol and methanol, sensing experiments on vapor mixtures were carried out. In
Fig. 7.7 a typical time-resolved curve of the shift of the lasing modes A\ is shown.
A sum of two exponentials of the following form is fitted to the data:

Ao(t) = A, (1 —exp <—Til>) + A, (1 —exp <—%>) (1)

The fit function contains a slow and a fast component with times 7 and 7 matching
the saturation times of ethanol and methanol. From the corresponding coefficients
A; and A, the shifts in saturation caused by ethanol and methanol can be deter-
mined and converted into concentrations via the previously determined sensitivities.
Table 7.2 lists the resulting values of three measurements with different concen-
trations. An allocation of the times 7 and 7 to the saturation times of ethanol
and methanol is possible for all measurements. When comparing the adjusted con-
centrations with the ones determined from the shift good agreement is found for
ethanol, whereas the methanol concentration is overestimated, especially when a
higher amount of ethanol is present.

This leads to the assumption that the presence of ethanol increases the methanol
uptake by the polymer fibers. Kuhn et al. made a similar observation for all-silica
decadodecasil crystals, where the presence of water vapor enhanced the absorption
of ethanol and methanol [244]. In this case additional calibration would be required
to determine also the methanol concentration in mixtures.

In summary, it was shown that dye-doped electrospun fiber networks are suitable as
sensors for different vapors. When the time-resolved signal is analyzed distinction
between ethanol and methanol and identification of these alcohols is possible. This
is significant since especially in the field of gas detection specificity is important
but challenging. To further expand and improve the vapor sensing abilities and
to reduce disturbances from other external sources such as humidity fluctuations,
different polymers, e.g., polysterene (PS), which is insensitive to water vapor, could
be used [221].

7.2 Sensing in Aqueous Environment

In the area of biosensing where, e.g., blood or urine samples are analyzed, sensors
are usually operated when surrounded by liquids. Sensing with resonators formed
by electrospun polymer fibers in aqueous environment works according to the same
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Figure 7.7: Parallel detection of ethanol and methanol vapor. A sum of two limited expo-
nential growth functions represents the data well. The times of the fit function correspond
to the saturation times of ethanol and methanol, thus allowing identification of the vapors.
Adapted from [228].

Table 7.2: Sensing of ethanol-methanol mixtures. Comparison of expected and measured
saturation times and concentrations.

EtOH MeOH
71 () T2 (S) Csot/Cmeas (PPM)  Cset/Cmeas (PPM)
M1 3160 49 390/360 420/ 440
M2 2170 34 390/390 840/1180
M3 2270 42 770/740 420/ 720
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principle as with WGM cavities. The evanescent field of the mode which leaks into
the surrounding of the fiber is used to probe the environment. When changes occur,
e.g., due to attaching molecules or refractive index changes of the bulk the optical
path length of the resonator changes and the resonant modes shift spectrally.

In this section the lasing performance of electrospun polymer fiber networks in aque-
ous environment was analyzed to figure out whether the fibers can also serve as
biosensors. As a proof of principle experiment the bulk refractive index sensitivity
of the fibers was measured. Furthermore, the experimental values were compared to
simulation data and show good agreement.

7.2.1 Lasing Performance of the Fiber Networks in Aqueous
Environment

For application of the polymer fiber networks as sensors in aqueous environment two
main criteria need to be fulfilled. In the first place lasing emission must be possible
and in the second place the lasing modes need to be stable for a sufficient number
of excitation pulses to perform a sensing measurement. The investigations on this
topic were performed during the Bachelor’s thesis of Max Gohring and the results
are presented in the following [245].

For measurements in aqueous environment the electrospun fiber network samples
were mounted to a sample chamber which can be filled with liquids. The chamber
has a window on the front for optical excitation and read-out. Liquids can be
exchanged easily since a tube with a connector for a syringe is connected to the
chamber. Fiber networks with dimensions of approximately 1cm x1cm on silicon
substrates covered with SiOy were used. The fiber networks were fixed onto the rims
of the substrate with the glue Fixogum (Marabu) to ensure that the fibers are not
flushed away during rinsing processes. Measurements were conducted with the p-PL
setup presented in section 3.3.1.

Fig. 7.8 shows an input-output curve of the polymer fiber networks in aqueous en-
vironment. The lasing threshold determined from the intersection of the two lines
fitted to the data is Eipreshola = 5.6 mJ/cm?. Another measurement of the lasing
threshold at a different position yields a similar value of Eiresnold = 5.4mJ/cm?.
The lasing thresholds are a factor of 6 to 200 higher compared to the values ob-
tained is air. Comparison of single values is again not possible as each of the random
resonators is different. However, while in air sample positions with lasing emission
were easy to locate this was more difficult in aqueous environment. One explanation
is that the lasing thresholds in water exceed the applicable excitation energy per
pulse. The coupling coefficient for the same coupling length differs in air and in

115



Chapter 7.  Optical Sensing with Polymer Fiber Networks

5 - 2
_d Ethresho\d 56 mJ/Cm P 75 m\J/sz
5 =
> 2 7.0 mJ/em®
@ T
% } et AAAAAAAAAAANA A Ak LE.SF.LSAr‘nJ/cmz
3 2 M I A b A A A At s D -8 MJ/CM’
-— _9_-2 h
© N 2
;5; £ v 4.8 mJ/cm
£ MNP S 3.8 md/cm’
1 " 1 " 1 " 1 " 1 PFO.001t PFOQO11 " " 1 " 1 " 1 "
2 3 4 5 6 7 8 574 576 578 580 582 584
pump fluence E,,,, (mJ/cm®) wavelength A (nm)

Figure 7.8: Lasing threshold of electrospun polymer fibers in aqueous environment.
(a) Input-output curve with the typical kink illustrating the threshold behavior. (b) Emis-
sion spectra for increasing excitation energy with emerging lasing peaks as soon as the
threshold is overcome. Adapted from [245].

water due to the changing difference in the effective refractive indices of the sym-
metric and antisymmetric modes (compare section 6.3.3). The modified coupling
coefficient can lead to an increase in lasing threshold. Further possible reasons for
the enhanced lasing threshold could be higher radiation losses of the resonant modes
when the surrounding medium is water leading to a lower Q-factor. Additionally
the overlap of the modes with the gain medium is smaller than in air due to a dif-
ferent field distribution. Furthermore, it is possible that some of the random loop
resonators are mechanically unstable in water and the parallel running fiber parts
forming the coupling region move apart from each other. Despite the comparably
high lasing thresholds it is important to note that lasing is achieved even in aqueous
environment.

For conduction of sensing experiments the lasing peaks must be present over several
thousands of excitation pulses so that their peak position can be tracked over time.
To test the stability of the lasing modes in aqueous environment emission spectra
were recorded continuously. For an excitation energy clearly above threshold some
lasing modes were present for more than 2 x 10* pump pulses. For comparison,
in air lasing occurred 7.5 times longer. When a repetition rate of 20Hz is used
for excitation this corresponds to an achievable measurement time of 17 minutes.
This time can be elongated when the fibers are not pumped continuously. As short
detection times should be targeted anyway when a fast analysis is desired the lifetime
of the lasing emission is in principle sufficient for applications.
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Figure 7.9: Simulation of the BRIS for varying fiber diameters. (a) BRIS values for differ-
ent resonance wavelengths similar to the ones observed in experiments. (b) Comparison
of the BRIS for straight and bent fibers with a bending radius of R = 50 pm showing that
the influence of the bending is negligible.

7.2.2 Bulk Refractive Index Sensing

One way to demonstrate that the polymer fibers are suitable as sensors in aqueous
environment are measurements of the BRIS (see section 5.1). Before experiments
were conducted FEM simulations of the BRIS were performed with COMSOL to
estimate the expected values. Influences of the fiber diameter and the bending radius
were analyzed. In Fig. 7.9 the simulated BRIS values are plotted for different fiber
diameters. Just as for WGM resonators thinner fiber diameters lead to an increased
mode overlap with the surrounding and hence an enhanced BRIS. Furthermore,
Fig. 7.9 (a) depicts the simulation results for different wavelengths and Fig. 7.9 (b)
compares the results for a straight fiber with the results for TE and TM modes
in a bent fiber with a bending radius of 50 pm. The simulation results confirm
the expectations derived in Eq.7.8 and show that the BRIS increases for larger
wavelengths. The BRIS values of straight and bent fibers are similar justifying the
assumption that influences due to bending are negligible.

Measurements of the BRIS were conducted as described in section 5.1. A peristaltic
pump was used to exchange the solution with the different refractive indices. The
pump ensures that the solution is filled carefully and slowly into the sample cham-
ber to avoid displacement on the fiber network. Fig.7.10 depicts a typical BRIS
measurement with the characteristic steps in the peak position when the refractive
index of the surrounding is modified. The slight increase of the baseline is probably
caused by an insufficient exchange of the solutions due to the high density of the
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Figure 7.10: BRIS measurement of electrospun polymer fiber networks. The shift of the
resonant mode when the fibers are exposed to surroundings with different refractive indices
demonstrates that the sensing principle works.

fiber network. The overlying blue-shift arises from bleaching of the dye molecules
as discussed previously. When bleaching was strong a correction of the curve was
performed by subtracting the baseline. When plotting the shift versus the refractive
index change (see Fig.7.10 (b)) the average value of the step at the left and right
side was used to further reduce disturbing influences.

Table 7.3 lists the results of the performed BRIS measurements from multiple ran-
dom resonators. The differences arise from variations in the fiber diameter. In order
to compare the measurements with the expectations from simulations the fiber di-
ameters of the investigated samples were determined with SEM images. Multiple
SEM images at different sample positions were taken to obtain the diameter dis-
tribution. A Gaussian distribution with a mean value of dyean = 0.925 nm and a
standard deviation of o = 0.08 nm was obtained. When considering fiber diameters
of d = dpean £ 20 and a resonance wavelength of 590 nm BRIS values from 25 to
61 nm/RIU are expected from simulations. The measurement results are in good
agreement with the simulations. The higher measured value of 80 nm/RIU can be
explained with a resonator with fiber diameter thinner than the given range. The
BRIS values are comparable to the ones of the disc-shaped WGM lasers presented
in chapter 5, which is reasonable since the fiber diameters and the thicknesses of the
discs are also in the same range.

The experiments presented in this section show that the fibers are in principle also
suitable as sensors in aqueous environments. They exhibit lasing emission which is
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Table 7.3: Measured BRIS values of electrospun polymer fiber networks for different ran-
dom resonators.

Sample BRIS (nm/RIU)
PF0001p 80
PF0001q (M1) 37
PF0001q (M2) 41
PF0002f 32
PF0002h 61

stable long enough to demonstrate their sensing abilities via BRIS measurements.
However, the lasing thresholds are increased and random resonators are difficult to
find. Therefore, improvements are necessary to obtain more robust sensors. One
possibility would be the use of a different resonator geometry, e.g., fiber rods which
act as Fabry-Pérot cavities similar to the fibers presented in [191]. To fix the fibers
to the substrate polymer glue could be deposited at the ends of the fibers with a
micro-deposition setup.

7.3 Summary and Conclusions

In this chapter applications of the polymer fiber networks in optical sensing were
discussed. Their suitability as vapor sensors and as sensors in aqueous environment
was demonstrated with the spectral position of the lasing modes serving as sen-
sor signal. For vapor sensing the reaction of the fibers when exposed to ethanol
and methanol vapor was investigated. Ellipsometry measurements and an analytic
model were used to predict the shift of the lasing modes which is mainly caused
by a change of the refractive index of PMMA and length changes of the random
resonators due to diffusion of vapor molecules into the polymer. The vapor sensing
measurements of the alcohols ethanol and methanol revealed that the fibers exhibit
different sensitivities towards ethanol and methanol. Furthermore, the saturation
times for the two alcohols differ by almost two orders of magnitude. Investigations
on ethanol-methanol mixtures show that both alcohols can be identified when the
time-resolved peak shift of the lasing emission is analyzed, although quantification
is challenging and requires additional calibration. An extension towards other poly-
mers than PMMA as fiber material could allow the discrimination of a variety of
different vapors.
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Sensing in aqueous environment works via the evanescent field of the resonant modes
in the random cavities. In this work lasing in aqueous environment was observed
and BRIS measurements were conducted as proof-of-principle measurements. The
experimental values were confirmed by FEM simulations. The high lasing thresholds
in water could be improved by further developing the fibers, e.g., by changing the
resonator geometry to Fabry-Pérot resonators where the fiber end facets serve as
mirrors.

In summary the polymer fiber networks are promising as sensors, however the res-
onator geometry should be optimized so that defined resonator geometries are used
instead of relying on random loop cavities.
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Chapter 8

Conclusions and Outlook

Polymeric microlasers as well as their applications in optical sensing were in the
focus of this work. Polymeric cavities are promising since they allow large-scale
fabrication at low costs. Furthermore, the simple optical excitation and read-out of
the microlasers via free-space optics enables on-chip integration. Additionally, low
detection limits are achievable due to the high Q-factors of the cavities.

Summary and Conclusions of This Work

Two different kind of dye-doped polymeric cavities were investigated regarding their
sensing performance in this work: WGM resonators in the shape of goblets and
discs fabricated via lithography, and loop cavities in fiber networks fabricated via
electrospinning.

The usage of polymers as host material for optical cavities allows for simple inte-
gration of different optical emitters. In this work the laser dye Fluorol 7TGA was
successfully integrated into WGM cavities and lasing emission in both air and aque-
ous environment at low thresholds was achieved, enabling excitation with a low-cost
laser diode. Fluorol 7TGA can be used as an alternative to the laser dye PM597 when
lasing at different wavelengths is desired or in combination with PM597 to distin-
guish the signal from individual sensors when implementing multiplexed sensing.

Furthermore, in close collaboration with the IMT an all-polymeric sensor chip in-
cluding a fluidic chamber based on goblet-shaped microlasers was developed. This
represents an important first step towards an application outside a laboratory envi-
ronment. The sensing ability of the integrated microgoblet lasers was demonstrated
with BRIS measurements.

121



Chapter 8.  Conclusions and Outlook

One crucial parameter of a sensor is the detection limit which represents the lowest
amount of a change, e.g., a concentration of target molecules or refractive index
change which can be reliably detected. The detection limit is given as the ratio
of the system resolution to the sensitivity. It was shown that for WGM lasers the
detection limit can be improved by enhancing the sensitivity without sacrificing
resolution since the measurable linewidth of the lasing modes remains constant even
if the Q-factor is reduced. The BRIS was used to quantify the sensitivity since the
shift caused by attaching molecules is proportional to the BRIS and the results can
be transferred to the detection of biomolecules.

Different strategies to enhance the sensitivity were pursued in this work: Coating
the resonators with TiO, serving as high-refractive index layer or varying the size
and the geometry of the cavities. For the former approach the mode overlap with
the surrounding medium is increased since the mode is pulled further to the rim of
the cavity. For the latter concept the radius and the thickness of the cavities were
reduced to achieve the same effect. It turned out that with all methods an improved
sensitivity is achievable. The reduction of the thickness of the cavities shows the
greatest improvement regarding the detection limit. When also the lasing perfor-
mance is considered thin goblet resonators show the best results since they exhibit
increased sensitivities while showing low lasing thresholds due to their smooth sur-
face. The method based on the variation of the size of the cavities is simple and
does not require additional fabrication steps.

The second part of this thesis focused on dye-doped electrospun polymer fiber net-
works. Random loop resonators were identified as the source of lasing emission by
using spatially resolved spectroscopy. The fiber loops forming the resonators can ex-
hibit arbitrary shapes as long as a coupling region is formed where the fiber runs in
parallel with itself for a certain distance. Quantitative analysis of the lasing spectra
of different cavities further proved that the lasing emission is due to random res-
onators since the resonator length calculated from the free spectral range is in good
agreement with the measured one. Furthermore, it was shown that the theory of a
directional coupler describes the coupling region, where the fiber runs in parallel well
itself. The conducted simulations can hence serve as a design guideline to maximize
the coupling efficiency between the parallel running fiber to achieve resonators with
low lasing thresholds.

In the same way as for the WGM resonators the spectral position of the lasing
modes of the fiber loop cavities can serve as signal for sensing. In literature usually
the fluorescence intensity of electrospun fibers serves as sensor signal when optical
sensing experiments are conducted. In contrast to that, in this work the successful
detection of different vapors and sensing in aqueous environment with PM597-doped
polymer fiber networks was demonstrated using the shift of the lasing modes as
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sensor signal. The principle of vapor sensing is based on the swelling of the polymer
once it is exposed to solvent vapors which leads to an increased optical path length
of the cavity and hence a detectable shift of the lasing modes. By using ellipsometry
measurements and a simple analytical model it was shown that both the length
change of the cavity and the change of the refractive index of the PMMA contribute
to the shift of the lasing modes. Time-resolved sensing measurements on ethanol
and methanol revealed different saturation times for the two alcohols which differ
by almost two orders of magnitude. This can be exploited to identify ethanol and
methanol even in mixtures of them. Hence, with this method the parallel detection
of different vapors is feasible and might be further extended by using different fiber
materials. When operating the fiber networks in aquoeus environment the lasing
threshold increases but the operational lifetime is still sufficient to conduct sensing
experiments. As proof-of-principle, BRIS experiments were conducted showing that
the fiber networks are also suitable as biosensors. The measured BRIS values turned
out to be in good agreement with expectations from simulations.

In conclusion, the dye-doped polymeric microlasers based on WGM cavities and on
fiber loops are suitable as optical sensors which allow simple excitation and read-out.

Future Work

As already mentioned, disturbing influences from thermal noise can be minimized
by using a referencing scheme [167]. The current referencing method for polymeric
WGM lasers uses two independent cavities where one of them is covered with a
polymeric glue inhibiting interactions with the surrounding analyte solution. By us-
ing two resonators which are vertically stacked on top of each other the referencing
scheme could be improved further. Doping the resonators with dyes emitting at dif-
ferent wavelengths allows to distinguish their emission signals. The upper resonator
could be functionalized with receptors by using, e.g., dip-pen nanolithography [246]
while the lower one is not modified. This way the lower cavity serves as reference
monitoring changes in the environment and unspecific adsorption while the upper
one in addition monitors the actual signal change from binding of target molecules.
This referencing scheme is compact, simple to read-out and allows correction for dis-
turbing influences from temperature, bulk refractive index changes and unspecific
binding.

For the electrospun polymeric fibers fabrication of designed and reproducible cavities
is the next step since then the lasing performance, especially in aqueous environment,
can be further improved. One possibility is the fabrication of fiber pieces where the
end facets act as the mirrors of a Fabry-Pérot cavity or the fabrication of defined
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fiber loops by using near field electrospinning.

Furthermore, different polymers can be used for fiber fabrication. By using polysty-
rene one can get rid of disturbing influences from the presence of water since this
material does not swell upon exposure to humidity [221]. In addition, the use of
different fiber materials gives the opportunity to perform multiplexed vapor or gas
sensing. For each fiber material-vapor combination a characteristic saturation time
is expected which allows differentiation of multiple vapors.

When thinking of sensing in aqueous environment the functionalization of the fiber
surface would allow specific detection of certain molecules. With electropinning an
intrinsic surface modification can be realized by using a suitable fiber material [199].
Thus, no additional treatment of the fibers is required which keeps the fabrication
process simple. One could even fabricate fibers with multiple compartments which
offer the possibility for referencing or parallel detection of different biomolecules.
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Appendix A

Vapor Mixing System

The vapor mixing system consists of three flow controllers and two gas washing
bottles. A schematic is depicted in Fig. A.1. The gas washing bottles are filled
with the analytes which should be detected — in this case ethanol and methanol.
Nitrogen is guided through the bottles to form a saturated vapor of the respective
alcohol. The flow controllers, one for nitrogen, one for ethanol and one for methanol
are used to adjust the vapor concentration. Valves between the bottle and the
sample chamber ensure that no alcohol vapor reaches the sample during baseline
acquisition. With the utilized flow meters methanol concentrations between 420 ppm
and saturation and ethanol concentrations between 190 ppm and saturation can be
set. The concentration in ppm is determined from the gas flows by the following
relation:

~n A

PN, Ji + IN,

Here, p; denotes the vapor pressure of the solvents at room temperature which is
59.5 hPa for ethanol and 129 hPa for methanol. As experiments were carried out at
ambient pressure py, = 1013.25 hPa was used. J; and Jy, denote the flow rates of
ethanol or methanol and nitrogen.

10°. (A1)

(&
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valve

flowmeter
gas
washing
|| bottle
EtOH
= >
N, to sample
N, in chamber
MeOH

Figure A.1: Schematic of the vapor mixing system. Nitrogen is guided through gas washing
bottles filled with methanol or ethanol (or water) to generate a saturated vapor. The
desired concentration of the respective vapor can be adjusted by flow controllers. The
mixture is then guided to the sample chamber with tubes.
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Appendix B

Samples Investigated in This Work

Polymeric WGM Lasers

The sample preparation of the WGM cavities was done at the Institute of Applied
Physics (APH) or the Institute of Microstructure Technology (IMT) both at the
Karlsruhe Institute of Technology (KIT). In the following an overview on the samples
investigated in this work is given. More information on the fabrication process can
be found in [11,107,157].

Samples in chapter 4:

Table B.1: Fluorol 7GA-doped WGM cavities.

Sample final Polymer Dye Dye concentration  shape
MG0038 PMMA/MA  Fluorol 7TGA  40.5 pMol/g polymer goblet

The cavities with polymeric pedestals and the cavities on PSU substrate were fab-
ricated by Tobias Wienhold from IMT, KIT. Details on fabrication can be found
in [165] and [82].
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Samples in chapter 5:

Table B.2: WGM cavities with TiO2 coating layer. The TiOg was deposited at the Tech-
nical University of Denmark (DTU)

Sample final Sample without TiOy Shape thickness TiOs (nm)

MG0096b MG0094b goblet 20
MG0096¢ MG0094b goblet 37
MG0096d MG0094b goblet 62
MGO0096f MG0094b goblet 88

Table B.3: WGM cavities of varying size.

Sample  Spin-coating speed (rpm) Shape thickness (SEM) (pm)
MGO0103 680 disc 0.90
MGO0107 680 disc 0.90
MG0109 680 disc 0.88
MGO0110 800 disc 0.71
MGO111 1800 disc 0.48
MGO0112 3500 disc 0.29
MGO0113 4500 disc 0.21
MGO0114 680 disc 0.90
MGO128 4500 disc & goblet 0.37
MG0139 800 disc 0.84
MG0140 1200 disc 0.50
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Dye-Doped Polymeric Fiber Networks

The dye-doped polymeric fiber networks where fabricated via electrospinning at the

Technical University of Denmark. Details on the electrospinning process can be
found in [132].

Table B.4: Dye-doped polymer fiber networks.

Sample PMMA (350k) in DMF (% wt/v)  Dye  Dye concentration
PMMA_13A 13 Rh6G 0.3 mg/mL
PMMA_12B 12 Rh6G 0.3 mg/mL
PF0001 12 PM597  9.36 mg/g PMMA
PF0004 12 PM597  9.36 mg/g PMMA
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