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Kurzfassung 

Mit Lab-on-a-Chip (LoC) Systemen können komplexe medizinische Analysen auf kompak-

ten Mikrochips durchgeführt werden. Im Gegensatz zu Untersuchungen in herkömmlichen 

Analyselabors lassen sich die Messungen somit schnell und kostengünstig direkt vor Ort 

durchführen. Laserbasierte Sensortechnik schafft die Möglichkeit, auf den Analysechips 

sogar einzelne Moleküle nachweisen zu können. In der vorliegenden Arbeit wurden zwei 

in ihrer Funktionsweise unterschiedliche optische Sensorchips entwickelt, die beide auf 

integrierten Farbstofflasern basieren. Bei ihrer Entwicklung wurde von Anfang an 

besonderes Augenmerk auf die spätere Großserienfertigung als kostengünstige Einwegar-

tikel gelegt. Voraussetzung hierfür sind u. a. die Skalierbarkeit aller benötigten Herstel-

lungsprozesse sowie die Verwendung kostengünstiger und handelsüblicher Werkstoffe. 

Der erste Sensortyp nutzt zur Detektion die Emission von Fluoreszenzmarkern. Als Licht-

quelle wurden optofluidische Farbstofflaser mit verteilter Rückkopplung (DFB Laser) 

verwendet. Um verschiedene Fluoreszenzmarker exakt an ihrem Absorptionsmaximum 

anregen zu können, wurden auf jedem Chip mehrere DFB Laser mit ansteigender Emissi-

onswellenlänge integriert. Da die Betriebsdauer der Farbstofflaser durch Photooxidation 

der Farbstoffmoleküle limitiert wird, ist ein langzeitstabiler Laserbetrieb nur bei kontinu-

ierlichem Austausch der zerstörten Farbstoffmoleküle möglich. Dazu wurden die DFB 

Laser in einem großvolumigen Flüssigkeitsreservoir untergebracht. Der erforderliche 

Austausch der verbrauchten Farbstoffmoleküle erfolgt ausschließlich durch Diffusion, 

wodurch auf eine zusätzliche mechanische Pumpunterstützung verzichtet werden kann. 

Das Flüssigkeitsreservoir und die DFB Laser wurden in einem einzigen großflächigen 

Prägeverfahren aus kostengünstigen Polymerfolien hergestellt. Das Reservoir wurde 

anschließend versiegelt, so dass während des Messbetriebs keine Farbstofflösung 

austreten kann. Dies gewährleistet eine einfache und sichere Handhabung auch außerhalb 

kontrollierter Laborbedingungen.  

Der zweite Sensortyp verwendet zur markerfreien Detektion Mikrokelchlaser, deren 

Flüstergaleriemoden mit dem Analyten wechselwirken. Um einen effizienten Betrieb der 

Laser zu gewährleisten, erfolgte die Anregung ausschließlich entlang des modenführenden 

Kelchrands. Dazu wurde die gaußförmige Intensitätsverteilung des Pumplaserstrahls 

mithilfe von Axikon-Linsen in ein ringförmiges Intensitätsprofil überführt. Die Emission 

von Mikrokelchlasern erfolgt ungerichtet in der horizontalen Ebene. Um dieses Laserlicht 

gezielt auf den Detektor lenken zu können, wurde ein konischer Mikrospiegel zentrisch 

um jeden Kelch positioniert. Es wurde ein neues Herstellungsverfahren entwickelt, das die 

parallele und vollständig skalierbare Fertigung von Mikrokelchlaserarrays ausschließlich 

aus kostengünstigen Polymeren ermöglicht. Um die Analytlösung gezielt zu den Lasern zu 

leiten, wurden die Arrays in kommerzielle Mikrofluidikchips integriert. Einzelne Mikro-

kelchlaser wurden mit Hilfe einer einfachen Laserdiode selektiv angeregt. Die Funktionali-

tät des fertiggestellten LoC System wurde durch Brechzahlmessungen nachgewiesen. Da 

das entwickelte System lediglich fluidische und freistrahloptische Anschlüsse erfordert, 

bildet es eine kompakte und einfach zu handhabende Sensorplattform. 
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Abstract 

Lab-on-a-Chip (LoC) systems combine all functions of an analysis laboratory onto a 

compact chip. Compared to conventional analysis, detection can be performed at the point 

of interest without the need for complex infrastructure and highly trained staff. Further-

more, the results of the analysis are instantly available. Photonic sensors, particularly 

those based on laser light, enable detection with single-molecule resolution and are often 

considered the most promising methods for on-chip analysis. In the scope of this thesis 

two different photonic LoCs based on integrated dye lasers are developed. To enable the 

use as disposables, specific focus is placed on fabricating the chips from low-cost polymers 

using solely scalable processes, which are suitable for parallel mass-production. 

The first type of LoC was developed for marker-based fluorescence detection. Optofluidic 

distributed feedback (DFB) lasers, which use a dye solution as gain medium, are imple-

mented as on-chip light sources. To excite different fluorescent markers precisely at their 

absorption maximum, multiple DFB resonators with increasing emission wavelengths are 

integrated onto the same chip. The long-term operation of dye lasers is inherently limited 

by photodegradation of the dye molecules. To enable stable laser operation, degraded dye 

molecules, which can no longer emit light, must be continuously replaced with intact dye. 

Therefore, the DFB resonators are placed inside a large fluidic reservoir implemented on 

the chip. Exchange of degraded dye molecules is accomplished solely by diffusion inside 

the reservoir, making bulky fluidic pumps obsolete. The micrometer-scale fluidic reservoir 

and the nanometer-scale DFB resonators are simultaneously replicated into polymer foils 

using a hybrid silicon-photoresist stamp, which allows for low-cost fabrication of the chips 

on wafer-scale. The dye solution is subsequently encapsulated inside the reservoirs to 

provide an easy-to-use platform for prospective users. 

The second type of LoC uses whispering-gallery mode (WGM) lasers in the shape of 

microgoblets for label-free sensing. The lasers were efficiently excited by pumping the 

microgoblets solely along the mode-guiding circumference of the cavity. The required 

annular intensity distribution was generated by transforming the Gaussian beam of the 

pump laser with two axicon lenses. Lasing from WGMs inherently occurs omnidirectional 

in azimuthal plane. To direct the emitted light onto the off-chip detector, a conical 

micromirror was placed around each cavity. Emission from all azimuthal angles of the 

WGM laser was reflected from the micromirror vertical to the substrate. A novel fabrica-

tion process for parallel structuring of microgoblet laser arrays solely from polymers was 

developed. To enable easy fluidic addressing of the cavities, the laser arrays were inte-

grated into commercial microfluidic chips. Individual microgoblet lasers were excited 

through the transparent lid of the chip using a low-cost laser diode. The viability of the 

system for on-chip analysis was demonstrated by refractometric sensing. Integrating the 

devices into microfluidic chips, which require solely fluidic and free-space optical 

interconnects, provides a compact and easy to handle sensing platform. 
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1. Introduction 

In recent years the demand for highly sensitive and versatile sensors for analyzing fluids 

has significantly increased. [1] Applications range from environmental monitoring and 

quality control of drinking water to early-stage disease recognition. Currently, detection is 

performed by taking a sample on site and sending it into a central analysis laboratory. The 

examination is performed by highly trained staff using complex sensing equipment. 

Consequently, the resulting costs per analysis are high. The lengthy process additionally 

causes a significant delay until results are available and appropriate action can be taken. 

The process is therefore inapplicable when immediate results at low costs are required. 

Additionally, the analysis may not be performed in remote or undeveloped areas with 

missing infrastructure. 

One often suggested improvement is bringing the sensing equipment from the laboratory 

to the point of interest, e.g., the industrial site, sampling point, doctor’s office, or even the 

patient’s home. [2] This motivates the development of versatile, low-priced and ideally 

portable sensors, which can replace the expensive and bulky benchtop systems currently 

used in laboratories. [3] Especially for the daily supervision of patients’ medical status at 

the point-of-care, a major growth in demand is predicted. [4,5] Promising realizations of 

such systems are so-called Lab-on-a-Chip (LoC) systems. [6] These sensors combine the 

functionality of a whole analysis laboratory onto a small disposable chip with an area of 

just a few square millimeters. The sample is applied onto the chip, which is inserted into a 

compact read-out device to instantly determine and display the analysis results. Due to the 

reduced chip size LoCs allow a more efficient and faster analysis while using only small 

analyte volumes. A number of LoC devices for medical applications have already been 

successfully established in the consumer market. Prominent examples are pregnancy test 

strips based on lateral flow assays [7] and blood glucose meters using electrochemical 

sensing principles. [8,9] However, the achievable sensitivity of current sensors is compar-

atively low. For monitoring a patient’s full medical status, more sensitive and versatile 

detection of specific markers, e.g., molecules, proteins, or viruses, is required. [10] This 

raises the need for the development of more refined sensor principles, which can detect 

biological markers at medically relevant concentrations and potentially enable the 

multiplexed detection of several markers. 

Optical sensing has been demonstrated as a powerful method for on-chip analysis, 

enabling detection of single molecules, [10] fast response times, [11–13] and multiplexed 

detection, [14] while maintaining a small footprint of the devices. However, due to the 

weak interaction between light and biomolecules the optical signal must be amplified to 

be detectable. Applicable sensing techniques can be categorized into two groups: marker-

based [11] and label-free methods. [15] Fluorescence detection has been demonstrated as 

a powerful and highly sensitive marker-based detection method. The target molecule is 

detected indirectly by determining the presence of a prominent fluorescent marker, which 

is specifically bound to the target molecule. Fluorescent detection requires pre-treatment 
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of the sample to label the molecule of interest with specifically designed markers. Suitable 

markers must be designed with separate absorption and emission spectra to allow 

spectral filtering of the excitation source from the emission. In label-free detection 

systems an optical signal transducer is used, which directly amplifies the light-matter 

interaction. Biomolecules, which specifically bind to the surface of the transducer, cause a 

change of the optical signal, e.g., the intensity, phase, wavelength, or polarization of the 

light. Especially the use of laser light enables highly sensitive and specific optical analysis 

with marker-based and label-free approaches. [15,16] The narrow spectral emission 

linewidth of lasers allows efficient excitation of fluorescent markers precisely at their 

absorption maximum, and has enabled fluorescent detection of single molecules. [17,18] 

Utilizing the coherence of laser light for resonant sensors has further enabled powerful 

label-free detection methods with single-molecule sensitivity. [19–22] 

While to date no LoC system for marker-based fluorescence detection has been realized as 

a product, few label-free approaches are already commercially available. Examples are 

based on surface plasmon resonance (SPR) sensors [23–25] or whispering-gallery mode 

resonances. [26] However, most systems are still implemented as bulky benchtop systems 

and rely on expensive and complex components, such as tunable laser sources and 

pipetting robots. The utilized chips are based on pricey silicon-on-insulator wafers or glass 

substrates coated with noble metals. Consequently, these systems may provide an 

attractive alternative for small laboratories or hospitals, but they are still too bulky, 

complex, and expensive for consumer applications. To further reduce the costs and the 

size of the analysis systems, new technologies and approaches need to be investigated. 

Important prerequisites for developing LoC systems for the consumer market are:  

• Low-cost disposable chips of high quality using commercially available materials  

• Chip production solely by industrially applicable, parallel fabrication technologies 

• Compact and low-cost periphery, enabling portable and easily operated devices  

• Usability and reliability of the systems in the field, outside of a controlled laboratory 

environment 

One major challenge when developing portable and easy to use optical LoCs is coupling 

light from an external laser into the chips. Efficient coupling requires complex periphery 

and precise alignment of the devices, limiting the compactness and portability of the 

systems. Generating laser light directly on the LoCs is therefore highly desirable.  

This work is based on previous research on miniaturized lasers conducted at the Institute 

of Microstructure Technology (IMT) and the Institute of Applied Physics (APH) of the 

Karlsruhe Institute of Technology (KIT). The goal of this thesis is integrating suitable laser 

sources into disposable photonic LoCs. Specific focus was put on optimizing the devices 

regarding a low threshold for potential commercialization. Two types of sensor chips were 

realized regarding these aspects: 
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1) The first type of LoC was developed for on-chip excitation of fluorescent markers. 

First-order distributed feedback (DFB) lasers with single-mode emission and nar-

row spectral linewidths were chosen to efficiently excite the fluorescent markers, 

while maintaining a distinct separation of the excitation wavelength and the marker 

emission. The DFB lasers were implemented as optofluidic lasers, which use a dye 

solution as gain medium, to enable extended operation times. [27] By placing the 

DFB lasers in large dye solution reservoirs, exchange of dye molecules was accom-

plished solely by diffusion, making complex and bulky fluidic pumps in the system 

periphery obsolete. The DFB lasers were designed with closely spaced emission 

wavelengths to enable the excitation of various fluorescent markers precisely at 

their absorption maxima. The simultaneous and fully scalable replication of laser 

resonators and microfluidic structures into commercial polymer foils was realized 

using a multi-scale silicon-photoresist stamp. By encapsulating the dye solution in 

the fluidic reservoirs, easy handling of the chips by unskilled users was assured. 

2) The second type of LoC was developed for label-free biosensing. Whispering-gallery 

mode (WGM) lasers were chosen as transducer elements due to the combination of 

high sensitivity and small device footprint on the chip. [28] WGM lasers in the shape 

of microgoblets, which are made of poly (methyl methacrylate) (PMMA), [29] are 

particularly suited for implementation into disposable chips. To increase the free-

space excitation efficiency, the microgoblet lasers were illuminated with an annular 

pump beam solely along the mode-guiding circumference of the cavity. Emission 

from WGM resonances inherently occurs omnidirectional in azimuthal plane. Con-

sequently, only a small fraction of the emitted radiation, which is scattered out of the 

horizontal plane, can be captured from top of the chip, limiting efficiency of off-chip 

detectors. To direct more light onto the detector, a conical micromirror was placed 

around the cavity, reflecting emission from all azimuthal angles of the WGM laser 

onto the detector. Furthermore, a novel process for fully parallel fabrication of all-

polymer microgoblet laser arrays was developed, enabling the use of arbitrary sub-

strate materials, including commercial polymer foils. Fabricated microgoblet laser 

arrays were integrated into state-of-the art commercial microfluidic chips, forming 

an easy to handle sensing platform with standardized fluidic interconnects. Individ-

ual microgoblet lasers of the array were optically addressed through the transparent 

lid of the fluidic chip. Low lasing thresholds of the fabricated devices enabled pump-

ing with a low-cost and compact laser diode, which significantly reduced the cost 

and size of the excitation source. In a proof-of-principle experiment the viability of 

the LoC was demonstrated via refractometric sensing.  

Both developed LoCs solely require fluidic and free-space optical interconnects. Their chip 

dimensions were chosen to enable easy handling by the user and to ensure compatibility 

with standard microscope systems.  



 

4 

1.1 Organization of this thesis 

This thesis is divided into five chapters. In the fundamentals chapter an overview of state-

of-the-art sensing technologies for Lab-on-a-Chip applications is given. Subsequently, the 

basics of laser theory are presented with specific emphasis on distributed feedback (DFB) 

and whispering-gallery mode (WGM) lasers. Chapter three covers diffusion operation of 

tunable optofluidic dye lasers. The concept of diffusion operation is first verified using 

finite element method (FEM) simulations. Subsequently, the fabrication process of the 

devices is presented. The optical performance of the chips is characterized by recording 

emission spectra, laser thresholds and output pulse energies. At the end of the chapter the 

long-term diffusion operation of the optofluidic dye lasers is experimentally confirmed. In 

chapter four the optimization of WGM microgoblet lasers for label-free LoCs is presented. 

The efficient free-space excitation of microgoblet lasers is first analyzed numerically and 

then experimentally verified using ring-shaped pump beams. Subsequently, efficient read-

out of WGM laser emission is presented using conical micromirrors. The developed 

fabrication process for all-polymer microgoblet laser is introduced and a method for 

integrating microgoblet laser arrays into state-of-the-art commercial microfluidic chips is 

reported. In the final chapter the most important results of this thesis are summarized and 

an outlook to future research related to this work is given. 

 



 

 

2. Fundamentals 

This chapter begins with an introduction of state-of-the-art biosensor concepts for on-chip 

detection. Specific focus is put on optical sensing concepts, which can be divided into 

marker-based and label-free approaches. Both techniques largely benefit from on-chip 

laser light sources. Hence, a brief coverage of laser fundamentals is given and the unique 

characteristics of laser radiation are discussed. Dye molecules have been demonstrated as 

highly efficient gain media in microlasers. For a general understanding of the electroopti-

cal processes in dyes, their structural, electronic, and optical properties are covered. 

Finally, the basics of distributed feedback (DFB) lasers and whispering-gallery mode 

(WGM) lasers, which are investigated within the scope of this thesis, are discussed. 

2.1 State-of-the-art biosensor concepts 

Biosensors are sensing elements, which can specifically detect biological targets, e.g., 

molecules, proteins, ribonucleic acid (RNA), deoxyribonucleic acid (DNA), cells, or viruses, 

contained in an analyte solution. Biosensors can be divided into two categories: Marker-

based and label-free devices. 

(1) Marker-based sensors use prominent markers to amplify the presence of the target 

and to make it physically detectable. This requires selective labeling of the analyte 

with the marker prior to conducting the measurement (Fig. 1). Depending on the sens-

ing principle markers can be fluorescent dyes, radioactive isotopes, nanoparticles, or 

enzymes. Common marker-based detection methods are lateral flow assays, enzyme-

linked immunosorbent assays, or fluorescence-based techniques. 

 

  

Fig. 1: Schematic of a marker-based biosensor: (a) Prior to detection the target molecule must be 
labeled with a prominent marker via a selective binding element. (b) The marker is excited and emits a 
signal, which is collected by the detector to determine the presence and location of the target molecule. 
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(2) Label-free sensors do not require labeling of the analyte prior to analysis but can 

directly detect the target. Due to the small size of the biological components their 

presence usually must be amplified to be detectable. A typical label-free biosensor 

consists of three elements, which are depicted in Fig. 2: A transducer element, a biolog-

ical binding element, and a detector. The transducer element amplifies the biological 

binding event and translates it into a physically detectable signal, e.g., an electrical, 

mechanical, or optical signal. The biological binding element adds selectivity to the 

sensor and allows only specific target molecules to bind to the transducer and subse-

quently be detected. The functionality of the binding element can be explained accord-

ing to the key-lock-principle: Only one specific molecule fits the binding element and 

can hence bind to the surface of the transducer. Commonly used biological binding 

elements are, e.g., antibodies, nucleic acids (DNA, RNA), peptides, enzymes, and ap-

tamers. [30–34] The resulting measurement signal can either be qualitative, allowing 

for simple yes/no detection, or quantitative if the transducer signal is proportional to 

the analyte concentration. The induced signal change is then quantified by the detector 

and transformed into an electrical output signal.  

 

2.1.1 Marker-based detection methods 

A selected overview of marker-based sensing techniques is given in the following sections. 

Comprehensive reviews of marker-based detection methods can be found, e.g., 

in [7,11,12,35,36]. 

2.1.1.1 Lateral Flow Assay (LFA) 

LFA tests are currently the most widely used commercial Lab-on-a-Chip platform. [37,38] 

Prevalent applications are in pregnancy and drug testing, where a simple yes/no diagnosis 

is sufficient. The sensors consist of a disposable test strip and do not require any addition-

al test equipment for their operation (Fig. 3). The analyte can be applied directly to a test 

strip on the chip without any pre-treatment of the sample. The solution is then driven 

Fig. 2: Schematic of a label-free biosensor: (a) The selective binding element is immobilized on the 
surface of the transducer, enabling only the specific target molecule to bind to the transducer. (b) 
Binding of the target molecule results in a change of the transducer signal which is analyzed by the 
detector. 
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along the strip by capillary flow. It first passes a conjugate release pad, where adsorbed 

dry reagents, typically antibodies labeled with nanoparticles, are dissolved from the strip. 

If the target antigens are present in the solution, they selectively bind to the antibodies. 

Further along the test strip capture antibodies against the antigens are immobilized and 

selectively bind to the analyte. The nanoparticles previously attached to the antigen enable 

visual detection of immobilized target molecules. The test result is usually available within 

minutes and read-out is performed in a quantitative way by visual inspection by the user. 

Due to the sensor’s simplicity the sensitivity of LFA sensor is low compared, e.g., to 

enzyme-linked immunosorbent assays tests. [7] 

 

2.1.1.2 Enzyme-Linked Immunosorbent Assay (ELISA) 

ELISA tests use an enzyme-induced color change to identify the presence of a specific 

antigen. [39] Detection is commonly performed in a microtiter plate. The antigen is fixed 

inside a well via specific capture antibodies (Fig. 4). Subsequently, detection antibodies, 

which are linked to enzymes, are applied and specifically bind to the target. Injection of 

the enzymatic substrate solution into the well triggers an enzymatic reaction, causing a 

color change. The induced color change depends on the concentration of the detection 

antibody and hence on the concentration of the target antigen. For a quantitative detection 

the color change is analyzed with a spectrometer.  

Long immobilization times, repetitive washing steps between each injection, complex fluid 

handling, and high sample consumption have so far prevented ELISA tests from commer-

cial point-of-care applications. [40] Recently, a cellphone-based, portable handheld device 

for ELISA detection has been demonstrated, highlighting the potential for point-of-care 

diagnostics. [41] 

Fig. 3: Schematic of a lateral flow assay sensor: (a) The analyte is applied directly to the sensor and is 
driven along a test strip via capillary flow. (b) The solution dissolves antibodies labeled with nanoparti-
cles from a release pad, which selectively bind to the target molecules. (c) Capture antibodies further 
along the test strip immobilize the target molecules. The nanoparticles previously bound to the target 
molecules enable visual detection with the naked eye. 
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2.1.1.3 Fluorescence-based detection 

Fluorescence-based biosensors use emission from fluorescent markers to optically verify 

the presence of the target. [42] Prior to the analysis the analyte is selectively labeled with 

fluorescent markers (Fig. 5). The sample is subsequently illuminated at a specific wave-

length within the absorption spectrum of the fluorophore to optically excite the markers. 

As the fluorophores’ emission spectrum is spectrally red-shifted the excitation light can be 

filtered out using a long-pass edge filter. The fluorophore’s emission is subsequently 

collected and analyzed with a detector, e.g., with a CCD camera. Based on the recorded 

signal the concentration or even distribution of the labeled analyte can be determined 

with very high sensitivity down to single molecules. [43] 

 

Excitation of the fluorophores is usually laser-induced, as lasers have a narrow spectral 

bandwidth, which can be easily filtered out. Lasers further have low spatial divergence, 

which allows focusing of the beam onto a specific area of the sample. Fluorescence 

Fig. 4: Schematic of an enzyme-linked immunosorbent assay (ELISA): (a) The analyte is injected into a 
well and target molecules are immobilized via specific capture antibodies. (b) Enzyme-labeled antibodies 
are injected into the well and specifically bind to the immobilized target molecules. (c) An enzymatic 
substrate solution is added, triggering an enzymatic reaction. (d) The enzyme has converted the 
substrate, resulting in a visible color change, which is proportional to the concentration of the target 
molecules. Between subsequent steps repeated washing is required to remove unbound reagents. 

Fig. 5: Schematic of fluorescence detection: (a) The biological targets are selectively labeled with 
fluorescent markers. (b) The markers are optically excited, e.g., using a laser source. As fluorescence 
emitted from the markers is spectrally red-shifted, the excitation wavelength can be filtered out using 
an edge filter. The fluorophore’s emission is recorded with a camera to determine the presence of the 
target molecules. 
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detection is widely used in fluorescence microscopy but is also applied in chip-based 

microfluidic detection systems, e.g., in flow cytometry. Recently, a portable and low-cost 

smart-phone based fluorescent microscope has been demonstrated [44] and applied for 

detection of waterborne parasites [45] and single DNA molecules. [46] 

2.1.1.4 Flow cytometry 

Flow cytometry is a broadly used technique to count particles and cells, or to analyze the 

amount of DNA inside a cell. [47,48] For chip-based analysis the analyte is labeled with 

fluorescent markers and injected into the microfluidic chip. The solution is pumped 

through a narrow fluidic channel and is illuminated with a laser. Forward and side-

scattered laser light, as well as fluorescence emission is detected for the analysis. Minia-

turization of a fluorescent imaging flow cytometry system based on a mobile-phone has 

been demonstrated. [49] 

2.1.2 Label-free detection methods 

A wide variety of label-free chip-based biosensors have been demonstrated, using 

electrical, mechanical and optical signals. A selected overview of available sensing 

techniques is given below. A comprehensive coverage of label-free sensing techniques can 

be found in [8,11–13,15,50,51]. 

2.1.2.1 Electrical sensors  

Electrical sensors directly translate a biological binding event into an electrical signal. In 

contrast to mechanical or optical sensors, which require additional components to 

translate the transducer signal into an electrical signal, the complexity of the sensor 

system is simplified. Electronic sensors can utilize changes of current, impedance, 

conductance, or capacity as a sensing signal. 

Field effect transistor (FET) 

Electronic sensors based on field effect transistors (FETs) consist of three electrodes, 

which are referred to as source, drain, and gate (Fig. 6). The gap between source and drain 

is bridged with a semiconducting channel. Its conductance can be controlled by applying 

an electrostatic potential to the gate electrode, which is located underneath the channel. 

For sensing applications the channel is used as the transducer element. Binding of 

bioparticles to the channel induces a change of conductance, which can be detected in the 

current-voltage plot of the device. [52] Enhanced sensitivity of FETs can be achieved using 

nanostructured channel materials with dimensions in the sub-100 nm range, e.g., semi-

conducting single-walled carbon nanotubes (SWCNTs) [53,54] and nanowires 

(NWs). [52,55] SWCNTs are cylindrically rolled-up graphene sheets consisting of a single 

layer of carbon atoms, which are arranged in a honeycomb structure. NWs with diameters 

in the nanometer range can be made from silicon or indium oxide and can be fabricated 

with high aspect ratios. Both materials have an extremely high surface to volume ratio, 

making them extraordinarily sensitive to changes in the surrounding environment. Label-

free detection of molecules, peptides, oligonucleotides, and single influenza A viruses has 
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been demonstrated with FET sensors based on semiconducting SWCNTs and NWs. [52] 

Current sensor realizations based on SWCNTs suffer from poor fabrication selectivity 

between metallic and semiconducting tubes, low reproducibility of bandgaps, and 

instability of the biofunctionalization in aqueous media. Furthermore, systems based on 

NWs show significant signal dependence on the pH value and electrolyte concentration of 

the analyte. [52]  

 

Electrochemical sensors 

Electrochemical sensors use an electrode as a transducer, which converts the biological 

binding event into an electrical, typically amperometric signal. One broadly applied 

realization of the sensor uses the electroactive enzyme glucose oxidase to convert glucose 

into gluconolactone and hydrogen peroxide (𝐻2𝑂2). When a constant potential is applied 

between the platinum electrode and the analyte, 𝐻2𝑂2 is electrochemically oxidized, 

generating a detectable electrical current (Fig. 7). [9] Electrochemical sensors have 

successfully been established for simple, quick, and reliable point-of-care testing of 

glucose levels for diabetic patients. [56] For testing a droplet of blood is applied onto a test 

strip, which is inserted into a portable hand-held read-out device. The blood is guided to 

an enzyme-coated electrode, which reacts with the glucose, causing an electrical signal 

proportional to the glucose content in the blood. The measurement signal is displayed 

within seconds to help patients determine, e.g., the time and dose of their next insulin 

injection. 

Fig. 6: Schematic of a field effect transistor-based biosensor: (a) The device consists of three electrodes: 
source, drain, and gate. The surface of the semiconducting channel connecting the source and drain 
electrode is functionalized with selective binding elements. Analyte containing charged target molecules 
is applied to the channel. (b) Binding of the biomolecules to the functionalized channel surface induces a 
change of conductance, resulting in an increased current flow through the field effect transistor (inset). 
(adapted from [52]) 
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2.1.2.2 Mechanical sensors  

Mechanical sensors are commonly based on nanostructured cantilevers, which are used as 

miniaturized scales. Similar to atomic force microscopy, the cantilevers can be operated in 

static [57] or dynamic mode. [58] In static mode, attachment of biomolecules causes an 

unbalanced surface stress, resulting in deflection of the cantilever. In dynamic mode, the 

cantilever is operated on resonance (Fig. 8). Binding of the biological target to the 

resonator causes an increase of mass and hence a detuning of the mechanical resonance 

frequency. Highly sensitive detection of single viruses [59] and molecules [60] has been 

demonstrated with cantilever-based systems. However, as the mechanical deflection and 

oscillation of the cantilever is strongly damped in gaseous or aqueous environments. Their 

usage is therefore restricted to operation in vacuum, limiting application as biosensors.  

 

Fig. 7: Schematic of an electrochemical glucose sensor: (a) The sensor consists of a platinum electrode, 
which is functionalized with the electroactive enzyme glucose oxidase. (b) In the presence of oxygen 
glucose oxidase converts glucose into gluconolactone and hydrogen peroxide (𝐻2𝑂2). When a voltage is 
applied between the electrode and the analyte, 𝐻2𝑂2 is electrochemically oxidized, generating an 
electrical current proportional to the glucose concentration. 

Fig. 8: Schematic of a cantilever-based biosensor operated in dynamic mode: (a) The cantilever is 
operated on resonance. (b) Attachment of molecules to the functionalized resonator surface detunes 
the mechanical resonance frequency of the cantilever. 
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2.1.2.3 Optical sensors 

Label-free optical detection methods utilize a change in intensity, phase, wavelength, or 

polarization of light induced by the analyte. Optical sensors either use free-space propaga-

tion of light through the sample or probe the analyte via the evanescent field at the 

dielectric interface of an optical waveguide. A major challenge for all label-free optical 

sensor concepts is the weak interaction of light and analyte. Sensitivity is mostly directly 

dependent on the sample interaction length. Optical sensing schemes for on-chip sensors 

can be based on spectroscopic techniques, interferometers, surface plasmons, or integrat-

ed optical waveguide structures. 

Absorption spectroscopy 

Absorption spectroscopy utilizes UV, visible, or IR light to measure the wavelength-

dependent attenuation of a sample. The obtained spectra show characteristic wavelength-

dependent intensity dips, which specifically relate to the composition and concentration of 

the analyte (Fig. 9). [61] While being an established technique for macroscopic laboratory 

diagnostics, the performance of absorption spectroscopy suffers from device miniaturiza-

tion. Reducing the sensor dimensions to the millimeter- or micrometer-scale, e.g. for on-

chip applications, reduces the optical path length and hence the interaction with the 

analyte.  

 

According to the Beer-Lambert law the sensitivity decreases exponentially with shorten-

ing of the interaction length. Optical cavities with high quality factors, e.g. photonic 

crystals or whispering-gallery mode resonators, have been used to compensate the short 

interaction lengths for chip-based devices. [62,63] These techniques are also referred to as 

cavity enhanced absorption spectroscopy (CEAS). 

Raman spectroscopy 

Raman spectroscopy is based on spectral analysis of visible or IR light, which is scattered 

from the sample. The majority of incident photons is scattered elastically (Rayleigh 

scattering) and their wavelength remains unchanged. A small fraction is scattered 

inelastically and energy is transferred between the photons and the molecule (Raman 

scattering), transferring the molecule into a rotational-vibrational state of different 

Fig. 9: Schematic of absorption spectroscopy: (a) Light emitted by a broadband light source is transmit-
ted through a sample cuvette and subsequently directed onto a prism. The prism breaks up the light into 
its constituent spectral colors and the spectrum is analyzed with a detector. (b) The recorded absorption 
spectrum shows dark absorption lines at the characteristic absorption wavelengths of the sample, 
enabling specific identification of the target molecules. 
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energy. [64] Depending on the energy state of the molecule, inelastically scattered photons 

have either increased or decreased energy. If the molecule remains in a state of higher 

energy, the scattered photon must have lower energy to maintain the total energy of the 

system. Vice versa, scattered photons will have a higher energy if the molecule is left in a 

lower energetic state. Raman scattering can be detected in the spectrum as red (Stokes) or 

blue (Anti-Stokes) shifted intensity peaks on both sides of the excitation wavelength. As all 

molecules are composed of different functional groups, which have different characteristic 

rotational-vibrational energy states, each molecule can be identified by its unique Raman 

spectrum. 

Raman scattering is typically a very weak signal and high-intensity monochromatic light, 

typically from laser sources, is required for excitation. The Raman signal is superimposed 

with Rayleigh-scattered light of a significantly higher intensity. However, as Rayleigh 

scattering occurs at the same wavelength as the excitation, the Raman signal can be 

spectrally filtered (Fig. 10). Due to the small spectral shifts of the Raman peaks analysis 

with high spectral resolution is required. The Raman signal can be additionally amplified 

using advanced spectroscopic techniques, e.g. surface-enhanced Raman spectroscopy 

(SERS) [65] on a nanostructured metallic film, or cavity enhanced Raman spectrosco-

py (CERS). Recently, SERS detection with a chip-based organic laser sources has been 

presented, [66] illustrating the applicability of Raman spectroscopy for on-chip sensing. 

 

  

Fig. 10: Schematic of Raman spectroscopy: (a) Monochromatic laser light is directed onto a sample and 
scattered from the target molecules. A notch filter positioned in front of the detector is used to filter out 
elastically scattered light. Light scattered inelastically (Raman scattering) is spectrally shifted and can 
pass the notch filter. (b) The recorded Raman spectrum shows peaks at both sides of the excitation 
wavelength. The spectral position of the peaks allows specific identification of the target molecules. 
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Surface plasmon resonance sensors 

The oscillation of free electrons at the interface between a metal film (e.g. silver or gold) 

and a dielectric is referred to as a surface plasmon resonance (SPR). [67] A common 

technique to excite surface plasmons is by the Kretschmann configuration (Fig. 11a). A 

collimated, p-polarized light beam is directed onto a thin metal layer (typically 10–50 nm) 

through a prism. At a specific angle of incidence SPRs are excited and a sharp drop of the 

reflected intensity can be observed. This angle is referred to as the SPR angle. The 

electromagnetic field of the surface plasmons decays exponentially into the surrounding 

medium. Changes of the refractive index, e.g., by binding of molecules to the metal surface, 

cause a shift of the SPR angle. This shift can be monitored by tuning the excitation angle 

while monitoring the reflected intensity (Fig. 11b). [68,69] 

 

A variety of commercial benchtop-size sensor systems based on SPRs exist for label-free 

detection of proteins, DNA, and viruses. [23,24,70] Furthermore, the possibility for system 

miniaturization to handheld devices has been demonstrated. [71–73]  

Interferometric detection 

On-chip interferometric sensors are commonly based on integrated optical wave-

guides. [51] Single-wavelength, coherent light is coupled to a single-mode input wave-

guide, which is subsequently split into two arms with identical optical path lengths. Along 

the reference arm the waveguide is fully covered with a cladding. The cladding on top of 

the sensing arm is partially removed to allow probing of the analyte by the evanescent 

field of the waveguide mode. Changes of the analyte’s refractive index or binding of 

molecules to the waveguide surface cause a phase shift of the propagating light in the 

sensing arm, resulting in a phase difference between both waveguides. In a Mach-Zehnder 

interferometer (MZI) [74] both arms are subsequently merged into a single output 

waveguide, where both modes interfere (Fig. 12a). The phase difference between the arms 

translates into an intensity variation, which can be monitored at the end of the waveguide 

(Fig. 12b). Detection of viruses and antigens has been demonstrated with on-chip 

Fig. 11: Schematic of a surface plasmon resonance sensor (Kretschmann configuration): (a) A laser beam 
is directed through a prism onto a thin gold layer. Surface plasmons are excited and their evanescent 
field interacts with the analyte applied onto the gold layer. The angle-dependent intensity of the 
reflected beam is monitored with a detector. (b) A sharp drop of the reflected intensity can be observed 
if light is incident on the metal film at the SPR angle. Binding of molecules to the functionalized surface 
causes a shift Δ𝜃 of the SPR angle. 
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MZIs. [75,76] One major drawback of sensors based on MZIs is the nonlinear periodic 

(cosine) dependency of the output intensity on the phase shift. Instead of joining the 

sensing and reference arm, light exiting both waveguides can instead be directly projected 

onto a detector array (Young interferometer). [76] Shifts in the resulting interference 

pattern directly relate to the phase difference between reference and sensing arm, which 

is caused by changes in the periphery of the waveguide. The sensitivity of all waveguide-

based interferometers largely depends on the interaction length with the analyte, which 

can be maximized by using meandric waveguides.  

 

Photonic crystals 

Photonic crystals are periodic dielectric nanostructures (Fig. 13), which form a repetitive 

variation of the refractive index in one, two, or three dimensions. [77] The crystal’s 

periodic structure results in a photonic stop band, which prevents certain wavelengths 

from propagating through the crystals. Local disturbances, so-called defects, introduced to 

the periodic structure allow certain wavelengths to be resonantly trapped within the 

crystal, resulting in a high optical field density. At these wavelengths a sharp intensity 

peak can be observed in the transmission spectrum. The spectral position of the resonance 

peak is highly dependent on the refractive index of the periphery of the device and on the 

periodicity of the crystal. Changes in the ambience of the defect structure directly translate 

into spectral shifts of the defect mode, making the device sensitive to molecular binding 

and refractive index variations.  

The small footprint of photonic crystals and their ability to confine light to a very small 

volume have enabled usage as highly sensitive sensors, which only require small analyte 

volumes. [78–80] The capability of the sensing platform for protein detection at low 

concentrations has been demonstrated. [81,82] However, the periodic structure of 

Fig. 12: Schematic of an on-chip Mach-Zehnder interferometer: (a) Top and cross-sectional view: Laser 
light is coupled into a waveguide, which is subsequently split into a reference (top) and sensing arm 
(bottom). The cladding on top of the sensing arm is partially removed to allow probing of the analyte by 
the evanescent field of the waveguide mode. Sensing and reference arm are subsequently joined and 
both modes interfere. (b) Binding of molecules to the functionalized sensing waveguide causes a phase 
shift of the propagating light, resulting in a phase difference between both arms. The phase difference 
translates into an intensity variation in the output waveguide.  
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photonic crystals with feature sizes in the nanometer-scale typically requires structuring 

via serial electron-beam lithography. However, fabrication using deep-UV lithography [83] 

and replication via thermal nanoimprinting [84] have been demonstrated to illustrate 

potential mass fabrication. Photonic crystal sensors with high quality factors typically 

require a high refractive index contrast between the waveguiding structure and the 

ambience. High quality devices are therefore limited to comparatively expensive silicon on 

insulator substrates. [78,79,85]  

 

Whispering-gallery mode (WGM) resonators 

Light can be confined inside a high-index dielectric medium by consecutive total internal 

reflections at the boundary to a lower-index periphery (Fig. 14a). In a circular cavity 

confined light can travel in a closed-loop optical path. Certain wavelengths, which 

constructively interfere after each round-trip, can circulate in the cavity numerous times, 

forming a so-called whispering gallery mode (WGM). [86] Light in WGMs probes the 

surrounding of the cavity via the evanescent tail of the electromagnetic field. An increase 

of the refractive index in the periphery of the cavity or attachment of biomolecules within 

the evanescent field elongate the optical path length and hence shifts the spectral position 

of the WGMs (Fig. 14b). [87] A more detailed discussion of WGM resonators is given in 

chapter 2.4.  

In contrast to waveguide-based sensors the sensitivity of WGM resonators is not limited 

by the physical device length. Instead, the sensitivity is determined by the number of 

recirculations of light within the resonator, which relates to the cavity quality factor (Q). 

The analyte is probed on each pass for multiple round-trips, which significantly increases 

the device sensitivity. Resonators with high quality factors have been demonstrated as 

Fig. 13: Schematic of a photonic crystal biosensor: (a) The photonic crystal consists of a waveguiding 
layer, which is patterned with a periodic array of holes. The crystal structure is locally disturbed by a 
defect, which resonantly traps light of a specific wavelength, resulting in a high optical field density. (b) 
The transmission spectrum through the crystal shows a sharp resonance peak at the defect wavelength. 
Molecules binding to the functionalized waveguide surface interact with the resonance mode and cause 
a detectable spectral shift 𝛿𝜆 of the resonance peak in the transmission spectrum. 
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highly sensitive sensors, enabling detection of single viruses [88] and molecules. [20] 

Small device footprint, fabrication with wafer-scale techniques, high sensitivity, and the 

possibility for multiplexed detection make WGM resonators highly interesting for chip-

based detection. Furthermore, first commercial sensors based on WGM resonators are 

emerging. [26]  

 

2.1.3 Comparison of marker-based and label-free detection methods 

Marker-based and label-free detection methods both have unique advantages and 

disadvantages. Marker-based techniques, such as fluorescence-based detection and ELISA 

are well established techniques in many research and analysis laboratories. Additionally, a 

multitude of commercial markers and corresponding labeling protocols exist. Some 

techniques allow detection at clinically relevant concentrations and even single-molecule 

sensitivity has been demonstrated. [43] However, assay preparation prior to the detection 

is time consuming, labeling kits are rather expensive, and their shelf-life is limited. 

Marker-based detection is therefore not ideal for high-throughput point-of-care sensing. 

Furthermore, labeling often changes the binding properties of the analyte and the number 

of labels attached to one molecule cannot always be controlled, which complicates 

quantitative analysis. 

Label-free detection methods require no elaborate assay preparation, which reduces the 

analysis time, cuts the costs, and significantly facilitates conducting the experiments. 

Additionally, molecules are detected in their natural form and molecular binding charac-

teristics are not influenced by the presence of a marker. In contrast to marker-based 

techniques, label-free detection enables time-resolved, kinetic detection. Sensitivity does 

not depend on the total analyte volume and observation of individual binding events is 

possible. However, sensors require a highly sensitive transducer element, which compli-

Fig. 14: Schematic of a WGM biosensor: (a) Light is coupled from a waveguide to a microdisk resonator 
to excite whispering-gallery modes. (b) At the resonance wavelength an intensity dip can be observed in 
the transmission spectrum. Binding of molecules to the functionalized resonator surface inside the 
evanescent tail of the WGMs causes a wavelength shift 𝛿𝜆 of the resonance. 
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cates device fabrication. Excitation and read-out of the transducer typically requires 

additional periphery. Specific detection requires a selective biofunctional layer on the 

transducer surface and immobilization protocols must be adapted for the specific device 

material. Additionally, non-specific binding to the transducer may disturb the sensing 

signal. 

In summary, distinct differences exist between marker-based and label-free detection 

methods, making each technique favorable for specific applications. A detailed summary of 

each technique’s advantages and disadvantages is listed in Table 1. Within the scope of 

this thesis two optical sensor concepts for chip-based diagnostics are investigated: 

Fluorescence detection and label-free sensing with optical microresonators. Both ap-

proaches largely benefit from the unique properties of laser radiation, which will be 

introduced in the following chapter. 
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Marker-based Label-free 
Lateral Flow Assay (LFA) [7,89] 
 easy to use 
 low-cost chips 
 established method 
 mostly qualitative or 

semi-quantitative  
 

Field effect transistors (FETs) [52] 
 highly sensitive 
 CMOS-compatible 

fabrication 
 Small footprint 
 fabrication of CNT-

based FETs challenging 
 

 

Enzyme-Linked Immunosorbent Assay 
(ELISA) [40] 
 easy to use 
 low device costs 
 multiple pipetting steps 

required 
 high solvent consump-

tion 
 multiplexing only in 

different wells 

 

 

Electrochemical sensor [30,90] 
 low-cost chips 
 established method 
 robust detection 
 limited sensitivity 
 poor stability of sensor 

surface 
 

 

Mechanical: Cantilever-based [91] 
 highly sensitive 
 operation limited to 

vacuum ambience 
 complex fabrication 

  

Fluorescence detection [43,92] 
 single-molecule 

resolution 
 wide range of labels 
 high equipment and 

label costs 
 uncontrolled number of 

labels per target hin-
ders quantitative detec-
tion 

 labeling may influence 
binding kinetics 

 

 

Absorption spectroscopy [12] 
 high specificity 
 difficult to implement 

on a chip (sensitivity 
scales with interaction 
length)  

 

Raman spectroscopy [65] 
 high specificity 
 low-intensity signal 
 difficult to implement 

on a chip  
 

 Surface plasmon resonance [68,69] 
 commercial systems 

available 
 single-molecule 

resolution [21,22] 
 Expensive noble metal 

layer required 
 Complex periphery 

 

 

 Interferometers [13] 
 high sensitivity 
 chip-based fabrication 
 periodic signal 

dependence 
 sensitivity scales with 

interaction length 
 

 

Table 1: Overview of marker-based and label-free sensing concepts 
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 Photonic crystals [93] 
 high sensitivity 
 chip-based fabrication 
 precise nano-

structuring required 
 material with high 

refractive index re-
quired for sensitive 
devices 

 

 

 Whispering-gallery mode resonators [87] 
 single-molecule 

resolution  
 chip-based fabrication 
 first commercial 

systems available 
 coupling light to WGMs 

challenging 
 fiber-coupler hinders 

integration into micro-
fluidics 
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2.2 Laser theory 

The first laser was demonstrated in 1960 by Theodore Maiman, who used a ruby crystal as 

an optical amplifier. [94] Since then lasers have found manifold applications in science, 

medicine, entertainment, and communications. Today, lasers have found their way into 

our everyday lives, e.g., in printers, CD, DVD, or Blu-ray players, bar code scanners, and 

projectors. 

The term “LASER”, which is an acronym for “Light Amplification by Stimulated Emission of 

Radiation”, describes an optical device, which emits monochromatic, coherent, and 

directed light. The difference to traditional light sources is that light is amplified by 

stimulated emission, a process where one incident photon triggers the emission of 

additional photons of same wavelength, direction, phase, and polarization. Laser emission 

is recognized by the following distinctive properties: [95] 

 The output power shows a nonlinear dependence on the input power with a promi-

nent kink at the lasing threshold (Fig. 15a).  

 The emitted spectrum changes from a broad linewidth below threshold to a signifi-

cantly narrower linewidth above threshold (Fig. 15b). 

 The light output consists of a directed beam. 

 

Lasers conceptually consist of three basic components: (1) a resonator providing optical 

feedback, (2) a gain medium, which is placed inside the cavity and capable of light 

amplification, and (3) an energy supply to excite the gain medium. A schematic of a basic 

laser is depicted in Fig. 16. 

Fig. 15: (a) Input-output curve of a laser, (b) laser emission spectrum below and above threshold. 



 

22 

 

If energy is transferred into the gain medium, electrons within the material’s band 

structure are excited and lifted into states of higher energy. Excited electrons subsequent-

ly relax to energetically more favorable energy levels of the ground state. This relaxation 

process partially occurs via the emission of photons, which is called luminescence. These 

photons are commonly emitted omnidirectionally. Some photons will statistically 

propagate along the resonator and will be confined inside the cavity. Photons of a 

frequency matching the resonance frequency can propagate within the resonator with low 

loss and return to the same location repeatedly. During each resonator round-trip these 

photons will interact with the gain medium, where they either excite electrons in the 

ground state or trigger the relaxation of electrons from the excited state. The latter 

stimulates the emission of additional photons. The emitted light is coherent, which means 

that both incident and emitted photons have same direction, phase, and polarization. The 

process of stimulated emission is depicted schematically in Fig. 17.  

 

To achieve optical amplification, the number of photons triggered via stimulated emission 

must exceed the number of absorbed photons. Hence, the majority of electrons in the gain 

medium must be in the excited state. This condition is called population inversion and can 

be solely achieved in specific lasing media using sufficiently high pump powers. Combining 

Fig. 16: Schematic of a laser: The resonator consists of two mirrors, one has high optical reflectivity 
(mirror 1) and the other is partially transmissive (mirror 2). Electrons within the gain medium are excited 
to higher energy levels. Upon relaxation to the ground state they emit photons, which are trapped 
within the resonator and stimulate emission of additional photons of the same wavelength, phase, and 
direction. For wavelengths resonantly confined within the cavity intensity builds up through constructive 
interference. Coherent, monochromatic, and directed light is emitted from the resonator through the 
partially transmissive mirror. 

Fig. 17: Schematic of stimulated emission: An incident photon triggers the radiative relaxation of an 
electron from the excited state to the ground state. Upon relaxation a photon of same phase, wave-
length and propagation direction is emitted. 
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the optical amplification of the gain medium and the spectral selection of the resonator 

causes the intensity in the resonator to build up for specific wavelengths. The generated 

light is partially coupled out of the cavity, e.g., through a partially transmissive mirror. 

2.2.1 Laser resonators 

A multitude of laser types exist, which can be classified by the type of resonator, pump 

source, or gain medium. When choosing a laser for a specific application one needs to 

consider properties as emission wavelength, output power, and pulse repetition. In case of 

on-chip lasers one of the main criteria is miniaturization to footprints in the millimeter to 

micrometer range. Fabrication techniques developed for integrated circuit manufacturing 

have enabled precise structuring of devices with sub-micrometer dimensions. This toolset, 

which includes techniques for patterning, deposition, and etching, can also be employed to 

manufacture microoptical devices. Using these techniques, a wide range of microcavity 

laser geometries, e.g., periodic structures, waveguides, rings, and circular cavities have 

been realized. [86] 

2.2.2 Laser dyes 

Developing efficient microlasers requires integration of a stable gain medium with high 

optical amplification into the laser cavity. For biosensing applications the absorption and 

emission spectra of the active medium are limited to the (near-) visible spectrum due to 

increased absorption of infrared wavelengths in water. [96] Organic dyes offer wide 

absorption and emission bands in the visible spectral range, high internal quantum 

efficiency, [97] and have repeatedly been shown as efficient gain media in micro-

lasers. [98] 

This section begins with a general discussion of the chemical and optoelectronic proper-

ties of organic dye molecules. Specifically the application of dye molecules as gain medium 

in microlasers is emphasized. Finally, the dye pyrromethene 597, which is used as active 

medium in this thesis, is introduced. 

2.2.2.1 Chemical structure of organic dyes 

Laser dyes are organic molecules, which show a strong absorption band in the visible 

spectrum. Upon absorption of a photon the dye is brought into an electronically excited 

state from where it can re-emit light upon relaxation. Dye molecules are composed of 

chains of conjugated double bonds1. [97] Conjugated chains may be linear as in polyenes 

(Fig. 18a) or cyclic as in aromatic molecules (Fig. 18b). 

                                                             
1 A conjugated bond describes two double bonds in a line of carbon atoms that are 
separated by a single bond (e.g., C=C-C=C). 
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The molecular orbitals of conjugated bonds overlap laterally so that electrons can move 

freely along the chain. These delocalized electrons significantly affect possible electroopti-

cal transitions in dye molecules. 

2.2.2.2 Electronic and optical properties of organic dyes 

The energy states of fluorophores and transitions between states can be visualized using 

the Perrin-Jablonski diagram [99], which is schematically depicted for a typical organic 

dye in Fig. 19. The complex molecular structure of dyes and thermal vibrations lead to a 

multiplet of fine-spaced vibrational sub-levels between the discrete energy states. These 

are depicted as fine horizontal lines. Transitions between states as a result of photon 

absorption and emission will be discussed in detail within the following paragraphs. 

 

Fig. 18: Chemical structures of (a) butadiene and (b) benzene, which are basic examples for linear and 
cyclic conjugated molecules. 

Fig. 19: Perrin-Jablonski diagram showing the energy states and electrooptical transitions in organic 
dyes: The energy states are divided into a multiplet of vibrational sub-levels (thin lines). Transitions 
between states are indicated by lines (green: absorption, blue: non-radiative transition, red: emission). 
Electrons can be raised from the ground electronic state 𝑆0 into higher energetic states (𝑆1, 𝑆2,…) 
through absorption of photons. Transitions between singlet and triplet states, which are referred to as 
intersystem crossing (dotted lines), can occur at very low probability. Relaxation back to the ground 
state 𝑆0 can occur either from 𝑆1 or 𝑇1 via emission of a photon. The energy levels involved in lasing are 
denominated 𝐿1 to 𝐿4. 
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2.2.2.3 Excitation of dye molecules via light absorption 

Dye molecules can be optically excited through absorption of a photon of appropriate 

energy. This raises an electron from its current electronic state to an unoccupied state of 

higher energy and is immediately followed by a fast non-radiative transition to the lowest 

sub-level of the excited state. Excitation can only occur if the photon’s energy 𝐸 =
ℎ𝑐0

𝜆
 

exceeds the energy bandgap between the electronic states of the molecule. 

2.2.2.4 Fluorescence and stimulated emission 

Fluorescence describes the spontaneous radiative emission of photons upon de-excitation 

from the lowest vibrational level of 𝑆1 to any higher vibrational level of the 𝑆0 state. 

Compared to the photon energy required to excite electrons, the energy of emitted 

photons is slightly smaller due to vibrational relaxation within the 𝑆1 state. Emission is 

therefore shifted to longer wavelengths (bathochromic shift). The difference between the 

maximum of the absorption band to the maximum of the fluorescence band is called 

Stokes shift. 

2.2.2.5 Laser emission from dyes 

Laser dyes belong to the class of four level systems, meaning that four energy levels are 

involved in the process of lasing. They are labeled in Fig. 19 as 𝐿1 to 𝐿4. To achieve laser 

emission electrons must be excited from the lowest vibrational level of 𝑆0 (𝐿1) to an 

excited vibrational state, e.g., 𝑆1 (𝐿4) via absorption of photons. From here, electrons 

quickly relax to the lowest vibrational level within 𝑆1 (𝐿3) via vibrational relaxation. 

Incident photons can trigger stimulated emission from 𝐿3, causing the electron to radia-

tively relax to 𝐿2 within 𝑆0. From here electrons quickly relax back to 𝐿1 of 𝑆0 through 

vibrational relaxation. As previously noted, the rate of stimulated emission must exceed 

absorption in order to achieve optical amplification. To achieve population inversion more 

electrons must be in 𝐿3 than in 𝐿2. As non-radiative relaxation processes between singlet 

states are much faster than radiative transitions, electrons quickly relax from 𝐿4 and 

accumulate in 𝐿3. The same is true for electrons in 𝐿2, which quickly drop to the lowest 

energetic level of the ground state. Hence, the population density in 𝐿2 is negligible and 

population inversion between 𝐿3 and 𝐿2 can be readily achieved. 

2.2.2.6 Gain bandwidth 

The energy states of laser dyes are divided into a manifold of vibrational sublevels. Hence, 

transitions between 𝑆0 and any vibrational sub-level of 𝑆1 can occur. Dye lasers can 

therefore be pumped over a wide range of wavelengths. Likewise, relaxation from the 

lowest vibrational level of 𝑆1 can occur to any vibrational sub-level of the 𝑆0 state, enabling 

emission over a broad wavelength range. The broad gain bandwidth enables dye lasers 

with spectral tunability over tens of nanometers. [97] Within the scope of this thesis the 

broad emission spectrum of dyes was utilized, e.g., to realize DFB laser with tunable 

emission. 
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2.2.2.7 Photodegradation of dye molecules 

A major challenge of using dyes as gain medium in lasers is photodegradation, which is the 

photochemical degradation of a dye molecule triggered by irradiation with pump 

light. [100] Photodegradation, which is also referred to as “bleaching”, causes the dye 

molecule to permanently lose its ability to emit light and thus to contribute to lasing. 

Photodegradation can only occur if a molecule is in an excited state, where it is highly 

reactive and can chemically react with ambient oxygen or solvent molecules. This reaction 

causes covalent change to the molecular structure, destroying the fluorophore’s ability to 

emit light. 

The molecular states are denominated by the spin multiplicity, which is determined by the 

relative orientation of the spins of the two highest energetic electrons. If both spins have 

opposing directions, the state is referred to as singlet state. States with electrons of 

parallel spin are called triplet states. If an electron transitions to a state of higher or lower 

energy, the spin multiplicity commonly remains unchanged. However, transitions between 

singlet and triplet states can occur at very low probability. As triplet states possess 

significantly longer lifetimes (typically microseconds) than singlet states (nanoseconds), 

excited molecules in triplet state are more likely to react and degrade. [97,101] Accumula-

tion on triplet states should therefore be avoided. The rise time until the pump laser 

reaches its maximum irradiance must therefore be kept as short as possible, so that 

electrons in the excited state can be de-excited via stimulated emission before transition 

to a triplet state can occur. Consequently, the dye lasers investigated in this thesis are 

optically excited with nanosecond-pulsed pump lasers. 

2.2.2.8 Pyrromethene 597 

The dye pyrromethene 597 (PM597) belongs to the class of boron-di-pyrromethene (4,4-

difluoro-4-bora-3a,4a-diaza-s-indacene) fluorescence dyes, [102] which are commonly 

abbreviated by the acronym BODIPY. [103–105] Their molecular structure is based on two 

pyrrole rings which are connected by a methene bridge and a di-substituated boron atom. 

The molecular structure of the PM597 is depicted in Fig. 20a. PM597 shows high photo-

stability, high fluorescence quantum yield and good solubility in organic solvents without 

formation of aggregations. [102,106–108] For the lasers investigated in the scope of this 

thesis especially the solubility in benzyl alcohol [27] and incorporation into poly(methyl 

methacrylate) (PMMA) [108] is important. These media were used as solvent for opto-

fluidic dye lasers and for fabrication of polymer microgoblet lasers, respectively. Measured 

absorption and emission spectra of PM597 in benzyl alcohol and PMMA are depicted in 

Fig. 20b.  

To achieve efficient excitation of PM597, pump lasers, which emit close to the dye’s 

absorption maximum, are required. Suitable laser sources are, e.g., frequency doubled 

neodymium-doped yttrium lithium fluoride (Nd:YLF) lasers (𝜆em  ≈ 523 nm) and gallium-

nitride (GaN) laser diodes (𝜆em  ≈ 520 nm). 
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2 Absorption and emission spectra were measured with kind assistance from Anika Hense 
(APH, KIT). 

Fig. 20: (a) Molecular structure of pyrromethene 597 (adapted from [109]) (b) Normalized absorption 
and emission spectra of pyrromethene 597 dissolved in benzyl alcohol and incorporated into a PMMA 
thin film. The absorption maximum is at 525 nm for PMMA and 528 nm for benzyl alcohol. The emission 
maximum is at 567 nm for benzyl alcohol and 577 nm for PMMA.2 
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2.3 Distributed feedback lasers 

Distributed feedback (DFB) lasers consist of a planar waveguiding layer in which feedback 

is provided by Bragg scattering on a periodic spatial variation of the refractive index. [110] 

The periodicity can be realized through variation of the refractive index of the material 

itself or through corrugation of the waveguide surface. A schematic of a one-dimensional 

DFB laser with a periodic rectangular grating structure is depicted in Fig. 21.  

 

2.3.1 Single-mode emission from DFB lasers 

Light propagating in the waveguide is partially backscattered from each of the corruga-

tions and superimposes to form a wave propagating in the opposite direction. Only for 

certain wavelengths light scattered from two positions along the grating superimposes in 

phase and interferes constructively. Wavelengths supported by the grating can be 

approximated using Bragg’s equation 

with Λ the grating period, 𝑚 the Bragg order of diffraction, 𝑛eff the effective refractive 

index of the mode propagating in the waveguide, and the index 𝑖, specifying the order of 

the supported mode. The effective refractive index is determined by the thickness of the 

waveguiding film, the refractive indices of each layer, and the propagating wavelength. It 

can be calculated by solving the Helmholtz equations for the planar waveguide struc-

ture. [111] The case of first-order diffraction (𝑚 = 1) is preferred for on-chip applications 

as light is solely scattered back in plane of the waveguide. In contrast, second order 

diffraction (𝑚 = 2) causes light to be additionally diffracted out of plane, resulting in 

surface emission. 

Bragg’s equation can be seen as a rough estimate for calculating the emission wavelength 

of DFB lasers. According to coupled mode theory, [112,113] wavelengths fulfilling the 

Bragg equation cannot propagate across the grating, which causes the formation of a 

photonic stopband. Therefore, lasers cannot emit exactly at the Bragg wavelength but 

instead emit on both ends of the stopband, [114] leading to mode instability and varying 

Fig. 21 Schematic of a one-dimensional distributed feedback laser: The laser resonator consists of a 
rectangular grating with period Λ and depth 𝑑. The mode is guided in the waveguiding film of height h 
and refractive index 𝑛1, which is sandwiched between a lower and upper cladding with refractive 
indexes of 𝑛2 and 𝑛3, where 𝑛1 >  𝑛2 ≥  𝑛3. 

𝜆Bragg ≈
2𝑛eff,i𝛬

𝑚
,            𝑚 = 1,2, … ( 2.1 ) 
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output intensity. To achieve stable single-mode lasing a 
𝛬

2
-phase shift can be inserted in the 

center of the grating (Fig. 22). [111,115] 

 

2.3.2 Spectral tunability 

According to equation 2.1 the emission wavelength of DFB lasers can be designed by 

changing the grating period or the effective refractive index of the optical waveguide. The 

latter can be varied by changing the refractive indexes of the waveguide layers or the 

thickness of the waveguiding film. DFB lasers with spectral tunability have been demon-

strated by precise microfabrication of the resonator grating [116–119] or deposition of 

gain layers with increasing film thickness. [118,120–123] Furthermore, continuous tuning 

of the emission wavelength during laser operation has been shown using mechanical 

stretching of flexible substrate materials, [124] optically induced refractive index modifi-

cation, [125] or utilizing controlled deformation of electroactive [126] and shape-memory 

polymers. [127] Using the broad emission bandwidth of organic dyes, broad spectral 

tuning of DFB lasers over more than 50 nm has been demonstrated. [128] 

2.3.3 Fluorescence excitation with on-chip DFB lasers 

Fluorescence detection is a powerful and well established technique for biological and 

medical analysis. Efficient excitation of the fluorophores can be achieved using laser 

sources. As the laser’s narrow emission linewidth has minimum spectral overlap with the 

emission spectrum of the fluorophores, it can be easily filtered out. To exploit the ad-

vantages of laser-induced fluorescence excitation for on-chip analysis, light from an 

external laser source can be coupled into the chip. [129,130] However, coupling requires 

careful alignment and coupling loss is typically high. Alternatively, laser sources can be 

integrated directly onto the chip. First-order DFB lasers integrated into a polymer chip 

have been shown as efficient excitation sources for fluorescence analysis. The detection of 

fluorescent microspheres and fluorescently labeled antibodies in a microfluidic channel 

implemented on the same chip has been demonstrated. [131] Taking advantage of the 

wavelength tunability of DFB lasers, multiple spectrally separated markers could poten-

tially be used for parallel analysis. For a fully integrated device, which enables parallel on-

chip detection, excitation source, waveguiding structures, and parallel analysis units can 

be integrated onto the same chip. [132] 

Fig. 22: To achieve single-mode emission from DFB lasers, a Λ 2⁄  phase-shift element can be added in 
the center of the grating.  
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2.4 Whispering-gallery mode microgoblet lasers 

The phenomenon of whispering-galleries was first explained in 1878 by Lord Ray-

leigh, [133] who investigated an acoustic effect in the dome of St. Paul’s Cathedral in 

London. Whispers could be heard clearly in distant locations along the wall, where they 

would normally not be audible by a listener due to the large distance. Lord Rayleigh 

described this observation by sound waves propagating along the concave wall of the 

dome’s gallery. The phenomenon of whispering-galleries can in fact be observed in several 

buildings all over the world. Some of the more prominent examples are the Echo Wall in 

the “Temple of Heaven” in Beijing (China), the “Statuary Hall” in the “United States Capitol” 

in Washington D.C. (United States of America), or the “Gol Gumbaz” in Bijapur (India). A 

common feature of whispering-galleries is their smooth circular or hemispherical wall, 

along which sound waves can propagate with low loss.  

2.4.1 Optical whispering-gallery modes 

The acoustic phenomenon of whispering-galleries has given its name to the optical 

equivalent, which can be observed in dielectric cavities with curved boundaries. If the 

refractive index of the dielectric structure is larger than that of the surrounding medium, 

light can be confined within the structure via total internal reflection (Fig. 23). Confined 

light can propagate in circular orbits along the cavity’s outer boundary by consecutive 

total internal reflections, forming a closed-loop optical path. Light of a wavelength 

reproducing after each round trip through constructive interference can propagate within 

the cavity for extended periods, forming a so-called whispering-gallery mode (WGM). 

WGMs can be excited in various cavity geometries.  

 

Prominent examples are thin-film rings, [134] tubes, [135,136] capillaries, [137,138] 

spheres, [139–141] disks, [142–144] toroids, [145–147], wedges, [148,149] or gob-

lets. [150,151] Within the scope of this thesis goblet-shaped microresonators made of poly 

(methyl methacrylate) (PMMA) are investigated as on-chip laser light sources. This cavity 

type is exemplarily depicted in Fig. 24.  

Fig. 23: (a) Light incident on the interface between two dielectric media (𝑛2 > 𝑛1) is totally reflected 
back into the high-index medium for incident angles 𝜃 > 𝜃c. 𝜃c is called the critical angle. (b) For 
incident angles exceeding 𝜃c light can be confined inside circular cavities via repetitive total internal 
reflections. (c) Wavelengths which constructively interfere after each round-trip form a so-called 
whispering-gallery mode (WGM). 
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2.4.2 Polymer microgoblet resonators 

2.4.2.1 Poly(methyl methacrylate)  

Poly(methyl methacrylate) (PMMA) is an amorphous technical polymer, which shows low 

absorption in the visible to near-infrared spectral range. [152,153] Its refractive index at 

these wavelengths ranges between 1.48 and 1.50. [154] PMMA can be structured with 

sub-micrometer features using electron beam exposure [155] or deep ultra violet (DUV) 

radiation in the 200-260 nm spectral range. [156] Absorbed radiation causes main chain 

scission, resulting in molecular fragments with reduced molecular weight. [157] Exposed 

PMMA is therefore increasingly soluble in a suitable developer. [158]  

PMMA is classified as a thermoplast. When heated above its glass transition tempera-

ture, 𝑇g, the material softens and its polymer chains can move relative to each other. On 

the micron scale surface tension dominates over gravitational forces. [159] In this 

softened state the PMMA microstructures will therefore assume a shape with reduced 

surface free energy. This property has been widely utilized, e.g., for fabrication of PMMA 

micro lenses, where the curved lens surface is formed by heating the polymer above its 

glass transition temperature. [160]  

2.4.2.2 Fabrication of PMMA microgoblet resonators 

Low absorption loss, precise lithographic structuring capabilities, and thermal annealing 

make PMMA a promising candidate for fabrication of high quality WGM resonators. A 

fabrication process for goblet-shaped resonators made of PMMA has previously been 

developed by Grossmann et al. [150] The fabrication process is visualized in Fig. 25. 

                                                             
3 The depicted microgoblet resonator was fabricated and imaged by Dr. Tobias Grossmann 
and Dr. Mario Hauser (APH, KIT) 

Fig. 24: Scanning electron micrograph of a microgoblet resonator: The PMMA cavity (colorized in blue) is 
supported on a silicon pedestal. The rim of the microgoblet is free-standing to support whispering-
gallery modes.3 
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Briefly, resonators are fabricated by spin-coating a 1.2 µm thick PMMA layer onto a silicon 

substrate. PMMA disks with 50 µm diameter are lithographically structured using electron 

beam lithography. Exposed PMMA is subsequently dissolved in a wet chemical developer. 

As the refractive index of the silicon substrate is much higher than that of PMMA, [161] the 

disks cannot support WGMs as all circulating light would immediately leak into the high-

index substrate. The PMMA disks are therefore undercut via gas-phase etching with xenon 

difluoride (XeF2). XeF2 is an isotropic etchant and shows high selectivity towards poly-

mers. The etching process is stopped once the rim of the resonators is fully undercut and 

disks are solely supported on circular silicon pedestals.  

These disks already function as resonators and can have quality factors in the range of 5 ∙

104. [150] The predominant loss mechanism is surface scattering on defects along the disk 

periphery caused by lithographic structuring. To further reduce the surface roughness of 

the disks, annealing of the defects at increased temperatures can be utilized. When heated 

above its glass transition temperature 𝑇g, which is typically between 95 - 106°C for the 

utilized PMMA, [162] softening of the PMMA allows thermal reflow of the disks due to 

release of surface free energy. The thermal reflow has been shown to increase the quality 

factor of PMMA resonators by more than one order of magnitude. [150] 

2.4.3 Whispering-gallery modes in microgoblet resonators 

For a microgoblet cavity of radius 𝑅 consisting of a dielectric material of refractive index 𝑛 

(Fig. 26), one can approximate the resonance condition of the WGM as: 

where 𝜆0 is the free-space resonance wavelength and 𝑚Φ describes the integer number of 

field maxima in azimuthal direction (Fig. 26b). 

Fig. 25: Fabrication process of WGM microgoblet resonators: (a) Spin-coating of PMMA, (b) Lithographic 
structuring of PMMA disks and developing, (c) Isotropic etching of silicon pedestals using xenon 
difluoride (XeF2) gas, (d) Thermal reflow above the glass transition temperature Tg of PMMA, forming 
the characteristic microgoblet shape. 

2𝜋𝑅 =
𝑚Φ𝜆0

𝑛
 ( 2.2 ) 
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For a full description of WGMs in a three-dimensional microgoblet resonator the modes 

must additionally be classified by radial and axial mode numbers 𝑚ρ and 𝑚z, defining the 

number of field intensity maxima minus one in radial and axial direction. As light of two 

different polarization states can propagate in the cavity, a comprehensive mode denomi-

nation requires distinguishing between transversal electric (TE) and transversal magnetic 

(TM) field orientation. For modes with TE polarization the magnetic field is predominantly 

polarized perpendicular to the (ρ, 𝜑)-plane, while for TM modes the electric field is 

predominantly polarized perpendicular to the (ρ, 𝜑)-plane. A comprehensive description 

of WGMs is given by TM𝑚ρ,𝑚z

𝑚Φ  or TE𝑚ρ,𝑚z

𝑚Φ  and applies to any WGM resonator geometry. 

Fig. 27 depicts the electric field intensity distributions of modes in a microgoblet resonator 

at a fixed azimuthal angle 𝜑. The electric field intensity maxima of all depicted TE modes 

are located close to the periphery of the goblet. The mode with only one intensity maxi-

mum in 𝜌 and 𝑧 direction is called the fundamental mode and has the largest resonance 

wavelength. Accordingly, modes of higher order have more than one maximum of the 

electric field intensity in 𝜌 or 𝑧 direction. 

Fig. 26: (a) Geometry of a WGM microgoblet resonator with coordinate system. (b) Simulated electric 
field distribution (Ez) in a WGM resonator seen from top of the cavity. The maximum and minimum 
electric field intensities are depicted in red and blue color, respectively.  
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2.4.4 The evanescent field 

For guided modes the majority of the electromagnetic field is confined within the cavity 

(Fig. 28a). Only a small fraction of the field penetrates the periphery of the resonator. This 

part of the WGM is called the evanescent field and decays exponentially (Fig. 28b). The 

evanescent field plays a crucial role in coupling light into and out of the WGMs and in 

sensing with WGM cavities. 

 

Fig. 27: Whispering-gallery modes in a microgoblet resonator: (a) Scanning electron micrograph of a 
microgoblet resonator. (b)-(e) Simulated electric field distribution for the TE0,0

300, TE0,1
300, TE1,0

300, and 

TE2,0
300 mode, plotted as azimuthal cross-section of the cavity. The field intensity is depicted in color. 

Fig. 28: Radial cross-section through a PMMA microgoblet resonator: (a) Intensity distribution of the 
fundamental WGM (color coded) (b) Intensity profile inside (blue) and outside (red) of the microgoblet 
cavity plotted along the cut line highlighted in (a). The grey line indicates the microgoblet-air interface. 

The evanescent field protrudes about 176 nm out of the resonator (1 e⁄ 2
). 
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2.4.5 Evanescent coupling to whispering-gallery modes 

WGMs can be excited by coupling light of an external light source into the cavity. However, 

coupling light directly to WGMs via free-space excitation is inefficient due to the different 

phase velocities of light propagating in air and in the dielectric resonator material. Phase-

matched excitation can be achieved using a coupling element, e.g., prism, [163,164] end-

polished fiber, [165] waveguide, [149,166] or optical fiber. [167,167–169] To enable 

coupling between the coupling element and the WGM resonator the evanescent fields of 

both devices must overlap and therefore have to be brought into close proximi-

ty. [170,171]  

Tapered optical fibers have been demonstrated as efficient coupling elements for free-

standing WGM resonators, such as microtoroids [172] or microgoblets. [150] As the 

evanescent field of guided modes in a single-mode fiber is fully confined in the fiber 

cladding, its diameter must be reduced to enable coupling. This can be achieved by locally 

heating the fiber above its glass transition temperature and simultaneous mechanical 

stretching. [173] Localized heating is often realized using a gas flame or high-power 

laser. [173,174] Due to the pulling process the fiber diameter undergoes an adiabatical 

transition. At its thinnest part the fiber has a diameter of only a few micrometers and the 

mode is locally guided at the fiber-air interface. Part of the mode propagates outside the 

fiber and can evanescently couple to the resonator modes (Fig. 29). 

 

2.4.6 Mode spectrum and free spectral range 

The mode spectrum of microgoblet resonators can be analyzed by measuring the trans-

mission spectrum through a tapered fiber coupler. The cavity is probed with a tunable 

laser source and transmission through the fiber is recorded with a photo diode, which is 

synchronized to the laser. [167] On resonance, light is confined inside a high-quality 

resonator for extended periods, leading to build-up of intensity inside the cavity. There-

fore, transmission through the fiber taper is significantly reduced on resonance. A typical 

mode spectrum of a microgoblet resonator is shown in Fig. 30. The mode spectrum shows 

Fig. 29: Evanescent coupling with a tapered optical fiber to a WGM resonator: The fiber diameter must 
be reduced to only a few micrometers to guide the mode at the fiber-air interface and make the 
evanescent part of the mode accessible. This is realized by heating and simultaneously mechanical 
stretching of the fiber. To enable evanescent coupling, fiber taper and resonator must be brought into 
close proximity to achieve an overlap of the fiber mode (blue) and the WGMs in the resonator (red). 
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a repeating pattern with comb-like intensity dips at the resonance wavelengths. The 

repeating pattern originates from the excitation of different azimuthal mode orders. The 

spectral spacing between modes of consecutive azimuthal mode orders but identical radial 

and axial mode order and polarization is called free spectral range Δ𝜆FSR. The intensity 

maximum of the fundamental modes is located at the rim of the cavity. For modes of 

higher radial order the intensity maximum moves toward the center of the goblet. [150] 

Coupling to fundamental modes is therefore stronger than for higher order modes, 

resulting in a more pronounced intensity dip in the transmission spectrum.  

 

2.4.7 Quality factor and resonator loss 

The ability of an optical resonator to confine light is quantified by its quality factor, which 

correlates to the resonator’s round-trip loss. The quality factor is a commonly used figure 

of merit to compare the performance of different resonators. The quality factor is defined 

as the ratio of resonance wavelength 𝜆0 over resonance linewidth δ𝜆. [175] 

For an experimental characterization of a WGM resonator both values can be determined 

from the transmission spectrum. Fig. 30b shows a magnified section of the transmission 

spectrum centered on the fundamental mode at 636.085 nm. A Lorentzian-shaped fit was 

applied to the data and a quality factor of 1.1 ∙ 105 was calculated.  

PMMA microgoblet resonators have been demonstrated with quality factors as high as 

1.3 ∙ 107 at wavelengths around 635 nm. [151] This is currently the highest value present-

ed for polymer WGM resonators and exceeds other presented values, e.g., for polymer 

microtoroids fabricated by replica molding. [147,176]  

Fig. 30: (a) Transmission spectrum of a microgoblet resonator with 40 µm diameter recorded around 
635 nm. The free-spectral range ΔλFSR between fundamental modes (highlighted in red) is 2.2 nm. (b) A 
Lorentzian fit (red) was applied to the fundamental mode centered at 636.085 nm to calculate a quality 

factor of 1.1 ∙ 105. 

𝑄 =
 𝜆0

𝛿𝜆
 ( 2.3 ) 



Whispering-gallery mode microgoblet lasers 

37 

2.4.8 Dye-doped microgoblet lasers  

Evanescent coupling allows efficient excitation and probing of WGMs. However, taper 

fabrication and handling requires extreme caution due to fragility of the fiber. Tapers tend 

to degrade or even break within several hours after fabrication, which results in strong 

attenuation of the transmitted light. [177] Additionally, alignment of resonator and fiber 

taper with nanometer precision is required to enable evanescent coupling. This requires 

elaborate positioning and vibration control, which cannot be realized outside a controlled 

laboratory environment. Due to these restrictions evanescent coupling is not a viable 

solution for a sensor concept intended for use in point-of-care applications. 

Evanescent coupling can be overcome by integrating a gain medium into the WGM cavity, 

thereby transforming the passive resonator to a microcavity laser. Such active devices can 

be pumped optically with an external light source via free-space optics, thereby signifi-

cantly facilitating sample alignment. [29,178] Collection of the WGM laser emission can 

also be achieved via free-space optics positioned on top or at the side of the resonators. 

The emission spectrum can be analyzed with a spectrometer.  

2.4.8.1 Microgoblet laser fabrication 

The passive microgoblet resonators introduced in the previous sections can be trans-

formed into active microgoblet lasers by incorporating a gain medium into the optical path 

of the WGMs. This can either be achieved by doping the PMMA with emitters [29] or by 

depositing a thin layer of gain material on top of the cavity. [179] Incorporation of gain 

media, e.g., dye molecules, into the cavity can easily be realized by mixing the emitters into 

the PMMA solution prior to spin-coating. The microgoblet fabrication sequence remains 

unchanged and can be performed exactly as for passive cavities (see Fig. 25).  

2.4.8.2 Emission from microgoblet lasers 

To excite lasing in the microgoblet lasers, the cavity is illuminated from the top with a 

pump laser and emission is analyzed with a spectrometer. Lasing from microgoblet 

cavities doped with the dyes rhodamine 6G [180,181] or pyrromethene 597 [102] has 

been demonstrated. While cavities doped with rhodamine 6G suffered from short 

operation times due to photodegradation, the superior photostability of pyrromethene 

597 has enabled lasing for more than 106 pulses. [181]  

A typical emission spectrum of a PMMA microgoblet laser doped with pyrromethene 597 

is depicted in Fig. 31a. The device emits multiple modes due to the wide gain bandwidth of 

the dye. For pump pulse energies closely above the lasing threshold it can be assumed that 

lasing only occurs in the fundamental modes of the cavity due to the highest modal gain of 

these modes. [181] The spectral spacing between subsequent lasing modes equals the free 

spectral range 𝛿𝜆FSR of the cavity. The corresponding threshold curve is depicted in Fig. 

31b for the mode emitting at 611.78 nm. A full spectrum was recorded for each pulse 

energy value. The area under the investigated lasing peak was accumulated, and plotted 

over the corresponding pump pulse energy. Linear fits were applied to the data points 
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below and above the characteristic kink in the plot and the lasing threshold was deter-

mined by intersecting both lines. The depicted curve shows a lasing threshold of 1.42 nJ. 

Below the laser threshold (blue data points) emission shows the typical fluorescence 

spectrum of pyrromethene 597 incorporated in PMMA (compare Fig. 20b). 

 

2.4.8.3 Emission linewidth 

An additional advantage of laser cavities in comparison to passive cavities is reduced 

emission linewidth. [182] As the gain medium compensates propagation loss in the device, 

the emission linewidths of laser devices can be reduced by a factor of up to 104 compared 

to the resonance linewidths in passive cavities. [183] For WGM microlasers based on 

toroidal cavities emission linewidths as narrow as 4 Hz have been observed. [184] 

2.4.9 Sensing with WGM microlasers 

WGM resonators have been extensively studied as sensors and a comprehensive review of 

recent literature has been published. [20,87] Sensing applications utilize the interaction of 

the evanescent field of the cavity modes with the surrounding medium. The basic sensing 

principle can be described in a simplified way by a change of the WGM resonance condi-

tion, which is given in equation 2.2. The resonance wavelength 𝜆0 depends on the cavity 

radius 𝑅 and the refractive index 𝑛 seen by the WGM. Changes of the radius by Δ𝑅 or 

refractive index by Δn cause a spectral shift Δ𝜆0 of the resonance wavelength according 

to: [20] 

Fig. 31: (a) Emission spectrum of a PMMA microgoblet laser doped with the dye pyrromethene 597: 
Lasing occurs in the fundamental WGMs with a ∆𝜆FSR of 2.0 nm. (b) Laser threshold curve of the 
611.78 nm mode of the same microgoblet showing a laser threshold of 1.42 nJ. Data points below and 
above threshold are marked in blue and red, respectively. 

∆𝜆0

𝜆0
=

𝛥𝑅

𝑅
+

𝛥𝑛

𝑛
 ( 2.4 ) 
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Hence, increasing the effective radius of the cavity by attachment of a homogeneous layer 

of particles4 within the volume of the evanescent field directly results in a red shift of the 

resonance wavelength (Fig. 32a). A red shift of the resonance wavelength correlates to an 

equivalent shift of the emission wavelengths of the device, which can be detected, e.g., via 

spectral analysis (Fig. 32b). 

 

2.4.9.1 Refractometric sensing 

For refractometric sensing the WGM resonator is fully immersed in the analyte solution. 

The response of the resonator to a refractive index change Δ𝑛s in the surrounding of the 

cavity is measured as wavelength shift per refractive index unit (RIU). The resulting 

sensitivity is referred to as bulk refractive index sensitivity (BRIS), which is often given in 

units of nm/RIU and is a figure of merit for the overlap of the evanescent field with the 

surrounding medium. 

Refractometric sensing is not limited to directly measuring the refractive indexes of 

fluids, [185,186] but can also be applied to measuring parameters as tempera-

ture, [187,188] humidity, [189–191] chemical gases, [192,193] or UV radiation, [194] 

which induce a reversible refractive index change in the bulk resonator material or in 

functional coating layers applied to the cavity surface. 

  

                                                             
4 In this case the refractive index of the molecules is assumed to approximately match the 
refractive index of the cavity. 

Fig. 32: Sensing with WGM microlasers: (a) Binding of molecules to the resonator surface causes an 
increase of the effective radius of the cavity by ∆𝑅. (Adapted from[20]) (b) Binding results in a 
resonance wavelength shift according to ∆𝜆 = 𝜆 ∙ ∆𝑅 𝑅⁄ , which can be observed in the laser emission 
spectrum. 

BRIS =
Δ𝜆

Δ𝑛s
 ( 2.5 ) 
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2.4.9.2 Label-free biosensing  

WGM resonators have been demonstrated as highly sensitive transducers for detecting 

bioparticles, e.g., viruses, [88] proteins, [195] and DNA. [196] One particular advantage of 

using WGM resonators as biosensors is that detection can be performed without the need 

for labels and biomolecules do not have to be chemically modified prior to measurement.  

Each binding of individual molecules to the resonator surface induces a spectral shift of 

the WGMs. However, the simplified formula given in equation 2.4 only applies to homoge-

neous layers and cannot be adapted to individual particles causing an inhomogeneous 

refractive index distribution. [20] Sensing of individual molecules can instead be de-

scribed by the reactive sensing principle, [88] which considers the polarizability of 

particles. Each molecule entering the evanescent field will be polarized by the electromag-

netic field, thereby causing a spectral shift Δ𝜆0 of the resonance wavelength 𝜆0: [20] 

Here, 𝛼ex is the polarizability of the molecules and 𝜎 is their surface density on the cavity 

of radius 𝑅. 𝜀0 is the vacuum permittivity, 𝑛 and 𝑛s are the refractive indexes of the cavity 

and the surrounding medium.  

As the polarizability of a particle or molecule is proportional to its size and molecular 

weight, WGM resonators can additionally be used for size determination, which has 

exemplarily been demonstrated for polystyrene nanoparticles. [88,197] It should be 

highlighted that sensing with WGM resonators is inherently unspecific. Any particle 

binding to the surface of the resonator will cause a spectral shift according to its polariza-

bility. Therefore, to obtain a specific sensing signal, the resonator surface must be 

functionalized with a selective biochemical recognition layer. 

2.4.9.3 Biochemical surface functionalization for specific sensing 

Specific sensing with WGM resonators can be achieved by adding a biochemical recogni-

tion element to the resonator surface. Specificity is achieved by lock-and-key interactions 

between the recognition element and the target molecule, which only allows matching 

molecules to attach to the resonator surface. Spectral shifts of the WGM modes can 

therefore be specifically related to the target. 

Specific detection is of particular importance for sensing in complex analytes, where 

unspecific binding may cause false-positive signals unrelated to the target. Surface 

functionalization is commonly achieved by covalent binding of a molecular receptor to the 

resonator surface. Receptor molecules investigated so far include antibodies, [198,199] 

aptamers, [200] and oligonucleotides. [201] Covalent binding to the resonator surface is 

commonly achieved using silane-based coupling agents. [201,202] One common drawback 

of this technique is that it modifies the whole sample surface instead of locally concentrat-

ing the functionalization to the resonator itself. Ideally, the functionalization would only 

be conjugated along the cavity outline, where attached molecules can actually be probed 

Δ𝜆0

𝜆0
=

𝛼ex𝜎

𝜀0(𝑛2 − 𝑛s
2)𝑅

 ( 2.6 ) 
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by the WGM. For PMMA-based resonators localized surface functionalization has been 

realized by UV-activated binding of benzophenone to the cavity. [151] To further limit 

binding to the circumference of the resonators localized deposition of a phospholipid ink 

via dip-pen nanolithography (DPN) [203] or microcontact stamping with a patterned 

master has been used. [204,205]  

2.4.9.4 Biosensing with microgoblet lasers 

The viability of microgoblet lasers as highly sensitive sensors has been proven by 

unspecific [181,206] and specific [151,203,205] detection of streptavidin. Furthermore, 

the detection of green fluorescent protein [205] and anti-2,4-Dinitrophenol (anti-

DNP) [204] has been shown. To highlight the applicability for multiplexed sensing, parallel 

detection of two molecules has been demonstrated using parallel read-out of two mi-

crogoblet lasers. [205] 
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3. Optofluidic dye lasers for on-chip 
marker-based sensing 5 

On chip distributed feedback (DFB) lasers have been demonstrated as efficient light 

sources for marker-based fluorescence detection. [131] Tunability of the laser wavelength 

enables precise excitation of the fluorophores close to their absorption maximum. 

However, photodegradation of organic dyes due to optical pumping limits the lasers’ 

operation times and prevents their applicability in point-of-care systems. Extended 

operation times have been realized with optofluidic lasers, as photodegraded dye 

molecules can be replaced by exchanging the gain solution. [27] To initiate the fluid flow 

external pumps are required, which increase the size and complexity of the system. Setting 

up tight fluidic connections between the pump and the disposable laser chips can be time 

consuming and contradicts the vision of high throughput screening and ease of operation.  

In this chapter a solution to this problem is presented. Continuous exchange of photode-

graded dye molecules in optofluidic lasers is achieved solely through diffusion within the 

gain solution. Therefore, no fluidic pumps are required for stable operation of the DFB 

lasers. First, the concept of diffusion operation was investigated by numerical simulations. 

The performed finite element method simulations verify that photodegraded dye mole-

cules can be replenished over several thousand laser pulses solely by diffusion. To 

promote the exchange of dye molecules the laser resonators were placed inside a compar-

atively large fluidic reservoir, surrounding the laser resonators. Fabrication of the devices 

required simultaneous structuring of the nanometer-sized DFB resonators and the 

micrometer-scale fluidic reservoir. A multi-scale replication process was developed to 

fabricate the optofluidic chip from commercial polymer foils. Using these chips diffusion 

operation was experimentally validated over more than 90 min at a pulse repetition rate 

of 2 Hz without the need for fluidic pumping. Additionally, precise tunability of the laser 

output wavelengths over a spectral range of 24 nm was demonstrated on a single chip. 

Low-cost manufacturing suitable for mass production, wide laser tunability, and long 

operation times without external fluidic pumping make the diffusion-operated lasers 

suitable for a wide range of Lab-on-a-Chip applications, e.g., on-chip excitation of fluores-

cent markers, spectroscopy, biosensing, or surface enhanced Raman spectroscopy (SERS). 

3.1 Motivation 

On-chip spectroscopy and fluorescence excitation benefit from miniaturized lasers sources 

implemented directly on the sensor chips. To allow the excitation of multiple fluorescent 

markers with differing absorption characteristics, the on-chip lasers should have broadly 

                                                             
5  The results presented in this chapter have been published in [207]. Part of the results 

were developed within the scope of the diploma thesis of Felix Breithaupt. 
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tunable emission wavelengths. Organic dyes provide a wide emission spectrum and a 

broad selection of different dye molecules is available, covering the whole visible optical 

spectrum. However, dye molecules are susceptible to photodegradation, which results in 

decreased laser emission intensity over time. To counteract photodegradation macroscop-

ic dye lasers typically use a liquid gain medium. The dye solution is continuously ex-

changed to replace photodegraded dye molecules and enable stable laser operation. Fluid 

flow is provided by fluidic pumps connected to the laser. [97] This approach has success-

fully been implemented in commercial lasers, where the dye solution is pumped through 

the laser resonator as a jet flow with typical velocities in the m/s range. [97]  

The idea of combining optics and fluidics has successfully been applied to miniaturized 

systems, too. Systems combining the benefits of microfluidics and integrated optics are 

referred to as optofluidic systems. [208] Optofluidic lasers consist of a microfluidic 

channel, which is filled with a dye solution. [209,210] Optical feedback is provided by 

embedding the fluidic channel into an optical resonator or by direct patterning of the 

surface of the fluidic channel with optical feedback structures. [211–213] Since the first 

demonstration of an optofluidic dye laser, [214] mainly lower order DFB lasers have been 

investigated in order to achieve low laser thresholds. [215–217] Gradual spectral tuning of 

optofluidic DFB lasers has been demonstrated by varying the grating period or refractive 

index of the dye solution. [218] Furthermore, continuous tuning of the emission wave-

length during laser operation has been achieved by stretching of the optofluidic chip 

mechanically [219] or by pneumatic deformation of the laser cavity. [220] Exchange of dye 

molecules can be achieved through convective flow in the microfluidic channels initiated 

by external fluidic pumps connected to the chip. Using this approach stable laser operation 

over more than 15000 pulses has been realized. [27] However, the connections between 

pump and optofluidic chip are prone to leakage. Exchanging the disposable laser chips 

further requires disconnecting all fluidic connections. Setting up new tight fluidic connec-

tions can be laborious and time consuming, contradicting a quick and easy exchange 

required for point-of-care systems. Ideally, the dye solution must therefore be fully 

encapsulated on the chip without any external fluidic interconnects. Fluid flow may be 

initiated by microfluidic pumps implemented directly onto the chip [221]. This considera-

bly increases the device complexity and costs, contradicting the idea of low-cost and 

disposable chips. 

3.2 Diffusion-driven optofluidic DFB lasers 

To circumvent the need for fluidic pumps Gersborg-Hansen et al. have suggested compen-

sating photodegradation of dye molecules in optofluidic lasers solely through diffu-

sion. [222] Optical pumping of the lasers causes a local concentration gradient in the dye 

solution of photodegraded and intact dye molecules. This gradient initiates diffusion, 

which is the thermally driven (Brownian) motion of particles in a fluid, leading to 

spreading of particles from a volume of high concentration to a volume of lower concen-

tration. Stable laser operation can occur if the diffusion rate exceeds the photodegradation 

rate. While the photodegradation rate clearly exceeds the diffusion rate in macroscopic 
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dye lasers, the reduced length-scale in microfluidic systems increases the effect of 

diffusion. Gersborg-Hansen et al. have numerically and experimentally demonstrated that 

diffusion is sufficient to maintain pulsed fluorescence emission in a microfluidic system at 

a pulse repetition rate of 10 Hz for more than 24 h. [222] However, the proposed idea of 

continuous optofluidic laser operation utilizing solely diffusion has so far not been 

experimentally demonstrated.  

3.2.1 Optofluidic chip design 

To verify the proposed idea, the concept of diffusion operation was merged with first 

order optofluidic DFB lasers. In order to make fluidic pumping redundant and enable 

continuous laser operation solely through diffusion, the DFB lasers were placed within a 

comparatively large fluidic reservoir surrounding the resonator gratings. The optofluidic 

waveguide height was designed to only support the fundamental TE mode. [27] To 

maximize the basin volume while maintaining the optofluidic waveguide height, the 

gratings were elevated onto pedestals, leaving only the thin liquid layer above the 

resonator. A homogeneous fluidic waveguide height on top of the DFB grating was defined 

by adding supportive structures around the resonator area. The support structures were 

designed with an elongated shape to allow for maximum mechanical support at minimum 

fluidic resistance. Single-mode lasing was achieved by adding a quarter wave phase 

shift [111] in the center of the DFB grating. Fig. 33 illustrates the proposed device 

structure. 

 

  

Fig. 33: Schematic of a foil-based diffusion driven optofluidic dye laser (not to scale). (a) Top view of one 
laser resonator in a reservoir containing several lasers. The DFB grating is surrounded by support 
structures for the lid, which keep the liquid-core waveguide height constant. Large pillars in the fluidic 
reservoir keep the reservoir open. (b) Cross section A-A’ illustrates the different depths of the reservoir, 
the liquid-core waveguide, and the DFB grating. Λ denominates the grating period of the DFB resonator. 
The dye solution in the fluidic reservoir is depicted in pink. 
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To achieve spectral tunability of the laser emission, five DFB gratings with periods of 

186 nm to 194 nm with 2 nm grating period increments were integrated into the same 

fluidic reservoir. Numerical calculation of the laser threshold according to Yariv [111] 

showed that longer DFB gratings result in lower laser thresholds. The weak refractive 

index contrast between most polymers and solvents, which results in a low optical 

feedback, can therefore be compensated by extending the grating length. Gratings with 

3 mm length were chosen as this effect nearly reaches saturation for this resonator length 

and still allows for a compact device. Dimensions of (18 × 18) mm2 were chosen for the 

optofluidic chips, matching the size of a microscope cover slip. Sufficient dye solution for 

long-term operation was provided by integrating the resonators into a reservoir with a 

total volume of about 1.35 mm3. 

3.3 Finite element modelling of dye diffusion 

In order to investigate the diffusion performance of the optofluidic chip design, the 

temporal gradient of intact dye molecules during pulsed optical excitation was analyzed. A 

linear finite element method (FEM) and a Crank-Nicolson time stepping scheme were used 

for the simulations. The optofluidic chip design was divided into an unstructured and 

locally refined triangular grid in xy-plane. This grid was extended into a prismatic shape in 

z-direction. At three sides of the DFB laser resonators a fixed dye concentration of 1 was 

imposed, representing an infinite supply of dye molecules from the surrounding fluidic 

reservoir. A zero-flux condition was set on the remaining front end of the resonator to 

indicate the boundary of the fluidic reservoir. The same condition was applied on the top 

and bottom walls, as well as on the small support structures surrounding the grating area.  

For all considerations an elliptical pump spot with Gaussian intensity distribution was 

assumed. The pump spot was approximated by a homogeneously illuminated elliptical 

area centered on the DFB resonator. A spot size with semi-axes of 0.75 mm and 0.15 mm 

was chosen to achieve a homogeneous illumination of the grating area. The pump beam 

was assumed to only interact with the dye solution on top of the DFB laser. Therefore, a 

homogeneous interaction depth of pump beam and dye solution of 1.8 µm was chosen, 

representing the optofluidic waveguide thickness. The performed simulations were based 

on the diffusion model from Gersborg-Hansen et al., which is given in equation 3.1. [222]  

It consists of a diffusion reaction equation, where 𝑐(𝑡, 𝒓), 𝒓 = (𝑥, 𝑦), denotes the spatial- 

and time-dependant concentration of the dye and 𝛤(𝒓) is the local photodegradation rate. 

The diffusion constant 𝐷 is determined by 𝐷 = 𝑘B𝑇/6𝜋𝜂𝑅, with the Boltzmann constant 

𝑘B, the temperature 𝑇, the dynamic viscosity of the solvent 𝜂 = 5.474 cP, and the radius of 

the molecule 𝑅.  

A previously established dye solution of pyrromethene 597 dissolved in benzyl alcohol at 

a concentration of 5 ∙ 10−3mol l−1 [27] was assumed for the modelling. According to the 

𝜕t𝑐(𝑡, 𝒓) − div (𝐷(𝒓)grad 𝑐(𝑡, 𝒓)) + 𝛤(𝒓)𝑐(𝑡, 𝒓) = 0 ( 3.1 ) 
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chemical structure of pyrromethene 597, which is depicted in Fig. 20a, the molecule has 

11 single and 3 double CC-bonds along its longest axis. It can thus be estimated to be about 

2 nm long and less than 1 nm wide, resulting in an estimated radius 𝑅 = 1.5 nm and 

diffusion constant 𝐷 =  2.7 m2s−1. Balslev et al. experimentally determined a photodeg-

radation rate of 𝛤0 = 10−4s−1 for rhodamine 6G at a dye concentration of 2 ∙ 10−4mol l−1, 

a pump pulse fluence of 32 µJ mm−2, a pulse width of 5 ns, and a 10 Hz pulse repetition 

rate. [223] For this simulation a similar pump laser with 10 ns pulse width was assumed. 

In comparison to the values reported by Balslev at al., the concentration utilized here was 

25 times higher and the pulse duration 2 times longer. Reported values for the number of 

photons absorbed before a dye is photodegraded are about two orders of magnitude 

higher for rhodamine 6G than for pyrromethene 597 at a wavelength of 532 nm. [224,225] 

Assuming a pump pulse fluence of approx. 16 µJ mm−2, the photodegradation rate of 

pyrromethene 597 can be estimated to be in the range of 𝛤0 = 10−3s−1 at a 1 Hz pulse 

repetition rate.  

Applying these estimated values to the simulation yielded a distribution of intact dye 

molecules within the optofluidic chip as depicted in Fig. 34. The temporal decay of the 

intact dye concentration at the center of the resonator is visualized in Fig. 35.  

 
Fig. 34: Modelling result of the FEM simulation: Distribution of the normalized intact dye concentration 
on top of the DFB grating after 20 min of laser operation at 2 Hz pulse repetition rate.  The intact dye 
concentration in the center of the DFB grating dropped below 0.3 of the initial concentration. An infinite 
dye concentration was assumed at the boundaries of the simulation area. The transparent circles in the 
plot indicate the positions of the pillars within the fluidic reservoir. 
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The decay rate increases for higher pulse repetition rates as less dye molecules can be 

replaced between subsequent pump pulses. Mathematical analysis of the simulation 

results provided a lower limit of the dye concentration of 𝑐(𝑡, 𝒓) ≥(−𝛤0𝑡). Accordingly, the 

quasi-constant dye concentration at a certain point in time during device operation is 

mainly determined by the photodegradation rate 𝛤0 of the utilized dye. A higher concen-

tration of intact dye molecules at increased pulse repetition rates could potentially be 

achieved by choosing a dye with a lower photodegradation rate 𝛤0. In contrast, improving 

the diffusion rate 𝐷 by using a dye of smaller molecular size or enhancing the diffusion 

flow by altering the layout of the reservoir, only lead to a minor improvement of the intact 

dye concentration. Diffusion operation is therefore not limited by the proposed optofluidic 

chip design. 

3.3.1 Chip replication using a hybrid silicon-photoresist stamp 

Previous realizations of optofluidic dye lasers were mostly based on SU-8 photoresist on 

silica [215,226] or polydimethylsiloxane (PDMS). [213,216] In order to potentially use the 

laser chips as disposables in point-of-care systems, the optofluidic chips should instead be 

fabricated from low-cost polymers using parallel and scalable replication methods. 

Therefore, commercially available cyclic olefin copolymer (COC) foils were selected for 

chip fabrication. The previously established combination of pyrromethene 597 and benzyl 

alcohol was used as gain medium. [27]  

The optofluidic chip design required simultaneous fabrication of micrometer-scale fluidic 

structures and nanometer-scale laser resonators covering dimensions of more than two 

orders of magnitude. To manufacture both structure sizes with high quality a replication 

technique utilizing a hybrid silicon-photoresist master stamp was developed. Polymer 

chips were replicated by thermal nanoimprinting using the master stamp and the fluidic 

structures were subsequently sealed by thermal bonding. The complete fabrication 

process is illustrated in Fig. 36.  

Fig. 35 Simulations of the normalized dye concentration in the center of the DFB resonator for a pump 

pulse repetition rate of 0.5, 1, and 2 Hz, assuming a photodegradation rate of 𝛤0 =  10−3s−1 for 
pyrromethene 597. 
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The DFB grating structures were defined on a 4’’ silicon wafer by electron beam lithogra-

phy and reactive ion etching (RIE). Subsequently, aligned photolithography and a second 

RIE step were used to define the liquid-core waveguide height. [227] To form the fluidic 

reservoir, a 20 µm thick layer of Ormocomp (micro resist technology GmbH) was spin-

coated onto the pre-structured silicon wafer and patterns were defined by a dose of 

300 mJ cm−2 using UV lithography (EVG 620, EV Group GmbH) and subsequent develop-

ment. These processes resulted in a hybrid stamp with nanometer-sized photonic 

resonator structures in silicon and micrometer-sized fluidic basin structures made of 

Ormocomp. The excellent thermal and pressure stability [228] of Ormocomp allowed for 

using the stamp for replication by thermal imprinting. Pattern replication into TOPAS COC 

6013 (Topas Advanced Polymers) foils of 100 µm thickness was achieved by thermal 

nanoimprinting with a custom-built thermal nanoimprinting machine, which is based on a 

tensile testing machine (Zwick GmbH & Co. KG). The process temperature for polymer 

replication was set to 175°C for 15 min. Patterns were defined at a pressure of 2.12 MPa. 

Fluidic inlets with a diameter of 1 mm were drilled into a second TOPAS COC 6013 foil of 

220 µm thickness by micro-machining. This foil was then used to seal the fluidic structures 

by thermal bonding with the previously used imprinting machine for 20 min at 111°C and 

1.02 Mpa. Finally, chips with a size of (18 x 18) mm² were separated using a wafer dicing 

saw. Fig. 37 shows a photomicrograph of a single resonator within the empty fluidic basin 

and a photograph of an optofluidic chip filled with dye solution. 

Fig. 36: Schematic of the main fabrication steps for the master stamp (a)-(d) and subsequent replication 
of the optofluidic dye lasers (e)-(h) depicted in cross-sectional view: (a) Spin coating of the photoresist, 
electron beam lithography and subsequent reactive ion etching (RIE) define DFB gratings into a silicon 
substrate. (b) A photoresist etch mask covering the grating area is defined by UV-lithography. (c) RIE 
transfers the photoresist pattern into the silicon. (d) The fluidic dye reservoir is defined in Ormocomp by 
UV-lithography. (e) Replication of the master stamp into a COC foil by thermal nanoimprinting. 
(f)  Replicated DFB grating and fluidic reservoir in a COC foil. (g) Sealing of the chip by thermal bonding 
with a COC lid. (h) Optofluidic chip filled up with the dye solution (pink). The reservoir was filled through 
the fluidic inlets utilizing capillary forces. 
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3.3.2 Fluidic encapsulation 

To allow for long-term storage of the optofluidic chips, evaporation of the solvent must be 

prevented. Additionally, some solvents are poisonous and many laser dyes are considered 

carcinogenic. Encapsulation of the dye solution is therefore required to ensure safe and 

easy usage. After filling the dye solution into the reservoir the fluidic inlets were conse-

quently encapsulated using small droplets of UV-curable Ormocomp. The ormocer was 

applied to the inlets and cured using a UV-lamp. To avoid photodegradation of dye 

molecules during UV illumination, the reservoir was covered with a shadow mask. 

3.4 Optical characterization 

The diffusion driven optofluidic on-chip lasers were optically pumped using a Q-switched 

frequency doubled neodymium-doped yttrium lithium fluoride (Nd:YLF) pump laser, 

operating at a wavelength of 523 nm. Pulses with a width of 10 ns were triggered to 

repetition rates of 0.5, 1, and 2 Hz using a function generator. The laser pulse energy was 

adjusted by a variable attenuator based on a rotating half-wave plate followed by a 

polarizer. [229] The operation of the attenuator can be described based on Malus’ law: The 

transmitted intensity 𝐼 of a linearly polarized laser beam incident on the polarizer is given 

Fig. 37: (a) Photomicrograph of a single DFB resonator within the empty fluidic basin. The grating area is 
surrounded by a row of elongated support structures. Circular pillars with a diameter of 500 µm within 
the reservoir support the lid of the chip. (b) Photograph of an optofluidic chip made of TOPAS COC 6013. 
A one Eurocent coin is added for size comparison. The lower fluidic reservoir is filled with the dye 
Pyrromethene 597 dissolved in benzyl alcohol. Within the fluid basin, five resonators with grating 
periods ranging from 186 to 194 nm are placed. The fluidic inlets at both ends of the basin are 
encapsulated with a UV-curable adhesive. 
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by 𝐼 =  𝐼0cos2Θ, where 𝐼0 is the initial laser intensity and 𝛩 is the angle between the 

beam’s polarization direction and the axis of the polarizer. Changing the polarization of 

the beam incident on the polarizer by rotating the half-wave plate enables continuous 

adjustment of the transmitted intensity. The transfer function of the variable attenuator 

can be described by 𝐼 =  𝐼0cos22𝜙. Here 𝜙 describes the angle of rotation of the half-wave 

plate, which results in a rotation of the transmitted beam polarization of 2𝜙. 

To adapt the pump laser beam size to the elongated shape of the DFB-grating, the pump 

spot was elongated using a cylindrical lens. The modified laser pump beam was then 

directed through a dichroic mirror and focused onto the chip with a microscope objective. 

Vertical emission from the laser dye was reflected from the dichroic mirror and imaged by 

a charge-coupled device (CCD) camera to align the pump spot onto the grating. In-plane 

laser emission from the first-order DFB lasers was collected with a multimode fiber 

(400 µm core diameter, Ocean Optics) and coupled to a spectrometer (Ocean Optics HR-

4000). To reduce noise on the spectrometer signal, detection was synchronized to the 

pump laser pulses using a minimum integration time of 4 ms. A schematic of the optofluid-

ic laser characterization setup is depicted in Fig. 38. 

 

The fluidic reservoir was filled through the fluidic inlets with a dye solution of pyrrome-

thene 597 (Radiant Dyes Laser & Accessories GmbH) dissolved in benzyl alcohol at a 

concentration of 5 ∙ 10−3mol l−1. All measurements were performed by exchanging the 

photodegraded dye molecules by diffusion only and no additional active pumping was 

used. To ensure the same dye concentration for the characterization of each laser, the dye 

solution was replaced between consecutive measurements. The experiments were 

therefore performed with non-encapsulated fluidic basins. 

Fig. 38: Schematic of the optofluidic DFB laser characterization setup: The pulse energy of the pump 
laser can be continuously adjusted using a rotating half-wave plate combined with a polarizer. The pump 
beam is elongated using a cylindrical lens and subsequently focused onto the DFB grating on the 
optofluidic chip. Positioning of the sample can be visually verified with the CCD camera. Emission from 
the DFB lasers is collected with a multimode fiber mounted on a x,y,z-stage and analyzed with a 
spectrometer. 
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3.4.1 Laser wavelength tuning  

The spectral tunability of the optofluidic chips was investigated by recording the emission 

spectra of all five DFB lasers implemented in the fluidic reservoirs. Laser peaks at 566.8, 

572.7, 578.3, 584.4, and 590.3 nm were recorded for DFB resonators with grating periods 

of 186, 188, 190, 192, and 194 nm, resulting in a total spectral tunability of 24 nm. The 

recorded emission spectra are shown in Fig. 39a. All spectra were offset-corrected by 

subtracting a dark spectrum and were subsequently normalized. Increments of approx. 

6 nm between adjacent emission wavelengths visualize the accurate fabrication process of 

the optofluidic chips. Fig. 39b shows the input-output curve of a laser emitting at 584.4 nm 

with a lasing threshold of 2.0 µJ. Corresponding laser thresholds for each laser resonator 

of the chip are plotted in Fig. 39a. Deviations of the lasing thresholds between different 

resonators and repeated replications can be attributed to variations in the replication 

process. 

 

3.4.2 Output pulse energies 

To achieve maximum pump pulse energies a frequency doubled neodymium-doped 

yttrium aluminum garnet (Nd:YAG) laser emitting pulses of 5–6 ns at 532 nm (Continuum 

Surelite I-10) was used for output pulse energy investigations. The pump spot size was 

elongated to evenly cover the full length of the DFB grating. Pulse energies emitted by the 

optofluidic dye lasers were measured with a pulse energy meter (Ophir Optronics PE9-SH) 

positioned at one end of the optofluidic chip. The pump wavelength was filtered using a 

long-pass filter (Thorlabs FEL0550). To assure the lasing properties of the detected 

emission, spectra of the emission were simultaneously recorded on the opposite side of 

the chip using a spectrometer. Maximum output pulse energies exceeding 10 µJ on one 

side of the resonator were measured at an emission wavelength of 584.4 nm. Considering 

that the emission of DFB lasers occurs symmetrically, a total output pulse energy of 20 µJ 

Fig. 39: (a) Normalized spectra and lasing thresholds of five different optofluidic dye lasers. The spectra 
are recorded at pump energies well above threshold. Lasers designed with grating periods of 186, 188, 
190, 192, and 194 nm emit at wavelengths of 566.8, 572.7, 578.3, 584.4, and 590.3 nm, respectively. 
(b) Input-output curve of a DFB laser emitting at 584.4 nm. The lasing threshold is at 2.0 µJ. 
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could be achieved. In comparison to previously reported values of optofluidic dye lasers, 

the recorded pulse energy was increased 20-fold. [27] 

3.4.3 Diffusion operation 

Diffusion operation of the optofluidic dye lasers was investigated by pumping the devices 

at fixed pulse repetition rates while monitoring the laser emission intensity. During the 

measurements the on-chip lasers were continuously optically pumped far above the lasing 

threshold at constant pump energy of 15.4 µJ incident on the DFB grating. To assure equal 

dye concentrations at the beginning of each measurement, the dye reservoir was emptied 

after each measurement using a vacuum pump and refilled with fresh dye solution. The 

temporal decay of the laser emission intensity is depicted in Fig. 40 for pulse repetition 

rates of 0.5, 1, and 2 Hz over a time period of 20 min. The laser intensity trend shows the 

characteristic decay, which was also reported by Gersborg-Hansen et al. for simple 

fluorescence [222] and was previously observed for the FEM simulations performed in 

section 3.3 (see Fig. 35). The emission intensities decline with different slopes, which 

increase with the pump repetition rate. The initial decay can be explained by photodegra-

dation of dye molecules present at an initially high concentration. During this period the 

amount of photodegraded dye molecules exceeds the number of dye molecules replaced 

by diffusion and hence the intensity decreases gradually. Following the intensity drop the 

emission approaches a quasi-constant level, which is dependent on the pump frequency. 

The intact dye concentration within the pump area stabilizes as the amount of photode-

graded and exchanged dye molecules keep in balance. At higher repetition rates, less dye 

molecules can be replaced by diffusion in between subsequent pump pulses and thus the 

quasi-stable intensity is reduced.  

 
Fig. 40: Temporal decay of laser emission intensity for pulse repetition rates of 0.5, 1, and 2 Hz and 
corresponding exponential fits (black). The intensity decreases at different slopes and decay is strongest 
for a pulse repetition rate of 2 Hz. The signal recorded for 2 Hz shows a steep drop and then approaches 
saturation above 20% of the initial intensity. Each recorded intensity signal was averaged over 10 
subsequent pulses. A pump pulse energy of 15.4 µJ was used for all measurements. 
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3.4.4 Comparison of simulations and experiments 

The simulated decay of the dye concentration depicted in Fig. 35 and the measured 

intensity decay depicted in Fig. 40 are in good agreement. All curves show initially steep 

gradients, which level off for extended operation durations and approach quasi-constant 

levels. Furthermore, the approximated diffusion constant of pyrromethene 597 of 𝛤0 =

10−3s−1 fits the experimental findings very well. 

3.4.5 Long-term diffusion operation 

To demonstrate long term stability of diffusion operated optofluidic dye lasers, the 

emission intensity was monitored over a period of 90 min. During this time the laser was 

continuously pumped at a pulse repetition rate of 2 Hz at a pump pulse energy of 13.6 µJ 

incident on the DFB grating. Fig. 41 illustrates that continuous diffusion operation can be 

achieved over more than 90 min (10000 pulses). During the first 2000 pulses the emission 

intensity drops to approximately 60% of the initial value and then stays quasi-constant for 

the remaining duration of the measurement. As no significant decrease of the laser 

intensity can be observed at a later time, the maximum operation time of the on-chip 

lasers is solely limited by the volume of the fluidic reservoir and the total number of dye 

molecules. 

 

  

Fig. 41: Long term operation of a diffusion operated optofluidic dye laser emitting at 584.4 nm. At a 
pulse repetition rate of 2 Hz the laser output decays to approx. 60% of the initial intensity during the 
first 2000 pulses and then remains quasi-stable until the end of the measurement. Continuous laser 
operation is achieved for more than 90 min (10000 pulses). The intensity signal was averaged over 20 
pulses for this plot. The experimental data was fit with an exponential curve (black). 
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3.5 Conclusion 

In this chapter the long-term diffusion operation of optofluidic dye lasers was demon-

strated. In contrast to previous realizations, no fluidic pumps were required to maintain 

stable laser operation over a long operation time. Instead, exchange of photodegraded dye 

molecules was accomplished solely by diffusion in comparatively large fluidic reservoirs 

surrounding the DFB gratings. The concept of diffusion operation was first analyzed by 

FEM simulations for the proposed optofluidic chip design. Subsequently, the long-term 

laser operation was experimentally verified over more than 90 min at a pulse repetition 

rate of 2 Hz. The output intensity showed a steep initial drop, which stabilized at about 

60% of the initial intensity. As the laser intensity stayed quasi-constant for the remaining 

measurement time of 75 min, the photodegradation rate was equal to the diffusion rate. 

Consequently, the number of dye molecules bleached by one laser pulse was fully 

replenished until the subsequent pump laser pulse. The operating time of the lasers was 

therefore only limited by the total volume of the dye solution reservoir. The fabricated 

DFB lasers showed laser thresholds of 2 µJ. By using 3 mm long DFB resonators ultra-high 

pulse energies exceeding 10 µJ were achieved. Furthermore, wide spectral tunability over 

24 nm was demonstrated on a single optofluidic chip. Precise structuring of the DFB 

gratings enabled discrete increments of 6 nm between adjacent laser peaks.  

Simultaneous replication of nanoscale photonic resonators and microscale fluidic dye 

reservoirs was achieved using a hybrid silicon-photoresist master stamp. Thermal 

imprinting in COC foils and subsequent sealing of the fluidic structures by thermal bonding 

allowed for low-cost replication of the chips on wafer scale. The versatile stamp fabrica-

tion concept may easily be extended with fluidic channels for on-chip analysis. It is 

therefore suitable for low-cost mass production of disposable sensing chips. Application of 

the active material did not require expensive and time-consuming evaporation steps but 

was achieved by filling of the dye solution utilizing capillary forces. This may be parallel-

ized on wafer level using a pipetting robot. To prevent leakage of the dye solution from the 

fluidic reservoirs the fluidic inlets were sealed with UV-curable adhesive, preventing 

possible contamination of the analyte. 
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4. Microgoblet lasers for label-free sensing 

Whispering-gallery mode (WGM) resonators have been demonstrated as highly sensitive 

detectors for humidity, [190] UV light, [194] cells, [135] proteins, [195] viruses, [88] and 

nanoparticles. [230] Especially the field of label-free biosensing, which utilizes the 

interaction of the evanescent part of the whispering-gallery modes with the surrounding 

media, has been investigated in detail during the past years. [20] High quality factors 

achieved with microshpere and microtoroid resonators have enabled the detection of low 

particle concentrations down to single viruses. [88] Due to the small cavity sizes, their 

high sensitivity, and versatile usability, WGM resonators have been proposed for compact, 

portable, and low-cost sensor platforms. However, despite the promising properties of 

WGM resonators, only few concepts of fully integrated and low-cost LoC devices based on 

such cavities have been demonstrated, which are applicable outside of a very defined and 

controlled lab surrounding. [19,51,231,232] 

In this chapter solutions to three limitations, hindering the application of WGM resonators 

in LoC systems are presented.  

1) Excitation of WGMs is commonly realized via evanescent coupling with a tapered 

optical fiber. This technique requires elaborate fabrication of the fiber taper and its 

precise alignment adjacent to the cavity, which significantly complicates the device 

integration into microfluidic chips. Optical pumping of dye-doped WGM lasers via free-

space optics has been demonstrated as a practical method for probing the devic-

es. [29,178] However, the Gaussian intensity distribution commonly emitted by pump 

lasers has low spatial overlap with the WGMs. For efficient excitation a pump beam 

with increased spatial overlap with the WGMs is required. Free-space excitation of 

microgoblet lasers with ring-shaped pump spots is demonstrated as an efficient alter-

native to excitation with a Gaussian beam. This method additionally improves the 

signal-to-noise ratio of the emitted WGM spectrum. 

2) Due to the rotation symmetry of the cavities, lasing from whispering-gallery mode 

resonators inherently occurs omnidirectional in azimuthal plane. Particularly for LoC 

applications, where spectral analysis of the laser emission is performed with an off-

chip detector, in-plane emission and beam divergence hinder efficient detection. Col-

lecting the entire emission would require directing radiation from all azimuthal angles 

of the device onto the detector. A novel free-space read-out concept for WGM lasers is 

presented that relies on redirecting the cavity’s emission with a conical micromirror, 

positioned around the resonator. Emission from all azimuthal directions is reflected 

off the angled micromirror surface and redirected vertical to the chip, where it can be 

collected via free-space optics. Using the micromirror read-out concept the detected 

laser intensity could be enhanced by one order of magnitude. 

 



 

 

3) One fundamental restriction of using high-Q on-chip resonators in disposable LoCs 

arises from the limitation to silicon wafers as substrate material. Silicon wafers are 

pricy and etching is commonly done using highly corrosive and toxic xenon difluoride 

(XeF2) gas. [233] The associated vacuum-based dry etching process is technically de-

manding and requires multiple alternating etching and evacuation cycles, thereby 

limiting the throughput of this process and hindering large scale fabrication. A parallel 

and fully scalable fabrication process is demonstrated to fabricate arrays of WGM 

cavities solely from low-cost polymers. Devices are subsequently integrated into state-

of-the-art commercial fluidic chips. Viability of the fully integrated chips for refracto-

metric sensing is demonstrated using a compact and low-cost green laser diode for 

excitation. 

4.1 Efficient excitation of microgoblet lasers with ring-shaped 
pump spot6 

Significant limitations for the integration of WGM resonators into LoCs are efficient 

excitation and read-out of the devices. WGM resonators are commonly addressed via 

evanescent field coupling, e.g., with a tapered optical fiber. While evanescent coupling 

allows efficient excitation of the modes and read-out of spectral shifts, taper fabrica-

tion [174] and handling is not applicable outside a controlled laboratory environment, due 

to the elaborate manufacturing process, taper fragility, and the limited lifetime of the 

tapers. [177]. To enable coupling between resonator and fiber taper both components 

must be aligned with nanometer precision. Moreover, evanescent coupling cannot be 

applied to extended resonator arrays, hindering application in multiplexed sensing 

systems. Fiber tapers additionally complicate device integration into microfluidic systems. 

To overcome these issues, monolithic integration of resonators and access waveguides has 

been demonstrated, [149,166] but this approach requires a complex fabrication sequence. 

Furthermore, device operation has so far only been demonstrated at near-infrared 

wavelengths, limiting the applicability for sensing in aqueous media due to increased 

absorption of water at these wavelengths.  

Evanescent coupling can be overcome by integrating a gain medium into the WGM cavity, 

thereby transforming the passive resonator into a microcavity laser. Such lasers can be 

pumped electrically [234] or optically with an external light source. [178] Dye molecules 

have been demonstrated as particularly efficient gain media in polymeric cavities, 

enabling pumping of the WGMs via free-space optics. [29,235] However, the Gaussian 

intensity distribution emitted by most pump lasers has low spatial overlap with the 

WGMs, which are located along the cavity outline. This results in strong excitation of dye 

molecules in the center of the cavity. As no WGMs propagate in this area, excited mole-

cules do not contribute to lasing but increase the background fluorescence signal, which 

overlaps with the lasing peaks. To enable efficient free-space excitation the spatial overlap 

                                                             
6 Part of the results presented in this chapter were developed within the frame of the 
Bachelor thesis of Manuel Steidle and the student project of Mohamed Sabry Mohamed. 
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of the pump beam and the WGMs must be increased. In this chapter efficient free-space 

excitation of WGM microgoblet lasers with ring-shaped pump profiles is presented. First, 

the spatial overlap of the WGMs with a Gaussian and ring-shaped intensity distribution 

was analyzed numerically. For an experimental verification of the analysis the Gaussian 

beam emitted by the pump laser was transformed into a ring-shaped intensity profile 

using axicon lenses. The excitation efficiencies using Gaussian and ring-shaped pump 

spots were compared by measuring the pump pulse energies required to overcome the 

lasing threshold of the microgoblets. As an additional performance indicator the intensity 

ratio between the WGM lasing peaks and the background fluorescence signal was 

analyzed. 

4.1.1 Numerical comparison of the spatial mode overlap 

To numerically compare the excitation efficiency of WGMs with a Gaussian and ring-

shaped beam their spatial overlap with the fundamental WGM was calculated. The electric 

field distribution in a passive microgoblet cavity was determined using finite element 

method (FEM) simulations (JCMsuite, JCMwave GmbH). The resonator dimensions and 

shape were modeled according to scanning electron micrographs of fabricated microgob-

let cavities. The computational domain, the modeled cavity, and materials used for the 

simulations are depicted in Fig. 42a. Perfectly matched layers (PML) were used in order to 

realize transparent boundary conditions for the simulation. To reduce computational 

costs, the rotational symmetry of the device was utilized and only one radial section of 

microgoblet resonator was simulated. Detailed information about the utilized algorithm 

has been published by Pomplun et al. [236] A detailed investigation of the mode patterns 

in WGM microgoblet resonators has been reported by Grossmann et al. [150] This 

comparison was solely performed with the fundamental modes of the cavity as these 

modes exhibit the highest modal gain. [181] The eigenfrequencies and respective electric 

field distributions of a passive microgoblet resonator were computed for an azimuthal 

mode number of m = 303, specifying the integer number of wavelengths along one cavity 

round trip. The simulated electric field distribution of the fundamental TE0,0
303 mode is 

depicted in Fig. 42b for a wavelength of 𝜆 = 623.8 nm. 

Fig. 43 shows the intensity distribution of the simulated fundamental WGM plotted in 

cross-sectional view. The numerical overlap of a Gaussian and ring-shaped beam with the 

WGM was calculated using the overlap integral 

where 𝐼m(𝑟) denotes the intensity distribution of the WGM, 𝐼p(𝑟) the intensity distribution 

of the utilized pump beam, and 𝑟 the distance from the point of origin in cylindrical 

coordinates. The overlap integral 𝛤 can assume values between 0 and 1; 0 represents no 

overlap, 1 represents perfectly matching modes.  

𝛤 =
|∫ √𝐼m(𝑟) ∙ √𝐼P(𝑟) 𝑟d𝑟|

2

∫ 𝐼m(𝑟)𝑟d𝑟 ∙ ∫ 𝐼p(𝑟)𝑟d𝑟
 ( 4.1 ) 
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A maximum overlap of 𝛤 = 0.049 was achieved for a Gaussian beam diameter of 34.4 µm 

(full width at half maximum (FWHM)). Using the ring-shaped pump spot, a theoretical 

overlap of approx. 100% equaling 𝛤 = 1 could be achieved for a ring diameter of 41.4 µm 

and a ring width matching the width of the WGM. The intensity distributions of both 

optimized beams are plotted in Fig. 43 for comparison. An improvement in overlap by a 

factor of 20.4 could be achieved by using the ring-shaped pump spot. For the analysis the 

pump beam was assumed to be incident on the cavity vertically from the top. Additionally, 

a constant intensity distribution in vertical direction was used, neglecting absorption 

inside the cavity.  

Fig. 42: FEM simulation of the electric field distribution of a microgoblet resonator: (a) Computational 
domain including the cross section of the modeled cavity. A perfectly matched layer, surrounding the 
cavity, is used to enable transparent boundary conditions. The plotted area is highlighted by the dotted 

rectangle. (b) Simulated electric field distribution of the fundamental TE0,0
303 mode at 𝜆 = 623.8 nm. The 

mode maximum is located close to the cavity outline. The field intensity is plotted in color.  

Fig. 43: Cross-sectional view of the intensity distribution of the fundamental TE0,0
303-mode plotted in 

overlaid with a Gaussian intensity profile with FWHM = 34.4 µm and ring-shaped intensity profile. The 
ring width was chosen to match the fundamental mode. A small offset was added to the ring beam 
curve to improve its visibility. 
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4.1.2 Annular beam-shaping with axicons 

For an experimental comparison of both beam shapes the Gaussian beam emitted by the 

pump lasers had to be transformed into a ring-shaped profile. Annular beam profiles are 

often used for applications as optical trapping, [237–239] laser surgery, [240] and laser 

drilling. [241–243] They can be realized with spatial light modulators, [244] digital 

micromirror devices, [245] spiral phase plates, [246] or axicon lenses. [247]  

Due to the broad commercial availability of specific lens geometries and the comparatively 

low costs of the components, annular beam shaping was realized with two axicon. Axicons 

are rotation symmetric prisms with a conical surface. [240] A Gaussian beam incident on 

the pointed end of an axicon is transformed into a diverging ring forming a hollow cone of 

light (Fig. 44a). While the cone’s diameter 𝑑c increases with distance 𝑙 from the axicon, the 

ring width 𝑤r is constant and equals the radius of the incident beam. The cone’s angle of 

divergence 𝛾 can be calculated from the angle of the axicon 𝛼 and its refractive index 𝑛.  

The diverging beam after the first axicon can be collimated with a second axicon of the 

same axicon angle 𝛼. By varying the distance between both axicons the ring diameter of 

the collimated beam can be continuously adjusted (Fig. 44b).  

 

4.1.3 Beam-shaping setup 

A schematic of the optical setup used for excitation of microgoblet lasers is depicted in Fig. 

45. The microgoblet lasers were pumped with a frequency-doubled Nd:YLF crystal laser, 

emitting nanosecond pulses at a wavelength of 523 nm. The laser’s pulse energy was 

continuously adjusted, using a rotating half-wave plate paired with a polarizer. To adjust 

𝛾 = (𝑛 − 1) 𝛼 ( 4.2 ) 

Fig. 44: a) Schematic of an axicon lens and corresponding paraxial rays. b) Schematic of the ring-shaping 
configuration using two axicons: By changing the distance 𝑔 between both axicons the diameter 𝑑r of 
the collimated ring-shaped beam can be continuously adjusted while maintaining a constant ring width 

𝑤r =
𝑑i

2
. 
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the ring width 𝑤r, the pump laser beam was expanded with a Galilean beam expander, 

consisting of a diverging and a converging lens. Two axicons with an axicon angle of 𝛼 =

20° were chosen to allow for a broad tuning range of the ring diameter at a reasonable 

spacing between both components. By combining a 1” and a 2” axicon (Asphericon GmbH) 

the diameter of the collimated ring-shaped beam could be continuously expanded to a 

diameter of approx. 45 mm. The ring diameter was subsequently demagnified to match 

the diameter of the WGM cavities, which typically ranges between 35 and 50 µm, using an 

optical system with a total demagnification of 500x. This demagnification was achieved 

using a combination of a 10x (Leitz Wetzlar, NA = 0.2) and a 50x long working distance 

objective (Mitutoyo, NA = 0.42) with corresponding tube lenses. All components were 

aligned to create a sharp annular image in focal plane of the 50x objective. The microgob-

let laser samples were placed on a motorized x,y,z-micrometer stage and positioned in the 

ring focus. Emission from the microgoblet laser was collected from top of the cavity with 

the same objective and filtered from the pump beam using a dichroic filter. It was then 

directed onto a CCD camera (1) for imaging and a Czerny-Turner spectrometer (Shamrock 

500i equipped with 300, 1200, and 2400 mm−1 gratings and an Andor iDus 420 camera 

(2)) for spectral analysis. 

 

  

Fig. 45: Schematic of the beam shaping setup: The pulse energy of the pump laser could be continuously 
adjusted using a rotating half-wave plate combined with a polarizer. The Gaussian laser beam was 
widened with a Galilean beam expander, directed onto the axicon pair to form the ring-shaped intensity 
profile, and subsequently demagnified and focused onto the sample using two tube lens and objective 
pairs. Magnified images and spectra of the sample could be recorded using a CCD camera (1) and a 
Czerny-Turner spectrograph. 
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An image of the ring-shaped pump spot, which was recorded with the CCD camera, is 

depicted in Fig. 46a. The corresponding intensity distributions in horizontal and vertical 

direction are plotted in Fig. 46b and Fig. 46c. The intensity distribution shows a distinct 

ring pattern with a high intensity ratio between the ring and the background. The width of 

the ring is only a few micrometers wide. 

 

4.1.4 Optimization of the beam diameter for efficient WGM excitation 

To experimentally optimize both beam diameters for efficient excitation of the microgob-

let lasers, a series of laser thresholds was recorded for increasing beam and ring diame-

ters. The microgoblet lasers used for the experiments were fabricated from PMMA on 

silicon substrates according to the previously published method. [181] The dye pyrrome-

thene 597 was used as a gain medium for all lasers. All spectra used for the laser threshold 

calculations were recorded with a 1200 mm−1 grating. 

Fig. 46: (a) Image of a ring-shaped pump spot with 43 µm diameter recorded in the sample plane (color 
coded intensity). The normalized intensity profiles in vertical and horizontal cross-section are plotted in 
(b) and (c), respectively. The asymmetry of the ring can be attributed to the slightly elliptical mode 
emitted by the pump laser. 
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For a microgoblet laser with a cavity diameter of 43 µm, a minimum laser threshold of 

0.42 nJ was achieved for a ring diameter of approx. 40.5 µm (Fig. 47). The ring diameters 

were measured as the distance between points of maximum intensity in cross-sectional 

view (see Fig. 46).  

 

The same measurement was repeated for a Gaussian beam profile. The beam diameter 

was determined as FWHM. Only negligible variations of the laser threshold were recorded 

for beam diameters in the range of the microgoblet diameter. Therefore, a Gaussian beam 

diameter of approx. 43 µm, matching the diameter of the microgoblet cavity, was set for 

the following comparison. 

4.1.5 Laser threshold comparison 

The effect of the pump spot shape on the laser threshold was investigated by consecutively 

exciting the same microgoblet laser with a ring-shaped and Gaussian pump spot. The 

width of the pump spots was set according to the previously optimized values. A possible 

increase of the laser threshold due to photodegradation of dye molecules during the 

measurements was considered by repeating the first measurement of the series with the 

Gaussian beam profile at the end of the comparison. The same experiment was performed 

with three different microgoblet lasers. The recorded laser thresholds are plotted in Fig. 

48. For all measurements the full pulse energy incident on the sample was considered for 

the laser threshold calculation. 

Fig. 47: (a) Optimization of the ring diameter for efficient excitation of microgoblet lasers: A minimum 
laser threshold Eth = 0.42 nJ was recorded at a ring diameter of approx. 40.5 µm. The same microgob-
let laser with a diameter of 43 µm was used for all measurements. The recorded data is fit with a 
quadratic curve (red). (b) Laser threshold curve for an optimized ring diameter of 40.5 µm. Data points 
below and above the laser threshold are depicted in blue and red, respectively. 
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Using ring-shaped pump spots the pulse energy required to overcome the laser threshold 

was reduced by an average factor of 4.6 in comparison with a pump spot with Gaussian 

intensity distribution. All three investigated microgoblet lasers show a similar threshold 

trend. Comparing the third measurement, which was again performed with a Gaussian 

beam, shows an average increase of the laser threshold of 20%. Considering a linear 

photodegradation rate between each measurement, the threshold improvement using 

ring-shaped pump spots may be as high as 5.1 times. Considering the slight asymmetry of 

the generated ring-shaped beam, the laser threshold may be further reduced using a 

perfectly circular mode.  

4.1.6 Comparison of the emission spectra  

The effect of the pump spot shape on the microgoblet’s emission spectrum was investigat-

ed by recording spatially resolved spectra. To facilitate the comparability between 

different pump spots, the same microgoblet laser was used for all measurements. The 

spectrometer’s entrance slit was centered across the microgoblet cavity and the diameter 

of the pump spots was set to the previously determined optimum. The spectra were 

recorded clearly above the lasing threshold of the device at a pump pulse energy of 3.8 nJ. 

All spatially resolved spectra were recorded with a 300 mm−1 grating. 

The recorded spatially resolved spectra for Gaussian and ring-shaped pump spots are 

depicted in Fig. 49. When excited with a Gaussian pump spot (Fig. 49a) the spectrum 

shows a broad emission band across the imaged area. The two bright lines at the top and 

bottom of the band indicate the upper and lower rim of the cavity. Although the microgob-

let laser was operated above its laser threshold, only faint lasing peaks can be seen along 

the cavity rim. The recorded spectral peaks of the laser modes are superimposed with a 

dominant fluorescence signal. As the intensity maximum of the Gaussian beam is incident 

Fig. 48: Comparison of lasing thresholds for Gaussian and ring-shaped pump spots: Three microgoblet 
lasers were first pumped with a Gaussian beam profile (test 1) and subsequently excited with a ring-
shaped beam (test 2). The laser threshold was reduced by an average factor of 4.6 using ring-shaped 
pump spots. Repetition of the first measurement with the Gaussian pump spot (test 3) showed an 
increase of the laser threshold of about 20%, which can be attributed to photodegradation of the dye 
molecules. 
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on the center of the cavity, the dye molecules excited in this area emit a strong broadband 

fluorescence signal with its maximum between 550-590 nm. In comparison, the emission 

spectrum recorded during excitation with a ring-shaped pump beam (Fig. 49b) shows 

distinct intensity peaks at the lasing wavelengths, e.g., at 609, 616, and 617 nm, along the 

cavity rim. As the ring-shaped pump beam is incident solely along the cavity rim, only few 

dye molecules are excited in the center of the cavity. The spectrum therefore only shows a 

faint fluorescence signal in this region. 

 

For a quantitative comparison of the laser peak and fluorescence intensity, emission 

spectra were recorded without spatial resolution. The spectra were acquired by accumu-

lating over the full CCD column for each wavelength (full vertical binning mode). The same 

microgoblet laser was used for the comparison of both pump spot configurations at a 

pump pulse energy of 6.4 nJ. Fig. 50 shows the recorded spectra for Gaussian and ring-

shaped excitation. 

Fig. 49: Spatially resolved spectra of the same microgoblet laser excited with (a) a Gaussian and (b) a 
ring-shaped beam. The spectra were recorded clearly above the lasing threshold at a pump pulse energy 
of 3.8 nJ. The spectra were accumulated over 100 pulses at a pulse repetition rate of 20 Hz. The inset of 
(a) shows a microgoblet laser in top view. The entrance slit of the spectrometer, which is depicted as a 
black rectangle, was centered across the microgoblet cavity. For the Gaussian pump spot a broad 
fluorescence signal can be observed across the whole goblet. Lasing peaks cannot be distinguished from 
the strong fluorescence intensity. For the ring-shaped pump spot emission is confined to the mode-
guiding rim of the microgoblet. Only a negligible fluorescence signal is emitted in the center. Distinct 
lasing peaks can be clearly detected along the rim of the microgoblet. 
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The spectrum recorded for the Gaussian pump spot (Fig. 50a) shows distinct lasing peaks, 

which are superimposed with a strong fluorescence curve. The intensity ratio between the 

lasing peak at 599.2 nm and the background fluorescence, which is referred to as signal-

to-noise ratio (SNR), amounts to 6.2 dB. For the ring-shaped pump spot the number of 

excited lasing modes increased visibly (Fig. 50b). A 12-fold increase in laser intensity was 

recorded at the 599.2 nm laser peak for the same pump pulse energy. Additionally, the 

peak’s SNR increased to 15.1 dB. 

4.1.7 Conclusion 

Efficient free-space excitation of WGM microgoblet lasers using ring-shaped pump beams 

was demonstrated. The recorded spatially resolved spectra visualize that pumping with 

ring-shaped beams solely illuminates the microgoblets along the mode-guiding rim of the 

cavity. The majority of the incident pump energy can therefore contribute to excitation of 

the lasing modes. A 12-fold increase in laser intensity was recorded compared to a 

Gaussian pump spot. The pulse energy required to overcome the laser threshold was 

reduced by a factor of 4.6. The lower pump energy requirement may enable use of novel 

pump laser concepts, e.g. low-cost laser diodes, for microgoblet laser excitation. Addition-

ally, the fluorescence emission from the center of the goblet was significantly reduced, 

leading to an improvement of SNR from 6.2 dB to 15.1 dB.  

Fig. 50: Quantitative comparison of the lasing and fluorescence intensities upon excitation with a 
Gaussian (a) and ring-shaped (b) beam of 6.4 nJ pulse energy. The intensity ratio of the lasing peak to 
background fluorescence, which is referred to as signal-to-noise ratio (SNR), is 6.2 dB for the Gaussian 
and 15.1 dB for the ring-shaped pump beam. To facilitate the comparison between the intensity values 
of both charts, the maximum intensity of (a) is highlighted in (b) by the blue horizontal dotted line. The 
recorded spectra were accumulated over 100 pulses at a pulse repetition rate of 20 Hz. 
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4.2 Efficient read-out of microgoblet lasers using conical 
micromirrors 7 

The efficient excitation of microgoblet lasers with ring-shaped pump spots has been 

demonstrated in the previous sections. This chapter addresses the efficient read-out of 

WGM lasers using free-space optics. The collecting optics may either be positioned on top 

or at the side of the cavity. However, due to the rotation symmetry of the cavities, emission 

inherently occurs omnidirectional in azimuthal plane. Efficiency of both techniques is 

therefore limited, as solely a small fraction of the emitted radiation can be collected. This 

is undesired since tracking of the resonance peaks requires distinct lasing peaks with high 

intensity and signal-to-noise ratio. To collect more light on the detector directed emission 

from WGM resonators is required. Several approaches have been reported, realizing 

directional emission by modifying the cavity shape with notches, [249,250] spirals, [251] 

or ellipses supporting so called “chaotic modes”. [252] While these approaches allow 

highly directed in-plane emission, they often reduce the cavity’s quality factor and are 

limited to certain material systems and cavity geometries. For multiplexed read-out of 

several resonators in a densely packed array neighboring devices may block the emission. 

Therefore, a more versatile approach, which can be applied to arrays of arbitrary cavity 

geometries without deteriorating the devices’ quality factor is desirable. Suitable optics 

should collect the emission from all azimuthal angles of the WGM cavity and direct it onto 

the off chip detector.  

In this chapter efficient free-space read-out of WGM lasers using conical micromirrors 

positioned around the cavity is presented. First, the emission profile of microgoblet 

cavities was analyzed using FEM simulations. The simulated field distribution visualized 

that emission due to radiation loss is confined to horizontal direction. Based on the 

simulation results, a conical micromirror with a 45°-angled surface was proposed to 

redirect the laser emission from all azimuthal directions. Micromirror devices were 

replicated from a micro-machined mold into polymer foils. To raise the light-guiding rim 

of the microgoblet cavities into the center of the micromirror, microgoblet lasers were 

elevated onto double pedestals. After merging both components, the devices were 

optically characterized. Spatially resolved spectra proved reflection of the WGM laser 

emission off the angled micromirror surface. To quantify the improvement of the read-out 

efficiency, the laser peak intensity and signal-to-noise ratio of microgoblet lasers was 

recorded with and without the micromirrors and the results were finally compared. 

4.2.1 FEM simulations of the microgoblet emission profile 

Emission from WGM lasers may be considered as cavity loss. Loss mechanisms contrib-

uting to emission from WGMs include scattering from contaminants or surface defects 

along the resonator circumference and radiation loss of the WGMs due to curvature of the 

cavity outline. Scattering centers may be assumed randomly distributed and emission 

from these sites occurs with no inherent directionality. Radiation loss of WGMs is strongly 

                                                             
7 The results presented in this chapter have been published in [248]. 
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dependent on the cavity geometry. In order to analyze the emission profile from mi-

crogoblet resonators, FEM simulations with the JCMsuite software (JCMwave GmbH) were 

performed. Fig. 51a shows the cavity geometry, materials, and the computational domain 

used for the simulations. The cavity dimensions and shape were modeled according to 

scanning electron micrographs of fabricated microgoblet lasers. The simulations were 

performed using boundary and symmetry conditions described in detail in section 4.1.1. 

The eigenfrequencies and respective electric field distributions of a passive microgoblet 

resonator were computed for an azimuthal mode number of m=303. The simulated 

electric field distribution of the fundamental TE mode is depicted in Fig. 51d for a 

wavelength of 623.8 nm. To visualize the directionality of radiation loss, the field ampli-

tude was plotted on a logarithmic color scale. Additionally, the field amplitude profiles 

along the top and the left side of the simulation field were plotted at equal distances from 

the mode field maximum and are depicted in Fig. 51b and c, respectively. It is noted that in 

the area of Fig. 51b, where no field amplitude is plotted, the local field amplitude is below 

the lower limit of the axis. The ratio of the field amplitudes emitted vertical and horizontal 

to the mode maximum (positions indicated by grey dotted lines) exceeds ten orders of 

magnitude, verifying that radiation loss from the microgoblet cavity mainly occurs in 

horizontal direction. From the plotted amplitude profile in Fig. 51c, a 1 e2⁄  opening angle 

of 45.2° of the cavity emission due to radiation loss was determined. 
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4.2.2 Read-out of WGM lasers using conical micromirrors 

As emission from WGM resonators occurs omnidirectional in azimuthal plane, efficient 

collection of the laser emission requires detecting radiation from all angles. To collect 

emission from all directions a conical micromirror can be placed around the cavity. 

Emission from the cavity is reflected off the angled micromirror surface vertical to the 

substrate. This read-out concept is depicted in Fig. 52. Light from a pump laser is focused 

loosely onto the cavity through a microscope objective to excite lasing in the cavity. 

Omnidirectional emission from the cavity is radiated mainly horizontally. The microgoblet 

laser is surrounded by a concentric micromirror with a reflecting surface angled at 45°. 

Emission into all azimuthal directions is reflected from the mirror surface vertical to the 

substrate. After reflection, light from all azimuthal directions is confined to a beam, 

propagating in vertical direction, and can be efficiently collected with the same objective. 

Fig. 51: FEM simulation of the intensity distribution of a microgoblet resonator: (a) Computational 
domain including the cross section of the modeled cavity, materials and screens. A perfectly matched 
layer surrounding the cavity was used to enable transparent boundary conditions. The area plotted in 
(d) is highlighted by the dotted rectangle. (b) shows the simulated intensity distribution along the top 
screen and (c) along the side screen, respectively. The simulated intensity distribution of the fundamen-

tal TE mode at 623.8 nm is plotted in (d). Emission occurs under a 1 e2⁄  opening angle of 45.2°. The grey 
dotted lines highlight the vertical and horizontal position of the field maximum of the WGM. It is noted 
that all field amplitudes are plotted on a logarithmic scale. 
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4.2.3 Micromirror and microgoblet laser fabrication  

For an experimental demonstration of the read-out concept, micromirrors and microgob-

let lasers were fabricated on separate substrates and subsequently joined and bonded. 

Micromirrors with a reflecting surface angled at 45° were replicated into polymer foils by 

thermal nanoimprinting using a microstructured mold. The thermal nanoimprinting 

parameters were optimized to achieve smooth mirror surfaces surrounding a concentric 

hole through the entire foils. To improve the mirror reflectivity, the angled surfaces were 

coated with a thin aluminum film. Structuring of the microgoblet lasers from poly (methyl 

methacrylate) (PMMA) was done according to the previously published method involving 

electron beam lithography, selective undercutting with xenon difluoride (XeF2), and a 

subsequent thermal reflow step. [150] The cavity of such resonators is elevated on a 

silicon pedestal raising the light-guiding cavity rim typically about 15 µm above the 

substrate surface. Replicated micromirrors showed increased surface roughness this close 

to the central hole. In order to direct the emitted light on the middle part of the micro-

mirror, where fabrication-induced defects on the reflective surface of the micromirror are 

lowest, microgoblets were raised onto double pedestals. To this end, two aligned expo-

sures followed by xenon difluoride etching were performed, raising the resonator rim to 

about 80 µm above the substrate surface. In a final step, the microgoblets were aligned to 

the mirrors, threaded into the hole in the micromirrors, and both substrates were 

agglutinated using UV-curable adhesive. 

The detailed fabrication process of microgoblet resonators and micromirrors is depicted 

in Fig. 53. A microstructured metal mold with pins inversely shaped to the micromirrors 

was fabricated by precision turning. Pins were designed as flat top cones with a top 

diameter and height of 200 µm. The pins angle was designed to replicate mirrors with 45° 

reflecting surfaces. A perfluorodecyltrichlorosilane (FDTS) anti-stick coating was deposit-

Fig. 52: Schematic of the micromirror read-out concept: The microgoblet laser is pumped through an 
objective from the top (yellow). Emission occurs omnidirectional in azimuthal direction but is confined in 
vertical direction. Emission from all azimuthal angles (red) is reflected from the angled (𝛼 = 45°) mirror 
surface vertical to the substrate and is collected with the same objective. 
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ed onto the mold via molecular vapor deposition to reduce adhesion of the polymer to its 

surface. Subsequently, the mold was replicated into TOPAS COC 6013 (Topas Advanced 

Polymers) foils of 254 µm thickness by thermal nanoimprinting with a thermal nanoim-

printing machine (Jenoptik HEX 03). To produce holes that go through the COC foil with a 

smooth outline and to protect the mold’s pins, a second polymer sheet was placed on the 

counter plate of the thermal nanoimprinting machine as a buffer. Polysulfone (PSU) foils 

were chosen due to the higher glass transition temperature compared to COC. An imprint-

ing temperature of 193°C and a pressure of 12.5 N/mm² were used for replication. As COC 

is highly transparent in the visible range, reflectivity of the angled surfaces was achieved 

by coating with a 60 nm thick aluminum layer via thermal evaporation. A shadow mask 

with openings above the micromirrors was used during evaporation to solely coat the 

angled surfaces and leave all other parts of the chip, surrounding the mirrors, uncoated. 

 

Microgoblet lasers were fabricated from PMMA photoresist (MicroChem Corp.) dissolved 

in anisole. The dye pyrromethene 597 (Radiant Dyes Laser & Accessories GmbH) was 

admixed to the solution at a concentration of 2.56 ∙ 10−5 mol g−1 PMMA. The resist 

mixture was spin-coated onto n-type silicon wafers at a thickness of 1.2 µm. Subsequently, 

PMMA was exposed with an electron beam (Vistec Electron Beam GmbH, VB6) to fabricate 

microdisks elevated on double pedestals. Firstly, PMMA was exposed and developed to 

form disks of 200 µm diameter. Afterwards an aligned electron beam lithography expo-

sure was performed, leaving disks of 50 µm diameter in the center of the 200 µm diameter 

Fig. 53: Fabrication scheme for microgoblet lasers on double pedestals and micromirrors: (a) Spin-
coating of dye-doped PMMA onto a silicon substrate and structuring of the etch mask via electron beam 
lithography (b) Developing of exposed PMMA and second aligned exposure of the resonator disk 
centered on the etch mask (c) Isotropic etching with XeF2, forming the first pedestal. (d) Developing of 
resonator disk and subsequent etching of the second pedestal using XeF2 (e) Thermal reflow on a hot 
plate to smooth the resonator surface and to transform the disk into the goblet shape (f) Replication of 
micromirrors into COC foils using a micro-fabricated stamp (g) Evaporation of a reflective aluminum 
coating through a shadow mask (h) Alignment of micromirror and microgoblet laser (i) Bonding of both 
substrates using UV-curable adhesive. 
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disks unexposed. Accurate concentricity of both exposures was achieved by alignment 

markers, which were etched into the silicon wafer before spin coating the PMMA. Follow-

ing the second exposure, no immediate development was performed, leaving the 200 µm 

diameter PMMA disks as etching masks for pedestals. The PMMA disks were undercut 

symmetrically due to the isotropic etching performance of XeF2. Etching was stopped at an 

undercut of about 65 - 70 µm. The previously exposed but undeveloped ring between the 

50 and 200 µm diameter disks was now removed in a second developing step. The 

subsequent fabrication steps follow the previously published microgoblet fabrication 

process. [150] XeF2 etching was used to undercut the rim of the PMMA disk, supporting 

the disk on a center pedestal. In a final thermal reflow step resonators were heated to 

135°C on a hot plate in order to anneal defects along the outline of the PMMA disk utilizing 

softening of the polymer above its glass transition temperature. Fig. 54 shows a scanning 

electron micrograph of a microgoblet resonator on a double pedestal. 

 

To assemble the microgoblets and micromirrors, both substrates were placed parallel to 

each other leaving a spacing of few hundred micrometers. Substrates were aligned with 

micrometer stages with respect to lateral position and angle. Positioning was verified 

online using an optical microscope. After successful alignment, the spacing between the 

substrates was reduced until the resonators protruded through the holes in the micro-

mirrors’ center. By placing the resonators on elevated pedestals, the light-guiding 

resonator rim was now located at the same height as the middle part of the reflecting 

surface. UV curable adhesive was used to bond both substrates. Due to its solvent-free 

composition, low curing dose, and high chemical resistance, the photoresist Ormocomp 

was used as adhesive. As the reflective aluminum layer was deposited through a shadow 

mask, the top of the COC device was left uncoated to allow curing the adhesive through the 

transparent foil. 

Fig. 54: Scanning electron micrograph of microgoblet laser on double pedestal. The light-guiding rim of 
the resonator is elevated about 80 µm above the substrate surface using two aligned electron beam 
exposures followed by selective etching with XeF2. 
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4.2.4 Optical characterization and measurement results 

The optical performance of microgoblet lasers and micromirrors was characterized by 

measuring lasing spectra and spatially resolved emission patterns. The effect of the 

micromirror was evaluated by comparing the emission of the same sample with and 

without micromirrors. Fig. 55 shows the setup used for optical characterization. The 

power control unit and spectral analysis components have been described in detail in 

sections 3.4 and 4.1.3. The pump beam was loosely focused onto the microgoblet lasers 

through a microscope objective with 10x magnification and a numerical aperture of 0.2, 

providing a field of view that covered the full micromirror and still offered a convenient 

working distance. Emission from the microgoblet reflected off the micromirror and was 

collected by the same objective. A magnified intermediate image was created in the optical 

path and a variable aperture iris diaphragm was placed in position of the image plane. If 

the aperture was fully opened, light from resonator and micromirror was recorded by the 

CCD camera (CCD 1) and the spectrograph. Closing the aperture, diameter blanked light 

reflected off the micromirror and only allowed vertically emitted light from the central 

resonator to be recorded by the system. Additionally, a removable pin was placed in the 

center of the iris diaphragm, blocking the emission from the resonator to record light 

reflected from the micromirror only. Fig. 56a shows a detailed sketch of this imaging 

control. 

 

A lasing threshold of 1.5 nJ per pulse was measured for microgoblet lasers on double 

pedestals. To validate the reflection of the emitted light off the micromirror, spatially 

resolved spectra were recorded with the spectrometer’s entrance slit centered across the 

micromirror. The spectrum in Fig. 56b shows four distinct horizontal sectors (highlighted 

by red boxes) across the imaged area with intensity peaks at the lasing wavelengths. The 

Fig. 55: Schematic of the microgoblet laser characterization setup: An iris diaphragm was added into the 
imaging arm of the setup. An image of the microgoblet sample was projected into the plane of the 
diaphragm. By opening and closing the aperture the imaged field of view can be controlled. A detailed 
schematic of the iris diaphragm is depicted in Fig. 56a.  
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inner two sectors represent emission from the rims of the microgoblet resonator and the 

outer sectors represent the reflections off the micromirror surface. The inner spectra 

show significant emission over the whole spectral range, which can be attributed to the 

broad fluorescence spectrum of the dye. The spectra recorded from the upper and lower 

reflections off the micromirror show the lasing peaks with a significantly reduced 

fluorescence background. As fluorescence is emitted omnidirectionally from the whole 

resonator volume, a significant amount was detected with the objective. Due to the 

distance to the micromirror, fluorescence intensity after reflection off the mirror is 

significantly reduced due to divergence.  

 

To characterize the influence of the micromirror on the detection efficiency, emission 

spectra of the microgoblet with and without the micromirror were recorded. The com-

bined spectrum from microgoblet and micromirror was taken at fully opened aperture. To 

record the emission of the microgoblet laser only, the aperture of the iris diaphragm was 

closed to completely block reflections off the micromirror. In a third measurement the 

aperture was left fully opened but a pin was moved into the center of the diaphragm, 

blocking all vertical emission of the resonator and allowing only light reflected off the 

micromirror to be recorded. For all measurements the pump pulse energy was set to 

2.6 nJ, significantly above the lasing threshold. Intensities were recorded without spatial 

resolution by integrating over the full CCD column for each wavelength (full vertical 

binning mode). Fig. 57 shows the three recorded spectra for comparison of the detected 

intensities. When recording emission from the microgoblet laser only, lasing peaks were 

superimposed with a strong fluorescence signal. By collecting the emission from resonator 

and micromirror simultaneously, the lasing intensity could be improved by a factor of up 

Fig. 56: (a) Schematic of the imaged microgoblet and micromirror depicted in top view. The aperture can 
be used to restrict the field of view. Aperture closed: Only light from microgoblet laser can enter the 
spectrometer entrance slit. All reflections off the micromirror are blocked. Aperture open: Light from 
the microgoblet laser and reflections off the micromirror can enter the spectrometer. A removable pin 
can be inserted to block all vertical emission from the microgoblet. (b) Spatially resolved spectrum 
recorded along the spectrometer entrance slit with fully open aperture: The spectrum shows four 
distinct horizontal sectors. The inner two sectors represent emission from the rims of the microgoblet 
resonator. The top and bottom ones represent reflections of the laser emission off the upper and lower 
micromirror surface. Red dotted lines indicate the corresponding positions in the imaged field of (a). 
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to 9.7 (λ = 623.78 nm). This increase of intensity using the micromirror can be attributed 

to the horizontal confinement of laser emission from WGM cavities. While only a fraction 

of the laser emission, which is scattered out of the horizontal plane, can be recorded 

straight from the top, reflecting the emission off the angled micromirror into off-chip 

direction increases the detectable intensity. 

In contrast to stimulated emission, fluorescence is emitted omnidirectionally. While the 

recorded lasing peak intensity increased by a factor of 9.7 using the micromirror, fluores-

cence intensity only increased by a factor of 1.5. This resulted in an increase of the signal-

to-noise ratio (SNR) from 4.6 dB when recording only the resonator, to 11.3 dB detecting 

resonator and micromirror simultaneously. The SNR was calculated as the ratio of the 

maximum laser peak intensity to the average fluorescence background close to the peak 

(compare Fig. 57). To further increase the SNR, the upward emission from the microgoblet 

was blocked with a pin in the image plane. In comparison to recording emission from 

resonator and micromirror simultaneously, the detected fluorescence intensity was 

reduced by a factor of 3, while the laser peak intensity was only reduced by a factor of 

1.25, yielding a maximum SNR of 15 dB (λ = 623.78 nm). 

 

4.2.5 Comparison of simulation data and measurement results 

From the FEM simulations an opening angle of 45.2° in horizontal plane was calculated for 

emission from the microgoblet cavity. For the ease of use of the microgoblet resonators in 

a future sensing scheme, a microscope objective with a long working distance is required 

in the setup. A long working distance however results in a low numerical aperture. The 

microscope objective used for optical pumping and optical characterization had a working 

distance of 13 mm, and a numerical aperture of 0.2. Therefore, it is expected that emission 

in horizontal plane could not efficiently be collect with the objective. The conducted 

experiments validate this assumption, as a 9.7 time increase in the recorded laser intensity 

Fig. 57: Comparison of lasing spectra recorded with (blue) and without the micromirror (black): By 
detecting emission from microgoblet and micromirror simultaneously, the laser intensity could be 
increased by up to 9.7 compared to read-out without the micromirror. Blocking all vertical emission 
from the microgoblet and recording only the reflections off the micromirror (red) yields an increase in 
SNR of up to 15 dB (both measured at λ = 623.78 nm). 
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was achieved by additionally collecting reflections from the micromirror. With a radial 

distance of the microgoblet rim to the reflective surface of the micromirror of about 

160 µm, the beam should expand to a 1 e2⁄  height of 130 µm on the reflective surface. This 

approximation is in good agreement with the broad intensity distribution recorded across 

the micromirror (see Fig. 56b). The intensity of the laser peaks recorded with a closed 

aperture may be attributed to scattering loss from the WGMs due to contaminants or 

surface defects along the resonator circumference. 

4.2.6 Conclusion  

Enhanced read-out efficiency of WGM lasers using conical micromirrors placed around the 

cavity was demonstrated. Lasing from WGMs, which is emitted omnidirectional in 

azimuthal plane, reflected off the angled micromirror surface and was collected via free-

space optics. The performed FEM simulations visualize that the emission of microgoblet 

resonators is confined to a 1 e2⁄  opening angle of 45.2° in vertical direction. The micro-

mirror read-out concept has been theoretically supported by the fact that emission due to 

radiation loss predominantly occurs in horizontal direction.  

Microgoblet lasers made from PMMA admixed with a laser dye were structured by 

electron beam lithography and subsequent underetching with XeF2. Micromirrors 

fabricated from COC foils by thermal nanoimprinting were coated with a thin aluminum 

layer to increase the reflectivity. To optimize read-out efficiency, microgoblets were 

elevated on double pedestals, raising the resonator rim 80 µm above the substrate surface 

to the middle part of the micromirror. The read-out concept was validated by spatially 

resolved spectra, showing localized spectral peaks on the mirror surface. An increase in 

laser peak intensity by a factor of 9.7 was demonstrated while fluorescence intensity 

increased merely 1.5 times. To maximize the signal-to-noise ratio (laser peak intensity to 

fluorescence background), spontaneous emission vertical to the substrate was blocked. A 

maximum signal-to-noise ratio of 15 dB was achieved, when recording reflections off the 

micromirror only. The recorded spatially resolved spectra are in good agreement with the 

emission profiles determined by the FEM simulations. 
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4.3 All-polymer sensing platform based on microgoblet lasers 8 

Sensor chips used for LoC applications should be designed as low-cost disposables to 

circumvent the need for repeated device cleaning, sterilization, and surface functionaliza-

tion after each analysis. As successfully demonstrated in the field of semiconductor 

manufacturing, device costs can be significantly reduced by upscaling the fabrication 

process to allow parallel production of a high number of devices on large-area substrates. 

Additionally, the chip design should be based on inexpensive commercially available 

standard materials. One fundamental restriction of using high-Q on-chip resonators in a 

disposable LoC arises from the limitation to silicon wafers as substrate material. Resona-

tors are commonly fabricated from thin silica or polymer layers on a silicon wafer 

surface. [145,150,254,255] In order to confine light within the cavity, the high-index 

silicon substrate underneath the patterned resonators must be removed by selective 

isotropic underetching. This is most commonly done using highly corrosive and toxic 

xenon difluoride (XeF2) gas as an etchant. [233] The associated vacuum-based dry etching 

process is technically demanding and requires multiple alternating etching and evacuation 

cycles, thereby limiting the throughput of this process and hindering large scale fabrica-

tion. For conventional silica-based microtoroid fabrication, throughput is additionally 

limited by the serial CO2-laser reflow required to reduce fabrication induced defects along 

the cavity surface. 

In this chapter a fully scalable fabrication process for WGM cavities is demonstrated, 

which solely uses parallel and fully scalable fabrication methods. Pedestals supporting the 

WGM cavity were formed from an intermediate polymer layer inserted between substrate 

and resonator. This process enabled resonator fabrication on arbitrary substrate materi-

als, including transparent or flexible polymer films. The optical performance of the all-

polymer microgoblet resonators was analyzed by measuring quality factors of passive 

cavities and lasing thresholds of dye-doped cavities. Low laser thresholds of the devices 

enabled free-space excitation using a compact and low-cost green laser diode. Finally, the 

integration of arrays of microgoblet lasers into state-of-the art microfluidic chips replicat-

ed via injection molding is demonstrated. In a proof-of-principle experiment the viability 

of the Lab-on-a-Chip was verified via refractometric sensing. 

4.3.1 Concept of all-polymer microgoblet lasers 

To allow using the WGM sensor chips as disposables, a novel fabrication process was 

developed that enables low-cost fabrication of microgoblet laser arrays from polymers 

using solely parallel fabrication processes. Instead of producing the resonator pedestals by 

etching of the carrier substrate, an additional thin polymer film was inserted between 

substrate and resonator layer. Pedestals supporting the WGM cavity could be formed by 

etching this intermediate layer rather than by selectively removing the substrate itself. 

This process enables resonator fabrication on arbitrary substrate materials, including 

transparent or flexible polymer films. A scanning electron micrograph of an all-polymer 

                                                             
8 The results presented in this chapter have been published [253]. 
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microgoblet laser is depicted in Fig. 58a. The device consists of a goblet-shaped cavity 

made of PMMA, which is supported on a polymer pedestal. Instead of conventional 

vacuum-based gas-phase processing using, e.g., XeF2 as an isotropic etchant for the silicon 

substrate, the fabrication concept is based on wet chemical processing of polymers, which 

enables easy upscaling of substrate sizes and fabrication throughput. A 10 x 10 resonator 

array fabricated by parallel solution-based processing is depicted in Fig. 58b. The combi-

nation of low-cost materials and full scalability of all fabrication steps significantly reduces 

the sample costs and enables the use of the microgoblet resonators in disposable sensing 

chips. 

 

4.3.2 Fabrication of all-polymer microgoblet lasers 

Microgoblet lasers were fabricated on polymer substrates via spin-coating of the pedestal 

and resonator layers, mask-based optical lithography, and subsequent wet chemical 

etching of the pedestals. Finally, a thermal reflow step using a temperature above the glass 

transition point of PMMA was applied to smooth fabrication-induced defects along the 

cavity perimeter. This step additionally transformed the resonator disks into their 

characteristic microgoblet shape.  

Suitable substrate materials have to provide a high heat deflection temperature to 

maintain mechanical stability during the reflow process. The polymer polysulfone (PSU) is 

well suited for this purpose due to its high glass transition temperature of 190°C, which is 

well above the reflow temperature used to anneal the PMMA resonators. PSU was 

purchased as 380 µm thick foils (LITE U, LITE GmbH) and further flattened via thermal 

nanoimprinting between two silicon wafers to reduce its surface roughness. Flattened foils 

were approx. 350 µm thick and could easily be cut using a wafer dicing saw or common 

paper scissors. 

Fig. 58: PMMA microgoblet lasers fabricated on a polysulfone substrate: (a) Zoom-in of a single PMMA 
microgoblet laser supported on a polymer pedestal made from lift-off resist. (b) Array of 100 microgob-
let lasers fabricated by parallel solution-based processing. 
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The sacrificial layer between resonator and substrate has to allow for selective and 

isotropic etching without damaging the PMMA resonators or polymer substrates. Addi-

tionally, this material has to provide thermal stability during resonator reflow. Polydime-

thyl glutarimide-based lift-off resist (LOR) (LOR 30B, MicroChem Corp.) provides all 

required properties as intermediate layer and allows selective wet chemical etching 

without dissolving the PMMA or the substrate. A detailed schematic of the fabrication 

sequence is depicted in Fig. 59a to e. 

 

First, a 5 µm thick layer of LOR 30B was spin-coated onto the polymer foils as a spacer and 

subsequently baked on a hot plate for thermal annealing and to prevent pedestal defor-

mation during resonator reflow. Resonators were structured from PMMA photoresist 

(PMMA 950k, MicroChem Corp.) mixed with the laser dye pyrromethene 597 (PM597) 

(Radiant Dyes Laser & Accessories GmbH) at a concentration of 2.56 ∙  105mol g−1. The 

resist mixture was spin-coated onto the LOR layer and baked to remove residual solvent. 

PMMA disks with 50 µm diameter were structured via deep-UV lithography using a mask 

aligner (EVG 620, EV group). A 5” photomask containing multiple resonator arrays of 

10 x 10 resonators was used for all exposures. In one single exposure, multiple resonator 

arrays on an area as large as a 4” wafer could be structured simultaneously. Exposed 

PMMA was subsequently developed in a 1:1 mixture of methyl isobutyl ketone (MIBK) and 

isopropyl alcohol (IPA). Samples were immersed in a tetra-ethyl-ammonium-hydroxide-

(TEAH)-based developer (101A Developer, MicroChem Corp.) to underetch the PMMA 

disks isotropically. Etching was stopped at a pedestal diameter of approx. 25 µm, leaving 

the rim of the disks freestanding. To reduce fabrication-induced defects along the 

resonator rim, a thermal reflow was performed. Samples were heated on a hot plate to 

130 - 135°C under ambient atmosphere. At this temperature, softening of the PMMA 

allows thermal reflow of the disks due to the release of surface free energy. This induces 

the formation of the characteristic microgoblet shape. Finally, individual resonator arrays 

were cut from the substrate using scissors. 

Fig. 59: Fabrication scheme for all-polymer microgoblet lasers depicted in cross-sectional view: (a) Spin-
coating of lift-off-resist (LOR) and dye-doped PMMA onto a polymer substrate, (b) Structuring of 
resonator disks via mask-based deep-UV lithography, (c) Developing of PMMA disks, (d) Isotropic wet 
chemical etching of LOR to undercut the resonators, (e) Thermal reflow on a hot plate to smooth the 
resonator surface and to transform the disks into the goblet shape. 
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4.3.3 Quality factor measurements 

Microgoblet resonators were structured by both electron beam lithography and deep-UV 

lithography. To provide sufficient thermal and electrical conductivity during electron 

beam exposure, only silicon substrates were used for samples prepared via electron beam 

lithography. The optical performance of the all-polymer microgoblet resonators was 

analyzed by measuring quality factors of passive cavities. Light from a tunable external 

cavity diode laser (Newport, New Focus Velocity TLB-6704), emitting around 635 nm, was 

coupled to the microgoblet cavities by evanescent field coupling using a tapered optical 

fiber. Transmission through the fiber coupler was recorded with a photo diode, synchro-

nized to the swept laser source. Quality factors were estimated by the ratio of resonance 

wavelength to the full-width-at-half-maximum of the resonance dip. The measurements 

were carried out in the undercoupled regime to minimize influence of the tapered fiber on 

the quality factor. As the coupling parameter K, which is specified as the ratio of the 

resonator-fiber coupling rate and the intrinsic cavity loss rate, never exceeded 0.1, the 

measured loaded quality factor is comparable to the intrinsic quality factor. This allows 

direct comparison of the loaded quality factors of different resonators. [256] Quality factor 

measurements were performed on multiple resonators of each sample type and highest 

measured values for the various types are shown in Table 2. 

Lithography technique Substrate Quality factor 

Electron beam 

Silicon 

1.5 ∙ 105 

Deep-UV 

2.5 ∙ 105 

Polysulfone 1.4 ∙ 105 

The quality factors of resonators structured by electron beam lithography and deep-UV 

lithography lie within the same order of magnitude. Furthermore, the quality factors of 

resonators fabricated on silicon and polysulfone substrates fall within the same range. 

Hence, the achievable quality factors are independent from the lithography technique and 

the substrate material. 

4.3.4 Optical probing and read-out 

To minimize the costs and size of the optical pump unit, a laser diode was used for 

excitation. Pumping of WGM lasers with laser diodes has so far only been demonstrated 

using organic semiconductor thin-films as gain medium. [179] However, due to photooxi-

dation of the gain medium, these lasers could only be operated in a vacuum chamber, 

preventing actual sensing applications in a LoC. Here, the organic dye PM597 was used as 

gain material, which has been demonstrated as an efficient light emitter in various types of 

microlasers. [207,257] The superior photostability of PM597 enables stable laser opera-

Table 2: Quality factor comparison 
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tion under common ambient conditions. The dye’s absorption maximum lies in the green 

spectral range, while its emission occurs at orange-red wavelengths (compare Fig. 20b). 

Until recent years, laser diodes with direct emission in the green spectral range were not 

commercially available and pumping at these wavelengths could only be achieved with 

frequency-doubled solid-state lasers. Recent progress in the GaN-based laser diode 

fabrication has enabled devices with direct green emission. To efficiently excite the PM597 

close to its absorption maximum at 525 nm, a green laser diode (NDG7475, Nichia Corp.) 

emitting around 517 nm was used for optical pumping. The laser diode was operated with 

a diode driver (PicoLAS GmbH) in pulsed operation mode, emitting pulses of 20 ns 

duration (FWHM) at a pulse repetition rate of 20 Hz. The emitted pulse energies were 

controlled by adjusting the diode current. For a maximum current of 2 A, the laser diode 

emitted 95 nJ per pulse. Light emitted from the laser diode was loosely focused onto a 

single microgoblet laser under an angle of approx. 45°. Emission from the microgoblet 

laser was collected with a 50x microscope objective (NA = 0.42) from the top of the 

substrate. The collected light was analyzed with a Czerny-Turner spectrograph with 

500 mm focal length equipped with a 1200 mm−1 diffraction grating (Fig. 63). As laser 

emission from microgoblet resonators occurs omnidirectional in azimuthal plane and is 

strongly confined in vertical direction, only a small fraction of light, which was scattered 

out of the horizontal plane, could actually be detected during this experiment. [248] 

4.3.5 Lasing thresholds 

To determine the lasing thresholds, emission spectra of the microgoblet lasers were 

recorded for increasing pump pulse energies. Fig. 60 shows the emission spectrum and 

input-output curve of a microgoblet laser structured by deep UV lithography on a PSU 

substrate. The device has a lasing threshold of 0.54 nJ per pulse. Independent of the 

substrate material or the lithography technique used for device fabrication, lasing 

thresholds were typically below 1 nJ per pulse. Immersion of the devices in water resulted 

in an increase of the lasing threshold, which can be attributed to higher radiation loss in 

the cavity due to the decreased refractive index contrast. Still, lasing thresholds of 

immersed cavities typically stayed well below 3 nJ per pulse. Considering the maximum 

pulse energy emitted by the laser diode of 95 nJ, stable operation of the microgoblet lasers 

even significantly above their lasing threshold could be demonstrated. 
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4.3.6 Integration into microfluidic chips 

To facilitate fluidic handling and guide the analyte solutions directly to the microgoblet 

lasers, resonator substrates were incorporated into state-of-the-art microfluidic chips, 

forming a compact photonic LoC. Microfluidic chips with dimensions of (75 x 26) mm2 

were provided by Microfluidic ChipShop GmbH (Jena, Germany). This format matches the 

size of standard microscope slides and thus provides an easy-to-handle, standardized 

platform, which is compatible with commercial microscope systems. A schematic of the 

fabrication sequence for microfluidic chips is depicted in Fig. 61. Microfluidic chips were 

replicated from PMMA via injection molding. Subsequently, depressions with a depth of 

400 µm were milled into the fluidic channels to support the resonator chips. The resonator 

substrates supporting an array of 10 x 10 microgoblet lasers were fixed inside these 

depressions using UV curing acrylated urethane medical adhesive. Finally, the microfluidic 

chips were sealed with a planar polymer lid. 

 

Fig. 60: (a) Multimode emission spectrum of an all-polymer microgoblet laser when pumped well above 
the lasing threshold. (b) Input-output curve of the λ = 623.7 nm laser mode. The lasing threshold upon 
excitation with a green laser diode is 0.54 nJ in air. Data points below and above threshold are marked 
in blue and red, respectively.  

Fig. 61: Integration of all-polymer microgoblet laser arrays into microfluidic chips depicted in cross-
sectional view: (a) Replication of a microfluidic chip from PMMA using injection molding, milling of 
depressions to support the resonator chips (not shown), (b) Gluing of a diced microgoblet laser array 
into the microfluidic channel using UV curing adhesive, (c) Sealing of the fluidic structures with a 
transparent polymer lid. 
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High transparency of the fluidic chips enables optical pumping and read-out of the 

microgoblet lasers through the lid. The fluidic periphery was connected to the microfluidic 

channels via mini Luer slips on the chip. A photograph of a microfluidic chip with an 

integrated microgoblet laser array is depicted in Fig. 62. 

 

4.3.7 On-chip refractometric sensing 

To experimentally verify the sensing capability of microgoblet lasers integrated into the 

microfluidic chips, the bulk refractive index sensitivity (BRIS) of the devices was deter-

mined. A schematic of the LoC and the optical and fluidic periphery is depicted in Fig. 63. A 

series of five solutions with increasing refractive index was prepared by mixing deionized 

water with glycerol. For reference, the refractive index of each solution was measured 

with a refractometer (PAL-RI, Atago) prior to the experiment. The solutions were injected 

into the chip using a peristaltic pump at a flow rate of 350 µl min−1. The resulting spectral 

shifts of the lasing peaks were tracked with the spectrometer using a 2400 mm−1 grating 

for high spectral resolution. Prior to the measurement the resonators were immersed in 

deionized water for 15 - 30 min to eliminate any signal contributions due to swelling of 

the PMMA. [258,259] Each measurement in high refractive index solution was followed by 

a referencing step in deionized water to induce a return of the mode to the starting 

wavelength. In order to track the center wavelengths of resonance peaks, the recorded 

spectra were fitted by a Gaussian model function. 

The recorded spectral shifts for solutions of refractive indexes from 1.3329 to 1.3355 are 

depicted in Fig. 64a. The resonance shifts upon injection of the high-index solutions are 

plotted in Fig. 64b. A bulk refractive index sensitivity of 10.56 nm RIU−1 was calculated 

from a linear fit applied to the data. The determined sensitivity is of the same order of 

magnitude as previously reported values for WGM resonators fabricated by surface-

reflow. [138] 

Fig. 62: Photograph of an all-polymer sensing chip: An array of 100 microgoblet lasers identical to Fig. 
58b is integrated into a microfluidic chip. Transparency of the chip enables optical addressing of 
individual microgoblets through the lid via free-space optics. 
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4.3.8 Conclusion 

The fabrication and characterization of an all-polymer photonic sensing platform based on 

whispering-gallery mode microgoblet lasers integrated into microfluidic chips was 

Fig. 63: Schematic of the photonic LoC measurement setup: The all-polymer chip comprises an array of 
microgoblet lasers incorporated into a microfluidic channel. Individual microgoblet lasers can be 
optically pumped by focusing light, emitted from a laser diode, onto the chip. Positioning of the sample 
can be monitored with a camera (CCD 1). Emission from the microgoblet lasers is collected with a 
microscope objective and directed onto a grating-based spectrometer, connected to a peltier-cooled 
detector (CCD 2). A peristaltic pump injects the analyte solutions from a reservoir into microfluidic 
channels on the chip.  

Fig. 64: (a) Spectral shifts of a microgoblet laser mode upon injection of glycerol-water solutions with 
increasing refractive indexes of 1.3335 to 1.3355. Between subsequent injections of high-index 
solutions, deionized water with a refractive index of 1.3329 was injected for referencing. (b) A bulk 
refractive index sensitivity of 10.56 nm RIU−1 was calculated from the linear fit (red) applied to the 
data.  
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demonstrated. Microgoblet lasers made from dye-doped PMMA were fabricated as arrays 

of 100 cavities using a novel, fully parallel fabrication process. By supporting the resona-

tors on pedestals made from lift-off resist, devices could be fabricated on low-cost PSU 

polymer foils via mask-based optical lithography, wet chemical etching and parallel 

thermal reflow. In contrast to silica-based microtoroid resonators, the presented fabrica-

tion technique replaces technically demanding vacuum-based dry etching and serial laser-

induced reflow by solution-based processing and parallel thermal reflow. This concept can 

be scaled to large-area substrates at significantly reduced production costs. Measured 

quality factors of fabricated microgoblet resonators exceeded 105. Microgoblet cavities 

doped with the laser dye pyrromethene 597 were pumped efficiently using a compact and 

low-cost green laser diode for excitation. Lasing thresholds below 0.6 nJ per pulse were 

recorded in air. Microgoblet laser arrays were subsequently integrated into state-of-the-

art microfluidic chips for easy fluidic addressing. In a proof-of-principle experiment the 

functionality of the LoC via refractometric sensing with a bulk refractive index sensitivity 

of 10.56 nm RIU−1 was demonstrated. The presented sensor is the first fully encapsulated 

Lab-on-a-Chip, based on WGM resonators, which is solely made from polymers and 

fabricated using parallel largely scalable fabrication processes.  
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5. Summary 

The goal of this thesis was developing efficient and low-cost photonic LoCs based on 

integrated laser sources, providing a low threshold for potential commercialization. 

Specific focus was put on fabricating the chips solely from commercial polymers using 

parallel fabrication processes and on optimizing the devices regarding easy operation in 

the field by prospective users. In the preceding chapters the successful implementation of 

two all-polymer sensing platforms with integrated dye lasers was demonstrated. For both 

systems the obtained results are summarized below:  

Optofluidic dye lasers for on-chip marker-based sensing 

The first type of LoC, which was developed for on-chip excitation of fluorescent markers, is 

based on optofluidic DFB lasers. One major restriction limiting the integration of dye 

lasers into LoCs is photodegradation of the dye molecules. So far stable operation of 

optofluidic lasers required permanent exchange of the dye solution, e.g., with external 

fluidic pumps. To make bulky and complex fluidic pumps obsolete, the DFB lasers were 

placed inside comparatively large fluidic reservoirs on the chip. It was proven that 

exchange of photodegraded dye molecules can be accomplished solely by diffusion within 

the solution. Long-term operation of the lasers over more than 90 min at a pulse repetition 

rate of 2 Hz demonstrated the expendability of fluidic pumping. As the laser intensity 

remained quasi-constant during the last 75 min of the experiment, the total operating time 

of the lasers is solely limited by the volume of the fluidic reservoir.  

To enable efficient excitation of different fluorescent markers precisely at their absorption 

maximum, five DFB resonators with increasing emission wavelengths were implemented 

on the same chip. Spectral tunability over 24 nm with increments of 6 nm was demon-

strated. By using 3 mm long DFB gratings laser pulse energies exceeding 10 µJ could be 

achieved. Simultaneous replication of the nanoscale DFB resonators and the microscale 

fluidic reservoirs was achieved using a hybrid silicon-photoresist master stamp. Thermal 

imprinting into commercial cyclic olefin copolymer foils and subsequent sealing of the 

fluidic structures by thermal bonding allowed for low-cost replication of the chips on 

wafer scale. The active material was applied by filling the dye solution into the reservoir 

utilizing capillary forces. Therefore, no time-consuming and thus expensive evaporation 

steps were required. The filling process may be parallelized on wafer level using a 

pipetting robot. As the fabrication of the device was realized solely by scalable, fully 

parallel processes, it may easily be transferred into industrial mass production, enabling 

the use of the devices as low-cost disposables. By sealing the fluidic inlets with UV-curable 

adhesive, the dye solution was fully encapsulated inside the fluidic reservoirs, enabling 

desired hygienic standards. As no fluidic interconnects are required and contamination of 

analyte with dye solution cannot occur, the system provides an easy-to-use and cost-

efficient platform for prospective consumers. 
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In summary, stable long-term diffusion operation without the need for fluidic pumps, 

precise spectral tunability, low lasing thresholds, safe encapsulated operation, and low 

fabrication and operation costs make the developed optofluidic DFB lasers ideally suited 

for on-chip excitation of fluorescent markers in disposable LoCs. The devices may further 

open up novel fields of application, e.g., on-chip surface enhanced Raman spectroscopy. 

WGM microgoblet lasers for label-free sensing  

The second type of LoC was developed for label-free biosensing. WGM microgoblet lasers 

made of poly (methyl methacrylate) were chosen as transducer elements for the devices. 

Sensing with WGM lasers requires distinct lasing peaks with good signal-to-noise ratio to 

make smallest spectral shifts of the emission wavelengths observable. To maximize the 

laser intensity and simultaneously reduce the fluorescence signal, the lasers have to be 

efficiently excited and read out.  

Finite element method (FEM) simulations performed for the microgoblet geometry 

visualized that the field maximum of the WGMs is localized along the periphery of the 

cavity. Due to the small modal overlap, exciting the modes with a Gaussian beam from top 

of the cavity is highly inefficient. The conducted numerical calculations indicate that the 

modal overlap could be increased 20-fold by instead illuminating the microgoblet cavity 

with an annular intensity distribution. For the experimental verification the Gaussian 

beam emitted by the pump laser was transformed into a ring-shaped intensity distribution 

using two axicon lenses. The recorded spatially resolved spectra visualized that the 

fluorescence intensity emitted from the center of the microgoblet can be significantly 

reduced by pumping the cavity with a ring-shaped beam. The diameter of the ring was 

adjusted to minimize the pump pulse energy required to overcome the laser threshold of 

the microgoblet cavity. Compared to illumination with a Gaussian beam, the required 

pulse energy could be reduced by an average factor of 4.6. Emission spectra recorded for 

ring-shaped illumination showed a 12-fold increase in laser intensity compared to 

illumination with a Gaussian beam profile, yielding an improvement of the signal-to-noise 

ratio from 6.2 dB to 15.1 dB.  

To additionally improve the read-out efficiency of microgoblet lasers, the emission profile 

of the cavities was analyzed using FEM simulation. Due to the rotation symmetry of the 

devices emission occurs omnidirectional in azimuthal plane. The simulations visualized 

that emission is confined to an angle of 45° in vertical direction, making signal collection 

from top of the cavity highly inefficient. To direct more light onto the off-chip detector, 

emission from the microgoblet was redirected vertical to the substrate using a conical 

micromirror placed around the cavity. The micromirrors were replicated into cyclic olefin 

copolymer foils by thermal nanoimprinting, coated with an aluminum layer to increase the 

reflectivity, and subsequently assembled with the microgoblet lasers. To further improve 

the read-out efficiency, the microgoblet lasers were elevated onto double pedestals prior 

to the assembly, raising the resonator rim to the center of the micromirror. The read-out 

concept was experimentally validated by recording spatially resolved spectra. Distinct 

peaks could be observed across the micromirror at the spectral position of the WGMs, 

proving that the laser emission is reflected off the conical mirror surface. Compared to the 
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spectra recorded directly from the microgoblet, reflections off the micromirror showed 

significantly reduced fluorescence contribution. For comparison of the read-out efficiency, 

spectra of the same microgoblet laser were recorded with and without the micromirror. 

An increase of the laser peak intensity by a factor of 9.7 was achieved when collecting the 

reflections off the conical micromirror. For the same configuration the fluorescence 

intensity increased merely 1.5 times. Blocking all fluorescence emitted vertical to the 

substrate and recording only the reflections off the micromirror improved the signal-to-

noise ratio from 4.6 dB to 15 dB.  

To enable parallel fabrication of low-cost microgoblet lasers, a novel fabrication process 

using solely scalable and fully parallel technologies was developed. By supporting the 

resonators on pedestals made of lift-off resist, devices could be fabricated on arbitrary 

substrate materials, e.g., low-cost polysulfone foils. In contrast to silica-based microtoroid 

resonators, the developed fabrication technique replaces technically demanding vacuum-

based dry etching and serial laser-induced reflow by solution-based processing and 

parallel thermal reflow. Arrays of 10 x 10 microgoblet cavities were structured in parallel 

using mask-based optical lithography, wet chemical etching and parallel thermal reflow. 

Quality factors of fabricated microgoblet resonators exceeded 105. The developed 

fabrication process can potentially be scaled to large-area substrates for mass production. 

Microgoblet laser arrays were subsequently integrated into state-of-the art commercial 

microfluidic chips, forming an easy to handle sensing platform with standardized fluidic 

interconnects. Individual microgoblet lasers of the array were optically addressed through 

the transparent lid of the fluidic chip. Low lasing thresholds of the fabricated devices 

enabled pumping with a low-cost and compact laser diode. The size and costs of the pump 

laser unit could therefore be significantly reduced in comparison to the previously used 

solid state pump laser. In a proof-of-principle experiment the functionality of the all-

polymer LoC was demonstrated via refractometric sensing. A bulk refractive index 

sensitivity of 10.56 nm per refractive index unit was recorded.  

Summarizing, efficient free-space excitation and read-out, low-cost fabrication from 

polymers using solely parallel fabrication processes, integration into microfluidic chips, 

and pumping with low-cost, compact laser diodes enables the application of WGM 

microgoblet lasers as highly sensitive transducers in disposable LoCs, e.g., for point-of-

care diagnostics. 

5.1 Outlook 

Building on the developed results, several extended approaches may be followed to 

further enhance the LoC systems: 

Optofluidic dye lasers for on-chip marker-based sensing 

 Due to the versatile hybrid stamp fabrication developed for optofluidic dye lasers, the 

chip design may easily be extended with fluidic channels for the analyte solution to 

demonstrate on-chip excitation of fluorescent markers. 
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 DFB resonators with grating periods below the resolution limit of the electron beam 

lithography system may be achieved by applying multiple exposures. [260] This will 

allow for continuous tunability of the laser emission. [261] 

WGM microgoblet lasers for label-free sensing  

 To enhance the detection efficiency and further reduce the SNR, the presented 

approaches for ring-shaped excitation and read-out via conical micromirrors may be 

combined. 

 Sealing the conical micromirrors with a transparent lid will form defined microfluidic 

chambers surrounding each microgoblet cavity. Due to the small volume, the required 

sample solution for analysis may be significantly reduced. 

 The sensing chips may further be enhanced by integrating microoptical structures 

directly onto the polymer chip. Miniaturized axicon lenses could be structured using 

two-photon polymerization [262] or by imprinting the microfluidic lid.  

To which extent the developed LoCs will find their way into commercial applications will 

considerably depend on future research and progress towards mass fabrication, easy 

handling of the devices, and reducing the size and complexity of the periphery. To reach 

the goal of fully functional and portable LoC systems, the following points must be solved: 

 A portable control device for the LoC system has to be developed. Increasing function-

ality, processing power, and distribution of mobile phones makes them highly attrac-

tive for use in portable sensing devices. Recently, a number of miniaturized microsco-

py systems based on smartphones have been demonstrated, which may serve as ar-

chetypes. [44–46] 

 The size of the WGM sensor system is currently dominated by the benchtop spectrom-

eter used for spectral analysis. To improve the portability of the system, spectral anal-

ysis may be performed with a microchip-based spectrometer. [243]  

 Heterodyne detection has been demonstrated as a powerful read-out technique for 

WGM lasers enabling detection of single particles. [28] However, implementing heter-

odyne detection requires microgoblet lasers with continuous wave (CW) laser emis-

sion instead of pulsed laser operation. As dye molecules cannot support CW emission, 

alternative emitters need to be developed and incorporated into the microgoblet cavi-

ties.  

 Combining UV-activated surface functionalization [151] with ring-shaped laser beams 

may enable localized functionalization of the rim of the WGM cavity. Binding of mole-

cules would therefore be restricted to an area, which can fully be probed by the WGMs. 

 Multiplexed read-out of multiple microgoblet lasers may be used for referenced 

sensing or parallel label-free detection of different markers. [205]. For specific sensing 

of multiple reagents, the surface of different resonators of the array may be functional-

ized via polymer-pen lithography (PPL) prior to on-chip integration. [204] 

 Parallel detection additionally requires simultaneous pumping and read-out of 

multiple microgoblet lasers of the array. Multiplexed read-out may be realized by 

scanning the array in a fast sequence with scanning micromirrors. [263] 
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Besides the implementation of the listed technical tasks, successful entry into the LoC 

market will require the broad availability of applicable biofunctionalization protocols to 

enable specific detection of various biomarkers. To accomplish this task, close collabora-

tion with biologists and health professionals will be required. 
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