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ABSTRACT

In recent years, the field of optofluidics has emerged as a combination of
microfluidics and optics. In this thesis, the author investigates optofluidic
dye lasers suitable for lab-on-a-chip applications. In particular, distributed
feedback (DFB) laser resonators are promising candidates for obtaining low
threshold and tunable lasing.

In this work, optofluidic dye lasers have been designed, fabricated, char-
acterized, and modeled. The basic underlying theory of planar waveguiding
and DFB lasers is presented and a transmission matrix model for the design
of optofluidic DFB lasers is described. Finite element method simulations
are used to study the cavity modes of an optofluidic dye ring laser.

The fabricated optofluidic DFB dye lasers are based on a nanostructured
SU-8 polymer film and a third order DFB laser resonator with a central 7 /2
phase shift. The devices are fabricated by fast and flexible combined electron
beam and UV lithography in SU-8 and adhesive polymer wafer bonding. The
materials used allow for potentially cheap wafer-scale fabrication.

For the characterization, the laser dye rhodamine 6G is dissolved in a
liquid and the laser resonator is filled by capillary action, omitting the need
for external fluidic handling apparatus. By employing a third order DFB
laser resonator, (i) narrow linewidth emission (< 0.15 nm), (ii) low laser
thresholds down to ~ 7 wJ/mm?, and (iii) a large tunability are obtained. A
wavelength tunability of 45 nm is achieved by changing the grating period
and through optofluidic functionality by altering the liquid refractive index.

In addition, a novel dye replenishment mechanism to compensate for dye
bleaching in optofluidic dye lasers based on diffusion is demonstrated. When
pumping only a small fraction of the available dye solution through a narrow
slit, the lifetime of an optofluidic light source is dramatically increased due
to diffusion compared to a pumping configuration where the entire volume
of dye solution is homogeneously pumped. The results potentially allow for
a significant simplification of optofluidic dye laser device layouts.

Optofluidic dye lasers are easily integrated with waveguides and microflu-
idic components and may be applied in chemical or biochemical lab-on-a-chip
systems or in adaptive optics where narrow linewidth and widely tunable vis-
ible light is desired.
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RESUME

I lgbet af de senere ar er forskningsfeltet optofluidik opstaet som en kombi-
nation af mikrofluidik og optik. I denne afhandling undersgger forfatteren
optofluide farvestoflasere, som er velegnede til anvendelser indenfor lab-on-
a~chip teknologi. Laserresonatorer med distribueret feedback (DFB) har vist
sig at veere lovende kandidater til at opna lasing med lav teerskel og mulighed
for tuning.

Dette arbejde har bestaet i at designe, fabrikere, karakterisere og model-
lere optofluide farvestoflasere. Grundlaeggende teori vedrgrende planare bglge
ledere og DFB lasere prasenteres og en transmissionsmatricemodel til design
af optofluide DFB lasere beskrives. Simulationer med den endelige element
metode bruges til at studere de optiske tilstande i en optofluid ring-laser.

De fabrikerede optofluide DFB farvestoflasere er baseret pa en nano-
struktureret SU-8 polymerfilm og en tredje ordens DFB laserresonator med
et centralt /2 faseskift. Komponenterne blev fabrikeret med hurtig og fleksi-
bel kombineret elektronstrale- og UV-litografi og efterfalgende forseglet vha.
en klaebende polymer. De anvendte materialer tillader potentielt set billig
wafer-skala fabrikation.

For at karakterisere komponenterne blev laserresonatoren fyldt vha. kapil-
leerkreefter med en vaeske indeholdende laserfarvestoffet rhodamin 6G. Derved
afskaffes behovet for apparatur til ekstern vaeskehandtering. Ved at anvende
en tredje ordens DFB laserresonator opnas (i) emission af lys med smal lin-
jebredde (< 0.15 nm), (ii) lav lasertaerskel ned til ~ 7 wJ/mm? og (iii) stor
tunebarhed. Bolgeleengden blev tunet 45 nm ved at sendre gitterets periode
og ved at skifte brydningsindekset af veesken.

Derudover demonstreres en ny mekanisme, baseret pa diffusion, til at
komplettere farvestoffet for at kompensere for blegning i optofluide farvestof-
lasere. Nar blot en lille brgkdel af den tilgeengelige farvestofoplgsning pumpes
optisk gennem en smal spalte, forgges levetiden af en optofluid lyskilde
dramatisk sammenlignet med homogen pumpning.

Optofluide farvestoflasere integreres let med bglgeledere og mikrofluide
komponenter og kan finde anvendelser indenfor kemiske og biokemiske lab-
on-a-chip systemer eller indenfor adaptiv optik — hvorend synligt lys med
smal linjebredde og gode muligheder for tuning gnskes.
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1. INTRODUCTION

1.1 Lab-on-a-Chip systems

Devices and consumer products that rely on functionality on the micrometer-
scale have in recent years penetrated our everyday life. The advancement of
microfabrication techniques pushed forward by the semiconductor industry
has enabled the realization of micro-electromechanical systems (MEMS). Ex-
amples are pressure sensors based on silicon membranes with electrical read-
out which have been applied in air-bag sensors by the automotive industry
and microphones for mobile telephones. MEMS technology is also applied in
ink-jet printer heads for rapid and reproducible forming of ink droplets.

The application of microsystems for chemical sensing was proposed in
1990 by Manz et al. [1]. The idea of such a miniaturized total analysis system,
or lab-on-a-chip system, is to miniaturize and integrate all elements needed
to perform a certain chemical analysis onto a single microfluidic chip. There
are several advantages of lab-on-a-chip systems: (i) They are compact and
hence portable compared to standard laboratory apparatus, i.e. the analysis
may be carried out at the point-of-care, (ii) the polymer materials typically
used are cost-effective compared to semiconductor materials, (iii) diffusion
dominates the reaction dynamics, and (iv) only a small sample volume is
needed which may prove an environmental advantage since this may reduce
the required amount of hazardous compounds.

The role of diffusion is inherent to microfluidic systems where the diffusion
constant of molecules in a solution remains constant when the dimensions of
the fluidic system are scaled down. Thus the typical reaction time it takes for
two molecular species to diffuse around until they collide and react is reduced
dramatically [2]. Although lab-on-a-chip technology holds a large potential
for widespread use in analysis and diagnostics in chemistry, biochemistry,
environmental technology, and life sciences, a substantial effort is required
for each new application in order to outperform existing technologies and
enable profitable commercialization.

As examples of lab-on-a-chip systems, three products from the field of
biotechnology are mentioned here. The first is the Agilent 2100 Bioanalyzer,
see Fig. 1.1, which is the first commercial microfluidics-based platform for
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1. Fast and easy operation 2. Automation 3. Digital data in 30 minutes
Add sample Start chip run Watch real-time data display

Fig. 1.1: Example of a successfully commercialized lab-on-a-chip system: Agilent
2100 Bioanalyzer electrophoresis system. From www.agilent.com

the analysis of DNA, RNA, proteins, and cells. It provides good-quality
data within 30 minutes and replaces labour-intensive gel-electrophoresis for
a number of experiments, e.g. for measuring the purity and integrity of RNA
samples and for protein expression analysis [2]. The success and reliability of
the Agilent 2100 Bioanalyzer are reflected in the 4500 reference publications
in which it has been cited since it was launched in 1999 and demonstrate the
success of downscaling for chemical separation [2].

The second example is the Affymetrix GeneChip microarray system which
is widely used worldwide. Semiconductor fabrication techniques are inte-
grated with chemistry and molecular biology to create arrays with millions
of probes for DNA-RNA hybridization experiments on a single device. By
2005 more than 4200 publications cited the use of the Affymetrix GeneChip
in many different areas, e.g. sequence analysis and gene expression analysis,
and for several organisms [2]. The Affymetrix GeneChip microarray sys-
tem is the result of successful cross-disciplinary efforts yielding an efficient
lab-on-a-chip system.

The final example is the eXpress Blood Counter from Chempaq in Den-
mark, founded in 1999 as a spin-off company from the Technical University of
Denmark (DTU). By means of microfluidics and impedance measurements,
the device is able to perform a cell-counting analysis of a patient’s blood,
counting five constituents using a single 20 uL. drop of blood. The analysis is
useful for diagnosis of patient infections and is performed within 3 minutes
at the point-of-care.
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1.2 What is optofluidics?

Following the advancement of microfluidics and microfabrication techniques
in recent years, the multidisciplinary research field of optofluidics has emerged
by integrating microfluidics with optical components and methods. By adding
fluidics to optical devices, novel functionalities emerge that have not been
achievable earlier. This has resulted in novel methods for creating recon-
figurable devices and adaptive optical components. Recently, several review
papers on the field of optofluidics have been published by Psaltis et al. [3],
Monat et al. [4], and Levy and Shamai [5].

The advantages of applying microfluidics in optical devices include new
possibilities with regards to tunability due to the wide range of refractive in-
dices available compared to solid-state optical devices. Fluids can be mixed
easily by on-chip mixing, thereby providing real-time tunability and modu-
lation of optical signals [6]. Since viscous forces dominate over inertial forces
in microfluidic systems, the flow is laminar and mixing is done by diffusion.
Gain and absorption can be easily added to fluids by mixing in dyes (absorb-
ing, amplifying, or non-linear), quantum dot materials, scattering particles,
or other compounds of interest.

Liquid interfaces generally have smooth sidewalls which can provide low
propagation losses for waveguide applications [7], and novel ways of tun-
ing devices, e.g. by the thermo-optical effect 8], have been demonstrated.
Optofluidic tuning can also be achieved by altering the optical path of the
light, either by changing the physical path of the light or the refractive index
experienced by the light, as it propagates through the device. Finally, mod-
ulation of the polarization state of the light provides means for optofluidic
tuning.

The above-mentioned properties of optolfuidics illustrate the flexibility
gained by introducing liquids into optical systems and hold a promise for
novel adaptive optofluidic components in integrated systems. To illustrate
the wide range of applications of optofluidics, four examples are reviewed
here, see [3-5] for a broader selection.

Erickson et al. [9] demonstrated optofluidic tuning of a photonic crystal
waveguide structure, see Fig. 1.2. The photonic crystal (triangular lattice,
hole radius r = 140 nm, period a = 434 nm, height A = 207 nm) with a line-
defect was fabricated on a silicon-on-insulator platform whereas the fluidic
network was fabricated in polydimethylsiloxane (PDMS) using multi-layer
soft lithography. The fluids chosen for the operation of the device were de-
ionized water (refractive index n = 1.33) and 5 mol/L aqueous CaCls solution
(n = 1.44), in order to yield a suitable index contrast and still be compati-
ble with the PDMS material. The transmission spectrum of the waveguide
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Fig. 1.2: Optofluidic tuning of a photonic crystal waveguide structure [9]. (a) Over-
all schematic of the fluidic network bonded to the photonic crystal chip.
(b) SEM micrograph of photonic crystal with the central row selectively
filled with liquid. (c) Transmission of the photonic crystal waveguide
with the row of holes filled with water and CaCly, respectively. From [4].

measured at a wavelength around A ~ 1.5 um shifted approximately 10 nm
when exchanging the liquid from water to CaCl; solution. In this way an
optofluidic switch was demonstrated at 1.491 um by changing the fluid be-
tween water and CaCl, solution with a switching time around 1 minute and
an extinction of approximately 19 dB.

Heng et al. [10] demonstrated an optofluidic microscope, which may pro-
vide a compact alternative to optical microscopy for microfluidic samples,
see Fig. 1.3. A 90 nm thick Al film was deposited on a quartz substrate
and a row of holes (diamater 600 nm, spacing 5 pm) was defined by electron
beam lithography and subsequent reactive ion etch. On top of the holes, a
30 um wide and 15 pm tall microfluidic channel was fabricated at a small
angle relative to the holes by soft lithography in PDMS.

By infusing a fluidic sample through the channel, the sample can be
imaged by shining white light from the top, illuminating the sample, and
collecting the light through the holes of the array. As the holes are at a
small angle to the microfluidic channel, every hole will acquire light from a
different part of the sample and as the sample passes the whole array (at
constant velocity), the sample will be completely imaged. The detection of
the light was not performed directly on the chip in this demonstration, as a
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Fig. 1.3: Optofluidic microscope [10]. Upper panel: Sketch of device and sample
measurement signals from holes marked « and 3, respectively. Lower
panel: Optofluidic (left) and conventional microscope (right) images of
C. elegans worms. From [3].

standard optical microscope was used as relay for detection. The system has
a resolution limit of approximately 500 nm and worms of the simple species
C. elegans of approximate length 225 um were imaged with a throughput
of approximately 40 worms/min. In future applications, the chip may be
integrated with a linear CCD array to yield a compact system, however,
the viscous nature and boundary conditions of laminar flow in micro and
nanofluidic channels complicate the application of the device when aiming
for imaging at the nanometer-scale, since the device relies on constant flow
velocity throughout the device.

Domachuk et al. [11] demonstrated all-optical beam manipulation in optoflu-
idics, see Fig. 1.4. By optically trapping a 13 pum silica microsphere in a
microfluidic channel between two single mode optical fibres, they achieved
tunable attenuation of the transmission between the two fibers up to approx-
imately 10 dB at A = 1.5 um. The microsphere functioned as a spherical lens
for the light traversing the microchannel. The channel was defined by cutting
a single mode fiber which was buried in a layer of cured photo-polymer on
a glass substrate using a dicing saw. The channel was between 60-100 um
wide and approximately 500 pwm deep. In this way, the two parts of the sin-
gle mode fiber remain aligned, however, the method is only suitable for the
fabrication of straight, deep, and cm-long channels. For the optical trapping,
an 1.064 pum laser of average power 800 mW was focused on the sample in an
optical tweezers-like setup. Although all-optical beam control has promising
applications in all-optical networks, manipulation through optical tweezers
remains a serial process and limits the scalability of such systems.
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Fig. 1.4: All-optical beam manipulation in optofluidics. By steering an optically
trapped beam in a microfluidic channel, the attenuation of light across
the channel between two single mode fibres is controlled (maximum at-
tenuation ~ 10 dB). From [11].

The most common and commercialized application involving optofluidics
today is the liquid crystal display (LCD). In a LCD pixel, liquid crystal
molecules are attached to two transparent electrodes, between two perpendic-
ular linear polarizers. When unpolarized white light is transmitted through
the LCD pixel, the light is linearly polarized by the first polarizer. Depending
on the voltage applied to the electrodes, the birefringent liquid crystals rotate
the polarization of the light, such that it is either transmitted (on-state) or
reflected /absorbed (off-state). Depending on the initial configuration of the
liquid crystals, the pixel can be transmissive in its on-state or off-state. See
Schadt [12] for a review of liquid crystal materials and displays.

1.3 Applications of optofluidic dye lasers

Optical techniques have proven powerful in chemical and biochemical analy-
sis. This has stimulated a large effort in development of light sources which
can be integrated on a chip for sensing applications [13].

For these applications, dye lasers are of particular interest due to their
flexibility of tuning the lasing wavelength in the visible region. Several com-
mercial laser dyes are available, with emission wavelengths in the interval
400 nm — 900 nm, capable of lasing by means of flashlamp excitation. The
typical spectral width of the gain region for each dye is around 50 — 100 nm,
enabling tuning of the lasing wavelength within this region. These advan-
tages have stimulated the development of miniaturized fluidic dye lasers, also
referred to as optofluidic dye lasers, in which a liquid laser dye solution is
pumped through a microfluidic channel with an embedded optical resonator.

Integrated optofluidic dye lasers are easy to operate since there are no
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parts to manually align and they are optically pumped by exciting the dye
molecules in the on-chip laser cavity using an external, potentially cheap,
light source. By integrating the laser during chip fabrication, no costly or
time-consuming alignment of external optical fibres or hybridization steps are
necessary. As optofluidic dye lasers are typically fabricated in polymer ma-
terials, the cost of materials is low compared to semiconductor diode lasers.

Few optofluidic sensor systems with integrated light sources have been
demonstrated. Balslev et al. [14] integrated an optofluidic dye laser (A =
576 nm) with waveguides, fluidic channels, passive diffusion mixers which
were all defined in one layer of SU-8 polymer and photodiodes embedded in
the silicon substrate. The device demonstrated on-chip absorption measure-
ments with electrical read-out using two xylenol orange dye solutions with
different concentrations.

Other demonstrations of integrated systems capable of performing ab-
sorption measurements, although not with as high a level of integration, are
Bilenberg et al. [15] and Galas et al. [16]. Bilenberg et al. [15] used thermal
nanoimprint lithography (NIL) to fabricate devices integrating an optofluidic
dye laser with waveguides, diffusion mixer, and an absorbance cell in a cyclic
olefin copolymer (COC) by a parallel fabrication technique. Galas et al. [16]
performed absorption measurements using methylene blue dye in a system
consisting of microfluidic channels in PDMS and a dye-based light source
(spectral width ~ 6 nm) composed of two optical fibres with metallized end
facets.

Apart from absorption measurements, other sensor concepts have been
proposed using integrated devices, e.g. evanescent field sensing, intra-cavity
sensing, and interference-based sensing such as differential light beating [17].
The technological success of a sensor device is determined by its sensitivity
and specificity, two challenging issues which have not yet in been investigated
in detail for the demonstrated devices. For a recent review on optical sensing
systems for microfluidics, see Kuswandi et al. [18], for a recent review on
nanobiosensors, see Erickson et al. [19].

1.4 Optofluidic dye lasers

This section briefly reviews the development towards optofluidic dye lasers
suitable for lab-on-a-chip systems. The starting point of this review is the in-
vention of the laser in 1960, followed by the first distributed feedback (DFB)
lasers, and quickly arriving at optofluidic dye lasers and focusing on optoflu-
idic DFB dye lasers. Recently, Li and Psaltis have reviewed pre-microfluidics
era dye lasers and optofluidic dye lasers [20)].
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The first lasers

In 1960 Maiman published the first experimental demonstration of a laser [21],
presenting stimulated emission in ruby at A\ = 694 nm by flashlamp excita-
tion of a ruby rod in a Fabry—Perot cavity. The discovery opened up a
whole new field of research which has grown immensely during the following
decades. Applications of the laser have spread to virtually every corner in
society and industry, spanning from personal items such as laser pointers and
DVD players to one of the key elements in telecommunication and industrial
applications such as laser welding.

The first report of a dye laser using an organic dye as active medium was
that of Sorokin and Lankard in 1966 [22]. They used an ethanolic solution
of chloro-aluminum phthalocyanine placed in a glass cell in a macroscopic
optical cavity and a giant-pulse ruby laser as pump source. Dye lasers were
also demonstrated independently by other groups in 1966 and 1967, see |23,
24] for references. In 1967, Sorokin and Lankard reported the first flashlamp-
pumped dye laser [25|. This is an important achievement in an optofluidic
context, since it enables the optical pumping of optofluidic dye lasers by
means of flashlamps in contrast to larger (and more expensive) pump laser
systems.

The first DFB lasers

The first DFB laser was demonstrated in 1971 by Kogelnik and Shank [26].
In a DFB laser, the active material is distributed in the structure providing
feedback in the laser resonator, corresponding to the mirrors in a Fabry—
Perot cavity. By creating a spatial modulation of the refractive index or
gain of the laser structure, light is coupled between backward and forward
propagating waves by Bragg scattering. DFB lasers are compact devices as
no external optical cavity is needed. The wavelength selectivity of the DFB
structure yields narrow linewidth emission and high wavelength stability.

The DFB laser consisted of a gelatin film, which was doped with the
organic dye rhodamine 6G (R6G). A periodic modulation of the refractive
index of gelatin was achieved by holographic lithography using the interfer-
ence pattern of two coherent UV laser beams from a He-Cd laser, resulting
in a fringe spacing of approximately 300 nm. Subsequently, the gelatin struc-
ture was dyed with R6G by soaking the structure in R6G solution to allow
the dye molecules to penetrate into the porous gelatin structure. The DFB
laser device was pumped by a Ny UV laser and lasing was achieved around
630 nm.

Later in 1971, Shank et al. demonstrated the first tunable DFB laser
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Fig. 1.5: First tunable DFB and first fluidic DFB laser by Shank et al. Left: Sketch
of dye laser. A dye cell was pumped by two coherent beams at incidence
angle 6, forming the interference fringes of the DFB laser. Right: Tuning
results for different solvent refractive indices ng using different mixtures
of methanol and benzyl alcohol (6 = 53.8°). From [27].

which was also the first fluidic DFB laser [27], see Fig. 1.5. The active
medium was R6G dissolved in a solvent contained in a glass cell. Feedback
was obtained by the fringes formed by the interference of two coherent beams
from a frequency doubled ruby laser at A\, = 347 nm in a pumped region of
approximate dimensions 1.6 cm x 300 um. The output dye laser wavelength
A was dependent on the angle of incidence 6 of the two incoming pump beams
and the refractive index of the solvent n, through the relation
NsAp

A= e (1.1)
A wavelength tunability of 64 nm was demonstrated by variation of n, and
0. ng was varied from 1.33 to 1.55 by using different mixtures of methanol
and benzyl alcohol as dye solvents. Single mode operation was obtained with
a narrow linewidth (< 1 pm) at low pumping intensities. At high pumping
intensities, multiple closely-spaced modes appeared, sensitive to the pumping
intensity.

A periodic modulation of the refractive index throughout the structure
with no central phase shift results in two resonances symmetrically spaced
(in frequency) around the Bragg frequency. In the case of a gain modulated
DFB laser, a single resonance is present at the Bragg frequency. The necessity
of using a central phase shift when using index gratings as opposed to gain
gratings in order to obtain a single resonance at the Bragg frequency was
explained in 1972 by Kogelnik and Shank [28] using coupled wave theory. In
Chapter 2.3, the role of the phase shift for refractive index modulated DFB
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Fig. 1.6: Semiconductor waveguide lasers in GaAs with corrugation feedback by
Nakamura et al. Left: Sketch of devices. Right: Demonstration of
tuning of the laser wavelength ~ 4.5 nm by changing the corrugation
period. From [30].

lasers is discussed.

In 1973, Nakamura et al. demonstrated the first semiconductor DFB
laser [29], see Fig. 1.6, using corrugation feedback through a periodic mod-
ulation of the device surface and thus the refractive index throughout the
structure. The corrugations were fabricated by holographic lithography and
subsequent ion beam milling on a GaAs substrate. The Bragg condition for
feedback is

mA = 2nA, m=1,2... (Bragg condition) (1.2)

where m is the reflection order, n is the refractive index of the guided mode,
and A is the period of the corrugation. Nakamura et al. used the third Bragg
reflection order (m = 3) with a period of A ~ 350 nm without a central phase
shift to generate feedback. The use of the first Bragg reflection order (m = 1)
would have required a grating period of A ~ 120 nm which is experimentally
challenging. Using a higher order grating introduces losses in the structure
due lower order modes that couple to substrate radiation modes. The sample
was cooled to 77 K during characterization and laser light emitted at 832 nm
was observed using a pulsed ruby laser as optical pump source.

Later that year, Nakamura et al. demonstrated tuning of GaAs waveguide
lasers with corrugation feedback by changing the grating period [30], see
Fig. 1.6. The laser devices were fabricated by the same fabrication method
and pumped by a pulsed dye laser. A tuning range of ~ 4.5 nm of the emitted
laser wavelength was demonstrated by changing the grating period.
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Since the 1970’s, immense research has taken place in the field of flu-
idic dye lasers and today they are widely used as tunable laser sources in
numerous applications, e.g. for optical pumping, laser cooling, parametric
processes, and spectroscopy in the visible range. Although dye lasers are
very popular light sources for laboratory use, they have not yet penetrated
the consumer or health-care markets. Perhaps the development of optoflu-
idic dye lasers can advance optical sensing and provide novel sensor concepts,
enabling the breakthrough for dye lasers in everyday-life products.

Optofluidic dye lasers

In 2003, Helbo et al. demonstrated the first optofluidic dye laser [31]. The mi-
crofabricated device realized a miniaturized Fabry—Perot resonator by evap-
orating two gold mirrors on the top and bottom of a microfluidic channel.
The active medium was R6G dissolved in ethanol, the laser was pumped at
532 nm by a frequency doubled Nd:YAG laser and emitted laser light around
570 nm. The light was emitted vertically up, perpendicular to the chip plane
with a broad linewidth of 5.7 nm. The device was further investigated in [32]
where a wavelength tunability of 28 nm by variation of the dye concentration
was demonstrated.

For lab-on-a-chip systems, a laser resonator with lateral emission in the
chip plane is preferred since such a laser is easy to integrate with other com-
ponents. Of different laterally emitting device layouts, DFB laser resonators
have proven particularly suitable for obtaining single mode and low threshold
lasing.

The first optofluidic DFB dye laser was demonstrated by Balslev and
Kristensen in 2005 [33], see Fig. 1.7. The device was also the first optofluidic
dye laser to emit light laterally in the chip plane and in a single mode. The
laser cavity was defined by UV lithography as a high order Bragg grating
(m ~ 130) with a central m/2 phase shift by alternating SU-8 polymer bars
and microfluidic channels. R6G dissolved in ethanol was infused as the active
medium through the resonator. Single mode lasing A = 577 nm (spectrometer
resolution 0.15 nm) with a threshold fluence of approximately 20 pJ /mm? was
obtained due to transverse-mode selective losses in a multimode waveguide
structure where light was not guided in the microfluidic channels.

The laser was integrated with SU-8 output waveguides [33], following the
simple idea of Mogensen et al. [34], and the integration of the laser with
waveguides, fluidic channels, diffusion mixers, and photodiodes into a lab-
on-a-chip system was demonstrated [14]. Further, the laser design has been
realized in COC by NIL [35] and integrated with imprinted waveguides and
fluidics for absorption measurements [15].
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Fig. 1.7: First optofluidic DFB dye laser by Balslev and Kristensen. Left:
Overview of the dye laser chip. Insert shows SEM micrograph of the
~ 130’th order Bragg grating resonator. Right: Single mode emission at
A = 577 nm and laser threshold fluence of ~ 20 wJ/mm?. From [33].

Vezenov et al. [36] demonstrated the first optofluidic laser employing
a liquid-core/liquid-cladding waveguide, using a high refractive index dye-
dissolved liquid as waveguide core and a low refractive index liquid as cladding
in a PDMS-based device. By covering the end facets of a 1 cm long channel
with 100 nm Au, light was emitted around A ~ 625 nm with a spectral width
of approximately 4 nm.

Taking advantage of the liquid waveguide concept, Li et al. demonstrated
the first optofluidic liquid-core DFB dye laser [37], see Fig. 1.8. By exploiting
the low refractive index of PDMS and a high refractive index dye-dissolved
liquid, light was guided in the liquid. A 15’th order Bragg grating with a
central 7/2 phase shift was fabricated by soft lithography in a single mode
waveguide structure and single mode lasing was emitted at A = 567.3 nm
with a threshold fluence of approximately 8 wJ/mm?. An array of five lasers
with different grating periods emitting at corresponding wavelengths was also
demonstrated [38].

Using the same device, continuous wavelength tuning was achieved demon-
strating a novel tuning concept by altering the physical path of the light by
changing the length of the grating period through mechanical deformation
of the elastic PDMS material [38], see Fig. 1.8. A tuning range of 29 nm
was achieved using a single laser dye (R6G), and a total tuning range of 55
nm between 565 and 638 nm was demonstrated by employing two different
laser dyes (R6G and rhodamine 101). The laser oscillated at the wavelength
of the Bragg order m = 15 when using R6G and at the wavelength of the



1.4. Optofluidic dye lasers 13

Pamp Light
a3
m = 14, Rh101
820
<&

580 m = 15, Rh6G

Lasing Wavelength {nm)

rd
Diye Solution

| Translation Stage

4

U 50 100 150 200 250 300 350 400 450 500 550
Deformation (um)

Fig. 1.8: First optofluidic liquid-core DFB dye laser. Left: Overview of device
and setup for mechanical tuning. Right: Mechanical tuning using two
different rhodamine dyes and the m = 14 and m = 15 Bragg reflection
orders. Threshold ~ 8 wJ/mm?. From [38].

Bragg order m = 14 when using rhodamine 101.

The distance to the neighboring reflection order is given by the free spec-
tral range (F'SR), see Chapter 2.2, which for the m = 15 Bragg reflection
order is 'SR ~ 40 nm. Lasing occurs in the mode spectrally closest to the
dye gain maximum. As lasing with neither of the two dyes was not reported
in a 19 nm gap from 594 nm to 613 nm, one may suspect mode-hopping to
take place in this region, as a neighboring mode could be closer to the gain
maximum of the dye when the device is stretched or compressed above a
certain limit.

Higher order Bragg gratings, such as the ones employed in the two optoflu-
idic DFB lasers reviewed above [33,37, 38|, exhibit losses due to scattering
of lower order reflection modes out of the chip plane. These losses can be
reduced, enabling a lower threshold for lasing, by employing a lower order
Bragg grating, see Chapter 2.2. The requirement for liquid-core waveguiding
of a high refractive index liquid and low refractive index polymer [36-38] may
be relaxed by reducing the dimensions of the resonator segments by entering
the sub-wavelength regime [39].

Table 1.1 summarizes the key features of the reviewed optofluidic dye
lasers. Ideally, a first order Bragg grating combined with planar waveguiding
in the polymer film could be used in order to achieve narrow linewidth, low
threshold, and tunable lasing.

Other laser cavity geometries than the ones described above have been
demonstrated. Cheng et al. [40] demonstrated an optofluidic dye laser (spec-
tral width ~ 10 nm fabricated by femtosecond laser processing in glass, re-
lying on total internal reflection. Gersborg-Hansen et al. [41] demonstrated
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First author ~ Resonator type Linewidth Qu, [25]  Tuning

mm?2
Helbo [31,32] Fabry—Perot 5.7 nm ~ 34 28 nm
Balslev [33]  DFB, m ~ 130 < 0.15 nm ~ 20 n/a
Vezenov [36]  Fabry—Perot! ~4nm  ~11 17 nm
Li [37,38] DFB', m = 14,15 < 0.21 nm ~ 8 29/25 nm

Tab. 1.1: Summary of key features of the reviewed optofluidic dye lasers (chrono-
logically listed). Q4 is the threshold fluence for lasing and the ‘Tuning’
column states the reported wavelength tunability. Low order DFB lasers
are promising candidates for obtaining narrow linewidth, low threshold,
and tunable lasing. (T liquid-core waveguiding)

an optofluidic dye ring laser which exhibited multi-mode lasing and was tun-
able by means of changing the dye solvent and concentration. The cavity
design of [41] was integrated with a microfluidic mixer by Galas et al. [42]
who demonstrated a tunability of 8 nm by changing the R6G concentration.
Bilenberg et al. [6] integrated an optofluidic light source with a microfluidic
diffusion mixer and achieved real-time continuous wavelength tuning range of
10 nm by means of concentration tuning using R6G in ethanol. Kou et al. [43]
demonstrated multi longitudinal-mode dual-color lasing, each with an overall
spectral width of ~ 4 nm by infusing an ethanolic dye solution containing two
different dyes in an optofluidic Fabry—Perot cavity composed of two metal-
lized fibre ends with a 140 um wide microfluidic channel in-between. Peroz et
al. |44] realized a multi-mode optofluidic 4’th order distributed Bragg reflec-
tor laser, fabricated using an UV nanoimprint lithography-based technique.
Vasdekis et al. [45] presented multi-mode narrow linewidth lasing from pieces
of optical fibre which were filled with a dye solution through capillary action.
Shopova et al. [46] demonstrated whispering gallery mode lasing from dye-
filled thin-walled capillary tubes which were coupled to a tapered optical
fiber.

Overview

The reported optofluidic dye lasers miniaturize some of the attractive features
of macroscopic dye lasers. Using relatively cheap polymer materials, tunable,
narrow linewidth, and low threshold lasing in the visible wavelength region
has been obtained. The key features of the reviewed optofluidic dye lasers
are summarized in Tab. 1.1. Device designs employing planar DFB laser
resonators have proven particularly efficient with respect to these parameters
and are suitable for integration onto compact lab-on-a-chip systems.

The efficient wavelength selection of the DFB laser resonators results in
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narrow linewidth, possibly single mode, emission. By reducing the grating
order and increasing the confinement of light to the waveguide core region,
the scattering and propagation losses are reduced, reducing the threshold for
lasing. Further, reduction of the grating order yields an increase in F'SR,
enabling a larger wavelength tunable range.

Two tuning principles have been employed in the demonstrations: Tuning
by changing the concentration and solvent of the laser dye, and mechanical
deformation of the polymer structure, thereby altering the length of the phys-
ical path of the light through the resonator.

The optofluidic dye lasers are all pulsed in order to have a short interaction
time between the dye molecules and the pump light, thus suppressing the
formation of triplet states unsuitable for lasing. This contrasts macroscopic
continuous wave dye lasers where the suppression is mediated by a jet flow
of the dye solution with typical velocities of several m/s [24]. Employing a
similar strategy at the micrometer-scale remains a challenge due to the large
hydrodynamic resistance of laminar flow in microfluidics.

Miniaturization of the optical pump sources used to excite the dye molecules
in the devices is necessary for the realization of compact optofluidic dye laser
systems. Until now, bulky frequency doubled Q-switched flashlamp-pumped
Nd:YAG lasers have been the most popular choice. However, as laser thresh-
olds have decreased, it has become possible to use compact diode-pumped
laser systems, e.g. a frequency doubled Q-switched diode-pumped Nd:YVO,
laser as in [45].

Future development in this direction points towards using compact pulsed
high power semiconductor laser diodes. Such a pumping scheme employing a
GaN laser diode and a pulsed power supply has recently been demonstrated
by Karnutsch et al. for pumping solid-state organic semiconductor laser
devices [47|. Ultimately, a potentially cheap pulsed white light source which
even need not be coherent, such as Xe flashlamps, could be used to excite
the dye and produce coherent output from optofluidic dye lasers.

Degradation of dye molecules, called dye bleaching, imposed by the exter-
nal optical pumping is a major concern for the lifetime of organic dye based
light sources. In general, the problem is addressed by employing a continuous
convective flow of dye solution which replenishes the dye in the cavity.

The flow is typically generated by means of bulky fluidic handling ap-
paratus external to the laser devices, such as syringe pumps, thereby com-
promising the cost, portability, and miniaturization of optofluidic dye lasers.
Simplification of fluidic handling through development of compact and au-
tonomous dye replenishment concepts is important for the successful com-
mercialization of optofluidic dye lasers.
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1.5 This thesis

This thesis explores three themes of optofluidic dye lasers:

(i) Improving the efficiency of the resonators in order to reduce the laser
threshold.

(ii) Enhancing the tunability of the narrow linewidth dye laser emission.
(iii) Simplification of the fluidic handling.

The threshold for lasing is a key parameter for the feasibility of optoflu-
idic dye lasers in a future technology. In this thesis, we explore device designs
employing low order Bragg grating DFB lasers. By reducing the Bragg reflec-
tion order, we obtain low out-of-plane scattering losses and achieve low laser
thresholds. Although the fluidic resonator segments of the laser resonators
are not waveguiding, the sub-wavelength dimensions of the resonator seg-
ments yield low losses which ensure low thresholds for lasing.

The tunability of optofluidic dye lasers is an appealing property from
macroscopic dye lasers that can be transferred to miniaturized systems and
open up a wide field of applications. To enhance the tunability of optofluidic
dye lasers, we explore optofluidic refractive index tuning by flowing dye-
dissolved liquids of different refractive indices through the laser cavities,
thereby fine-tuning the laser wavelength by means of optofluidic functional-
ity. Tuning is also investigated by changing the period of the Bragg grating
resonator (coarse-tuning). Further, by employing a low order Bragg grating
in the DFB laser resonators, a large F'SR is obtained which yields a large
wavelength tunability, limited by the spectral width of the gain of the chosen
laser dye.

In order to facilitate compact optofluidic dye laser systems suitable for
commercial applications, simplification of fluidic handling is necessary. We
demonstrate such simplifications by filling the cavity with dye solution through
capillary action. This approach, suitable for single-use devices, completely
removes the need for fluidic handling apparatus such as syringe pumps, hoses,
fittings, valves, etc. Further, we propose a novel dye replenishment mecha-
nism based on diffusion which potentially allows for the operation of optoflu-
idic dye lasers for days without the need for a convective flow.
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Reading guidelines

This thesis is organized as follows:

This Chapter comprises an introduction to lab-on-a-chip systems, optoflu-
idics, and optofluidic dye lasers. The Chapter describes the motivation for
the work and reviews the development of optofluidic dye lasers.

Chapter 2 introduces the theory necessary for understanding the design
and operation of the optofluidic dye laser devices presented in this thesis.
Further, the Chapter describes the numerical models developed during this
thesis work. A transmission matrix model suitable for design of optofluidic
DFB lasers is presented. Finite element simulations of the cavity modes of an
optofluidic dye ring laser, which have been published in [48], are described.

Chapter 3 presents the main materials used in this work: The dye R6G
and polymer materials SU-8 and PMMA. For R6G, emphasis is on the lasing
scheme, fluorescence quantum yield, and absorption/emission characteristics.
For the polymers, the focus is on the optical properties, especially dispersion
and waveguide propagation loss.

Chapter 4 presents the nanofabrication methods applied in this thesis
work. It is concentrated on electron beam lithography (EBL), combined elec-
tron beam and UV lithography (CEUL), and nanoimprint lithograph (NIL).
CEUL in SU-8 is a newly developed fabrication method suitable for func-
tional polymer devices and pattern transfer applications. The main results
on CEUL and NIL have been published in [49].

Chapter 5 presents capillary driven tunable optofluidic DFB dye lasers.
The DFB lasers rely on light-confinement in a thin SU-8 polymer film and
third order Bragg reflection. The lasers exhibit low thresholds and the emis-
sion wavelength is tunable over 45 nm by changing the grating period and
through optofluidic tuning by varying the refractive index of the dye solvent.
The main results of the Chapter have been published in [50,51].

Chapter 6 presents a novel dye replenishment mechanism for optofluidic
dye lasers, based on diffusion rather than convection. For miniaturized sys-
tems, diffusion becomes important and by optically pumping a dye solution
through a narrow slit, dye molecules are replenished through diffusion alone,
omitting the need for fluidic handling apparatus. Diffusive dye replenish-
ment, opens up for compact optofluidic dye laser systems with lifetimes on
the time-scale of days. The main results of the Chapter have been published
in [52].

Chapter 7 concludes the thesis and provides ideas for improvements and
applications.

At the end of the thesis, a list of references, list of publications, and an
index are available.
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2. THEORY AND MODELING

This Chapter describes the basic theory of planar waveguiding and DFB
lasers, and the models applied to study the fabricated optofluidic dye lasers.
In the models, only the passive resonator structure is investigated, as a re-
liable incorporation of the spectrally varying and concentration dependent
dye gain remains difficult.

For the DFB laser resonators, grating order, free spectral range, and out-
of-plane scattering losses are reviewed. A quasi-one dimensional model is
developed as a laser device design tool and the role of the central phase shift
is investigated.

For an optofluidic dye ring laser, the cavity modes are studied using the
finite element method (FEM) and compared to a ray-tracing model. The
results have been published in Journal of Optics A: Pure and Applied Optics,
volume 8, pages 17-20 (2006) [48].

2.1 Planar dielectric waveguides

Consider the basic layered structure of a dielectric waveguide shown in Fig. 2.1.
The middle core layer has a higher refractive index n... than that of the
neighboring top and bottom cladding layers n,, and nye, respectively. In
the generic waveguide, the layers extend to infinity in the x and y directions,
and in the z direction, the top cladding extends to +oco and the bottom
cladding extends to —oo to avoid reflections from the external boundaries.
The guiding of light in the structure is governed by Maxwell’s wave equa-
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Fig. 2.1: Planar dielectric waveguide.



20 2. Theory and modeling

tion [53]
n?(r) O*E(r,t)
c? ot?
For TM-polarized plane waves traveling in the y direction, H, = 0, and
the non-zero field components are H,, F,, and E,. From H,, the remaining
two can be determined [53]. H, has solutions of the form

V2E(r,t) = (2.1)

H(y, 2,t) = Hy(2)e ) (2.2)

where 3 is the propagation constant and w is the frequency of the light. The
transverse magnetic component H, is given by

—-C [% cos(rheore) + sin(rhmre)} exp [p(2 + heore)] 5 —00 < 2 < —heore
Ha(z) =4 C [—Z_ cos(rz) + sin(rz)} ; —heore < 2 <0
(2.3)
where C' is a normalization constant and p, p, ¢, g, 7, and k are defined by!
J— 2 2 2 e ngore
q_\/ﬁ _ntopk q_mq
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k=4
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where k is the wave number and c is the speed of light in vacuum.
Employing the boundary conditions of the Maxwell equations, H, must
be continuous and differentiable at z = —hcye, and hence 8 must fulfill the
transcendental equation
tan(rhcore) = 7“(2p7—|—_q_) (2.5)
e —pq
Only the discrete solutions (3, of Eq. (2.5) correspond to a solution of
Eq. (2.1) of the form (2.3) in the waveguide structure and the discrete values
B correspond to the modes of the waveguide. If only one solution exists,
the waveguide is denoted single mode, when multiple modes exist it is de-

noted multimode. For TE-polarized plane waves, the derivation is parallel,
see Ref. [53].

! Note the typographical error in Eq. (3.1.5) of [53].
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Fig. 2.2: Polymer waveguides. Left: Field distributions according to Eq. (2.3)
for a waveguide with a 1 pum core. Right: Mode refractive indices as a
function of core thickness for the different modes of a polymer waveguide.

Equation (2.5) can be solved numerically and from the values of j3,,, the
mode refractive indices n,, can be determined as

 f

C

A

where A is the wavelength of the light. The mode index describes how much
of the field is confined to the waveguide core layer, since n — neoe for
hcore — OQ.

The left part of Fig. 2.2 shows the field distributions H,(z) calculated
using Eq. (2.3) for the two modes of a polymer waveguide with hepe = 1 pm
(Ntop = 1.49, Neore = 1.59, npor = 1.46). In the core layer, the oscillating
field is well-confined and in the cladding regions the field decays exponen-
tially. The confinement renders planar waveguides a key component within
integrated optics.

The right part of Fig. 2.2 shows how the mode indices n,, varies with hcope
for the different modes of the polymer waveguide, according to Eq. (2.6).
Higher order modes appear above Ao ~ 600 nm. The dashed line at heoe =
300 nm in the single mode regime indicates the approximate core thickness
used in the fabricated optofluidic dye laser devices.



22 2. Theory and modeling

2.2 Distributed feedback lasers

In DFB lasers, the feedback is generated by interference in the refractive
index (or gain) distribution throughout the laser structure. This is attractive
for integrated optics compared to a Fabry—Perot cavity, as the fabrication and
alignment of mirrors are avoided [53,54].

The function of a DFB laser resonator is based on Bragg reflection. Bragg
reflection occurs when plane waves are reflected in phase from a periodic
grating structure of alternating refractive index, see Fig. 2.3(a). In order
to achieve constructive interference of plane waves reflected by the dielectric
interfaces of neighboring grating periods, the accumulated phase must equal
an integer number of wavelengths

mA, = 20, , m=1,2,3,... (Bragg condition) (2.7)

where Ao, = 1Ly + oLy is the optical path length of a grating period, m
is the grating order, and A, is the corresponding Bragg wavelength. n;, L;
(7 = 1,2) are the refractive index and length of layer j, respectively, and
A = L, + L, is the grating period.

In the two-dimensional (2D) laser structure of Fig. 2.3(b), the determi-
nation of the refractive indices is more complicated. The core of a polymer
waveguide structure (npot = 1.46, nyp = 1.49) is modified with a DFB
structure with the refractive index alternating between n; and ns. A sim-
ple approach is to approximate the structure with a one-dimensional (1D)
structure similar to that of Fig. 2.3(a) and employ the mode refractive in-
dices of the corresponding infinite planar waveguides for the two materials
N1, Mg, calculated by means of Eqgs. (2.1)-(2.6). A transmission matrix model
is developed along these lines in Chapter 2.3.

(a) (b) n.,=1.49
1y 7, ny n,

Z A L L, z A

L. 1 ’ [ n,,=1.46

Fig. 2.3: Sketch of DFB lasers. (a) 1D Bragg grating. (b) 2D DFB laser structure
with central phase shift based on a planar waveguide structure (discussed
in Chapter 2.3).
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Free spectral range

The free spectral range (F'SR) of the DFB laser resonator is defined as the
distance between two neighboring modes

FSR=X\p1—An m=23,... (2.8)

By employing the Bragg condition (2.7), this can be rewritten as

FSR =2\, <L - i) Wy 1 (2.9)

m—1 m m m—1 m—1

Figure 2.4 shows the spectral position of grating resonances for gratings of
different grating orders with the m’th resonance situated at \,, = 580.6 nm.
The resonances are calculated using Eq. (2.7). The F'SR is calculated using
Eq. (2.9), and the results for the gratings of Fig. 2.4 are listed in Tab. 2.1. As
the grating order is decreased, so is A,p, and the F'SR increases dramatically.
In each plot of Fig. 2.4, the measured fluorescence spectrum of R6G solution
in ethylene glycol with the gain maximum situated at A ~ 565 nm is shown.

For a laser with modes of equal loss, the laser will oscillate in the mode
with highest gain, i.e. the mode which is spectrally closest to the gain max-
imum. If multiple modes are situated close to the gain maximum, as for the
gratings of order m = 130, 15 in Fig. 2.4(a),(b), and the wavelength is tuned
so that a neighboring mode is closer to the gain maximum, mode-hopping
will occur and the laser will begin to oscillate in the neighboring mode. For
a tunable single mode laser, the F'SR yields the maximum achievable wave-
length tunability without mode-hopping.

For the m = 130,15 order Bragg gratings in Fig. 2.4(a),(b), multiple
resonances are located within the gain region, and the tunability is limited
by the F'SR, see Tab. 2.1. For the m = 3 grating, see Fig. 2.4(c), the
tunability is no longer limited by the F'SR but the width of the gain region
of the chosen laser dye.

m Ay [Hm| FSR [nm]

130 75.478 4.5
15 8.709 41.5
3 1.742 290.3

Tab. 2.1: Calculated Ay, and F'SR for Bragg gratings of different order m using
Egs. (2.7) and (2.9), respectively, with \,,, = 580.6 nm.



24 2. Theory and modeling

\
N
450 500 550 600 650 700
1+
b
cu( )
&)
C
v}
fd
O
o
D
m0 .—'..\\T,
450 500 550 600 650 700
1+

T LN I L B R R B L B R B A A |
450 500 550 600 650 700

Wavelength [nm]

Fig. 2.4: Spectral distribution of resonances for Bragg gratings of different orders
m. The orange curve shows a measured fluorescence spectrum of a R6G
solution. (a) m = 130 with \130 = 580.6 nm. (b) m = 15 with A5 =
580.6 nm. (c¢) m = 3 with A3 = 580.6 nm.
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Out-of-plane scattering

Higher order Bragg gratings are subject to out-of-plane scattering [53|. The
corrugated waveguide structure shown in Fig. 2.5 represents such a grating.
Consider a waveguide mode of mode refractive index 7 traveling towards the
right in the structure. For waves scattered off successive teeth in the grating
to be in phase, their optical path length must be an integer multiple of the
wavelength. Defining b as in Fig. 2.5, this yields the phase condition

x=nb+A) =1,2,... (2.10)

From Fig. 2.5, b can be expressed by the grating period A and the angle
0 as the side of a right triangle

b= Asind (2.11)

where 0 is defined as the angle that the scattered wavefront makes with the
plane of the waveguide. Angles in the range 6 € [—90°; 90°] may be obtained.
0 is also the angle between the direction of the scattered rays and the normal
to the waveguide plane. Combination of Eqgs. (2.10) and (2.11) yields an
expression for 6

i)

inf = ——1 V' =0,1,2,... 2.12
sin A s s Ly 4y , M ( )

RAY 4

PLANE
WAVE
FRONT

TOOTH) TOOTH 2 TOOTH 3

Fig. 2.5: Out-of-plane scattering. A waveguide mode is traveling towards the
right and is scattered off the teeth of the high order corrugation grating.
Reproduced from [53].
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m=1 m=2 m=3 m=4

Fig. 2.6: Sketch of directions of out-of-plane scattering for gratings of different
order m. Reproduced from [53].

By identifying A,, = nA and applying the Bragg condition (2.7), one

obtains
i 20 ,
sinff = — —1, =0,1,2,...,m (2.13)
m

which is practical for calculating the out-of-plane scattering angles of grat-
ings of different orders. Table 2.2 and Fig. 2.6 show the different scattering
directions for gratings of order m = 1, 2, 3, 4.

The strong coupling to out-of-plane scattering for the second order grat-
ing is, in general, undesired for DFB lasers designed to emit light in the
chip plane. Ideally, a first order grating should be used to achieve the best
performance.

However, fabrication tolerances may prevent the use of a first order grat-
ing, in which case a third order grating should be used since the coupling to
out-of-plane scattering is much weaker than for a second order grating [53].
Based on this analysis, third order DFB lasers was the best choice for the
fabricated devices.

m 1 2 3 4
=0 -90° —-90° —-90° —-90°
=1 90° 0° —-19.5° —-30°

=2 90° 19.5° 0°
'=3 90° 30°
=4 90°

Tab. 2.2: Directions of out-of-plane scattering for gratings of different order m,
calculated using Eq. (2.13). See Fig. 2.5 for a definition of 6.
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2.3 Transmission matrix model for design of DFB lasers

For periodic structures such as Bragg gratings, the reflectance and trans-
mittance? can be conveniently calculated in the 1D case using transmission
matrices. Upon introducing the transmission matrices for two basic optical
elements, the basic matrices are combined to represent an entire DFB laser
resonator with phase shift in a quasi-1D model.

The advantage of the transmission matrix approach for ray tracing pur-
poses is that when combining several optical elements in a serial chain, the
resulting transmission matrix is straightforward to compute. This treatment
of transmission matrices is based on Chapter 3 of [54].

Transmission matrices

The transmission matrices are based on normalized field amplitudes and can
be converted into scattering matrices. The normalization of the electric field
is done such that the power flow of the electric field is the absolute square of
the normalized field amplitude A.

To do this, assume that the electric field is a plane monochromatic wave
traveling in the y direction which is linearly polarized along the e, vector,
that is

E(JL‘, Y, =z, t) = EO ©p U($, Z) ei(ﬁy—wt) (214)

where U(z, z) is the field intensity distribution, normalized by
[[1U(x,2)|* dzdz = 1. The power of the electric field is calculated as

1 1
P = 5607”LC|E'0|2 // U (z, 2)|* dedz = ieonc|E0|2 (2.15)

~
1

1 .
A=/ Seone Ey e (2.16)

having the same phase as the electric field (2.14). Hence, by this definition
|AJ* is equal to the power flow P through Eq. (2.15).

The transmission matrix T relates the forward traveling waves A; and
backward traveling waves B; (j = 1,2) of an optical element with two input

Let A be defined as

2 Depending on the source, the terms reflectance/transmittance or reflectiv-
ity /transmissivity are used for the normalized amount of reflected/transmitted energy
of an incoming signal. In this thesis, the terms reflectance and transmittance are used for
these quantities, respectively.
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A = |—4,

T

B«— «—B,

Fig. 2.7: Definition of the transmission matrix T. The matrix relates the forward
(A;) and backward (Bj) traveling waves.

and output ports, see Fig. 2.7,

Ar | s | A2
AEA "
A pair of elements with forward and backward traveling waves A;, B; and

A% Bl (j = 1,2), respectively, can be combined so that the output of the first
(Aa, Bs) is the input of the second (A}, B}), i.e. Ay = A, By = B}. This

yields
A | sl A | | A aae | A
n -t ]t E] e
The resulting transmission matrix for the joined system is the matrix prod-
uct of the two transmission matrices. This simple relation is the essence
of the powerful calculation method of transmission matrices for complicated
systems with many elements.

In order to determine the elements of a transmission matrix, the elements
are related to the reflection and transmission coefficients of the optical ele-
ment

By Ay

rig = — ;o ot = 1
Ba=0 1

As
B,

B,
;o to =

v Tar = ey
3
=0 By

B2=0

A1=0
(2.19)

where the subscripts refer to the left (1) and right (2) sides of the optical
element, cf. Eq. (2.17), see Fig. 2.7.
The matrix elements can be expressed by the reflection and transmission
coefficients by combining Eqs. (2.17) and (2.19) [54]
Y 1 1 —T2
T=— 2.20
t12 l r12 tiglor — ri2721 ] (2.20)
Vice versa, the reflection and transmission coefficients can be expressed
through the elements of the transmission matrix as [54|

_Tgl. - 1 . . Tm' _detT
T2 = 12= 75 Taa=—73 21 =

Tll , Tll

(2.21)
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Fig. 2.8: Sketches of the basic optical elements of a Bragg grating. (a) Dielectric
interface (normal incidence). (b) Propagation in a homogeneous medium.

Basic elements

For a dielectric interface, see Fig. 2.8(a), the transmission matrix is derived
using the reflection and transmission coefficients from the Fresnel equations
at normal incidence

— / 2./ nn
T19 = ™ 2 ) tlg = 1-— 7“%2 = # (222)

ny + No ny + no
AISO, T91 = —T12 and tlg = t21, and Eq (220) ylelds
5 1 I r
Ty =— 2.23
12 t12 |: 12 1 :| ( )

For light propagating through a homogeneous medium of length L, see
Fig. 2.8(b), there is no coupling between forward and backward traveling
waves. There are no reflections, i.e. 113 = r9; = 0, and only the phase of
the transmitted signals is changed. Expressed in terms of normalized field
amplitudes, the relations are

A2 = Al eiﬁL ) BQ = Bl eii’BL ) ﬁ = 277‘-71 (224)

and employing Egs. (2.19) and (2.20) yields the transmission matrix
< 1 [1 0 e Pt 0
T, = oL { 0 2PL ] = [ 0 eibL ] (2.25)

Transmission matrix model of DFB laser cavities

One period of a Bragg grating consists of two segments of length L; (j = 1,2)
with homogeneous propagation and two segments with dielectric interfaces
between media 1 and 2. Hence, by matrix multiplication, the transmission
matrix for a grating period T becomes

Ty =T, TpT, Ty (2.26)
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The resulting transmission matrix for a grating structure with M periods
becomes

T = (TA)M (2.27)

From T, the energy transmittance 7" and the phase ¢ of the transmit-
ted light of the whole grating structure can be calculated using Eq. (2.21)

2

T = |t1o)? ; or = arg (t12) (2.28)

_ ' !

Tn
The reflectance can be extracted from the corresponding expression of Eq. (2.21).
Alternatively, due to energy conservation, the energy reflectance R can be
calculated as R =1 — T (disregarding losses).

In order to use the model as a design tool for DFB laser cavities such as
the one sketched in Fig. 2.3(b), the refractive indices of the different layers are
approximated. In the fabricated devices, the materials used for the waveguide
core are SU-8 polymer (n; = 1.59) and dye-dissolved liquids (n, = 1.36 —
1.485), see Chapter 5. The cladding materials have the refractive indices
Niop = 1.49 and npe, = 1.46.

In the following examples, a waveguide structure of core height hcoe =
300 nm is considered. A third order grating (m = 3) is designed with a central
wavelength of A = 570 nm. The SU-8 segments are L; = 280 nm wide, and
the channels are Ly = 312 nm wide, i.e. the grating period is A = 592 nm.
These dimensions are similar to the ones for the fabricated optofluidic DFB
dye lasers in Chapter 5. In the calculations, M = 50 grating periods are
used, instead of the M ~ 845 periods of the fabricated 500 um long gratings,
in order to limit the computing time.

For the SU-8 segments, the refractive index can be approximated using the
mode refractive index of Eq. (2.6) for the corresponding waveguide structure,
see Fig. 2.2 (page 21), i.e.

ny = % = 1.525 (2.29)
Due to the low refractive indices of the liquids, ny < n¢ep, no confined TE-
TM waveguide mode exists and light is not guided in the fluidic resonator
segments. However, since the resonator segments are of sub-wavelength di-
mensions, Ly, Ly < A, a significant amount of light can still propagate across
the channel and enter the adjacent SU-8 waveguide segment. To account for
the reduced refractive index in the fluidic resonator segment, ns is taken as
fiy ~ Ly (2.30)

ny
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This is a rough estimate where all coupling losses are disregarded. The
coupling loss is estimated using a beam propagation method in Chapter 5.5.
For ny = 1.43 (ethylene glycol solution), Eq. (2.30) yields ny ~ 1.3716 and
the optical path of a grating period becomes A,, = 855 nm. The transmission
matrix model in [55] uses a similar approach.

Fig. 2.9 shows the calculated transmittance 7" for the grating structure
described above. The values for T" are converted to dB using the relation
Tiog = 10log,y T, as the input is normalized to unity. Light incident at
the Bragg wavelength is reflected, due to constructive interference of the
light reflected at the dielectric interfaces of the grating. Correspondingly,
light at the Bragg wavelength transmitted through the grating experiences
destructive interference, see Fig. 2.9. The interval centered around the Bragg
wavelength where almost all light is reflected is referred to as the stop band.
The width of the stop band is determined by the index contrast 1, — no. As
the grating has a finite number of periods, the value for 7" does not become
identically 0 at the Bragg wavelength.

DFB lasers based on a Bragg grating without a central phase shift are
known as band edge lasers, as the lasers oscillate at the wavelengths of the
edges of the stop band. The group velocity of the light goes to zero at

0+
-104

=204
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Transmittance [dB]

ny 1,
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90+
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Wavelength [nm]

Fig. 2.9: Transmittance of grating structure without phase shift. A clear stop
band around the Bragg wavelength is seen.
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the band-edges which leads to lasing by means of standing waves in the
grating [56].

The role of the central phase shift

In order for a laser to oscillate, the electric field must exactly replicate itself
after each round trip. For a Fabry—Perot laser resonator consisting of two flat
mirrors of reflection coefficients r; and ro, respectively, positioned a distance
L apart, see Fig. 2.10(a), this oscillation condition becomes [54]

E = reflrelE ie. (2.31)
1 = ryre®Pr (2.32)

where E is the initial electric field of the form (2.14). The term e*5L corre-
sponds to the propagation length 2L of a resonator round trip.

The losses of the resonator must be balanced by the gain of the active
material to obtain lasing. Gain and loss may be added to the condition as an
imaginary part of the propagation constant 3. In the fabricated optofluidic
DFB lasers, the losses originate mainly from material absorption and light
lost to the cladding layers in the fluidic resonator segments, whereas the
necessary gain is supplied by the dye molecules. However, practical values
for the R6G gain are not available and depend on e.g. dye concentration and
optical pumping conditions. Thus, the loss-less passive resonator structure
is considered here.

Consider a DFB grating without phase shift with a 50/50 duty cycle, i.e.
L; = X\,,/(47;) (j = 1,2), see Fig. 2.10(b). The central grating segment of
width Lo can be treated as a small cavity between two half-gratings, both
with a reflection coefficient r, close to unity near the Bragg wavelength \,,.
Further, the phase of r, is close to zero near the Bragg wavelength. The
oscillation condition for light near the Bragg wavelength to oscillate in the

] | | |

Iy | (c) I

8 B - o B
L 7y ny n, | Iy ny n,
14 4

1 L L | L |

Fig. 2.10: Different laser resonator structures. (a) Fabry-Perot resonator. (b)
DFB resonator without phase shift. (¢) DFB resonator with central /2
phase shift.
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resonator between the two grating mirrors is given by (2.32)
Tg(Am)Tg( A )2l = ™ = 1 (no phase shift) (2.33)

This oscillation condition has no solution at the Bragg wavelength which
agrees well with the fact that all light is reflected by the grating and light
cannot propagate through. The transmittance for such a grating structure
is shown in Fig. 2.9.

If instead the small cavity has the length 2L, see Fig. 2.10(c), i.e. an extra
length Lo is added corresponding to a phase rotation of 7/2, the oscillation
condition (2.32) becomes

Ty A )Tg( A )etiPmls = 2™ = 1 (with phase shift) (2.34)

which has a solution at the Bragg wavelength. To calculate the transmission
matrix for this structure, the transmission matrix of the added phase shift is
simply added in the matrix multiplication as

. L \M/2 o\ M2
TM:<TA) T, (TA) (2.35)

Fig. 2.11 shows the transmittance for a grating similar to that of Fig. 2.9
but including a central phase shift, c¢f. Fig. 2.10(c). In the center of the
grating, an extra channel width is added which introduces a phase lag of 7 /2
and a single resonance at the Bragg wavelength is obtained. The spectral
position of the resonance in the stop band depends e.g. on the width of the
phase shift.

Optofluidic refractive index tuning

Although the quasi-1D model is based on the approximation that the refrac-
tive index n, can be calculated from a corresponding infinite planar waveg-
uide structure, Eq. (2.6), and the refractive index 75 in the fluidic resonator
segments is basically ‘guessed’, the model can be used to roughly estimate
the laser wavelength and the optofluidic tunability of the fabricated lasers.
In this way, the model functions well as a design tool for optofluidic DFB
dye lasers.

The optofluidic refractive index tuning range for a fixed resonator ge-
ometry with a central m/2 phase shift can be calculated from the Bragg

condition (2.7) as

2L 2%, L
ANy = =2 Afiy ~ 122
m

Ans (2.36)

nim

where Ans is the change in fluid refractive index.
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Fig. 2.11: Transmittance of grating structure with central 7/2 phase shift. A
single resonance is situated in the middle of the stop band at the Bragg
wavelength.

Using the laser geometry of Fig. 2.11 and changing fluid refractive index
no from 1.43 to 1.485, i.e. Any = 0.055, yields AN = 11.0 nm. In the
experiments described in Chapter 5 with grating period A = 599 nm, results
using this value of An, are shown, yielding AX = 7.69 nm, see Tab. 5.3
(page 82). This is within 30 % of the calculated value.

2.4 Finite element simulation of the cavity modes
of an optofluidic dye ring laser

This section presents the efficient use of FEM to simulate the cavity modes
of an optofluidic dye ring laser. I have carried out the simulations using the
commercial software Comsol FEMLAB 3.1 [57| and explained the function
of the optofluidic dye ring laser by finding the optical modes of the passive
cavity.

For a recently reported microfluidic dye ring laser [41], the full wave na-
ture of TE modes in the cavity is studied by means of finite element simula-
tions. The resonance wave-patterns of the cavity modes support a ray-tracing
view and the the spectrum is explained in terms of standing waves with a
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mode spacing 6k = 27/ Leg where Log is the effective optical path length in
the cavity.

Typically, cavity designs of optofluidic dye lasers rely on classical ray-
tracing arguments rather than full wave simulations. In this section, a ge-
ometry resembling that of Refs. [40—42] is considered, and a full wave study
of the TE modes in the cavity is offered. The resonance wave-patterns of
the cavity modes support the ray-tracing view and the mode spacing of the
spectrum is explained in terms of standing waves.

Geometry

Consider the 2D laser resonator illustrated in Fig. 2.12 which corresponds
to the planar cavities studied experimentally in Refs. [40-42]. The cavity
resembles a classical Fabry—Perot resonator and consists of two dielectric
isosceles triangles with baseline ¢, and refractive index n,, separated by a
microfluidic channel of width /4, containing a fluid with refractive index ng,.
Light is confined to the cavity by total-internal reflections at the polymer-air
interfaces at an angle of incidence of /4. Out coupling of power occurs
through an evanescent-field coupling to an adjacent polymer region.

In the experiments in Refs. [41,42] the microfluidic channel is filled by

PML Laser cavity|

micro- A / s =T
channel oo K Pump window [
Nich N 1" >

iech

olymer
air b rypol Output
~— waveguide
air gap €y
— e

8

Fig. 2.12: Geometry consisting of a polymer-defined micro-cavity with an embed-
ded microfluidic channel containing a dissolved laser dye. Left: Geom-
etry for the FEM simulations. Out coupling of power from the cavity
occurs through an evanescent-field coupling through an air gap to an ad-
jacent polymer region where the output power is evaluated by an integral
along the solid line 7. The dashed line indicates a typical optical path
in the cavity. Simulations are carried out for a point-source excitation
at positions A, B, and C, respectively. Right: Microscope image of the
fabricated device [41].
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a dye doped liquid acting as gain medium. In Ref. [41] f,q ~ 700 pm,
the cavity is pumped at the wavelength A\ = 532nm by a pulsed frequency
doubled Nd:YAG laser, and lasing occurs in the visible around A\ ~ 570 nm.
See Ref. [41] for details on the pump power and lasing threshold.

Throughout the rest of this section, a typical structure with £y, /o = 0.2
is considered, and for the evanescent-field coupling w/¢,, =~ 0.028 is chosen
for the width w of the air gap. For the refractive indices, ny,, = 1.6 and
nen = 1.43 are used. These numbers give an index step which is typical for a
liquid and a polymer. Note, however, that the particular choice of numbers
does not affect the overall findings and conclusions.

Quasi one-dimensional approach to mode spacing

First, the mode spacing is estimated by considering a plane wave traveling
around in the cavity, see Fig. 2.12. In this ray-tracing like approach, reflec-
tions at the polymer-fluid interfaces are neglected. This is justified by the
very small Fresnel reflectance

2
- (M) ~0.31% (2.37)

Npol + Nen

The modes are imagined to be somewhat similar to whispering-gallery modes
(WGMs) in resonators of circular shape. However, in this case the modes are
subject to four total-internal reflections at an incidence angle of 7/4 irrespec-
tively of the mode index and all modes have the same effective optical path
length. Thus, contrary to WGMs these modes have no cut-off for decreasing
mode index caused by decreasing incidence angle. The accumulated phase
during one round-trip of a plane-wave in the ring cavity is

0¢ =kLeg + ¢ (2.38)
where k = 21 /A = w/c is the free-space wave number,
Legt = 2np01lpol + 2nenlan (2.39)
is the effective optical path length in the cavity, and

cos(Z) — n;j — sin?(T)
¢ =4 X arg (2.40)
cos(Z) + y/n 3 —sin®*(%)

is the phase picked up during the four total-internal reflections at the polymer-
air interfaces at incidence angle of /4. The resonance condition is ¢ = 27rm

R
R

a1

-2
pol
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with the mode index m being an integer. The corresponding modes

_ 2mtm— g

km
L eff

(2.41)

are equally spaced with the mode spacing

2T
Leﬂ '

5k = (2.42)

Two-dimensional wave equation approach

The full wave nature is governed by the wave equation [58]
V x V x E(r) = e(r)k*E(r) (2.43)

where E is the electrical field and €(r) = n?(r) is the dielectric function. We
solve the wave equation in a planar geometry for TE modes, i.e. E(r) =
E.(r)e, and r = ze, + ye,. For the simulations, a FEM [57] with ‘open’
boundary conditions is employed. The boundaries are taken into account by
perfectly matching layers (PMLs) at the edges of the simulation domain [59],
see Fig. 2.12. This allows outgoing waves with negligible back reflection.

Equation (2.43) is solved subject to a point-source excitation and modes
are monitored by calculating the output power P, (k) by integration along
in the polymer region adjacent to the cavity, see Fig. 2.12, for different values
of k. The point-source has the appealing feature that it radiates isotropically
in a homogeneous space and thus it will in general excite the full spectrum of
cavity eigenmodes (except of course from the statistically few having a true
node at the exact position of the point-source).

In order to compare to the predicted mode spectrum, the k values are
transformed into a mode index

m(k) = (kLeg + ©)/21 (2.44)

and according to Eq. (2.41), Py (m) is expected to have resonances centered
at integer values of m. Fig. 2.13 illustrates this in the case of a point-source
excitation at point A, see Fig. 2.12.

The over-all agreement between the full wave simulation and the quasi-
1D model is excellent, but from Fig. 2.13 it is also clear that the different
peaks are slightly blue-shifted from integer values. The top panels illustrate
this for two of the peaks indicated by green and red in the lower panel. This
small shift may originate in a slightly modified phase shift at the edge with
evanescent field coupling compared to the three other edges of the cavity. The
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Fig. 2.13: Mode spectrum for a point-source excitation at position A, see Fig. 2.12.
The top panels show close-ups with a higher resolution of the respective
peaks at m ~ 21 and m ~ 27 indicated in the lower panel.

small Fresnel reflection may also slightly modify the spectrum compared to
the results derived from the quasi-1D model.

Figure 2.13 shows results in the range from m ~ 18 up to m ~ 29. When
further increasing m the pattern of peaks persist with a small tendency that
the peaks sharpen. This trend has been investigated up m ~ 100 where sim-
ulations turn highly computationally demanding (results not shown). How-
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ever, since the quasi-1D interpretation does not support a cut-off for in-
creasing m, a spectrum of equally spaced modes is expected to persist for
increasing m.

For decreasing m WGMs will typically experience a cut-off because the
angles of incidence at some point do not support total-internal reflection.
However, as discussed for the quasi-1D model the particular class of modes
in the present cavity do not share this property. In fact, in the simulations we
have observed the modes down to m ~ 10 below which pronounced deviations
from the quasi-1D predictions start to emerge. Deviations most likely appear
because the polymer-air interface has spatial variations on a length scale
comparable to the wavelength of the light. In other words, the ray-tracing
picture fails and concepts like total-internal reflection derived from Snell’s
law do not accurately capture the true wave physics.

In order to verify that the peaks in Fig. 2.13 really do correspond to cavity
modes, the corresponding electrical fields at resonance have been studied, see
Fig. 2.14. These fields resemble pure eigenfunctions of the resonator while
off-resonance fields correspond to linear combinations of a larger number of
eigenfunctions. Starting from e.g. the source point, the number of oscillations
along one round trip equals m in full agreement with the quasi-1D arguments.

When the cavity is excited at different positions the overall output spec-
trum is the same such that peaks remain unshifted while changes are observed
in the intensity distribution only. The reason is that different positions of the
source will excite different linear combinations of eigenmodes (being corre-

Fig. 2.14: Electrical fields at m(k) = 21.1000 and m(k) = 27.1355 for a point-
source excitation at position A, see Fig. 2.12.
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Fig. 2.15: Mode spectra for point-source excitation at positions A, B, and C, see
Fig. 2.12.

lated with the intensity level) while the eigenspectrum itself (being correlated
with the resonance positions) remains unchanged. Fig. 2.15 illustrates this
for different positions of the point source. The spectrum also reveals struc-
ture, though very broad with low intensity, in between integer values of m(k).
This structure also corresponds to quasi eigenmodes which however are much
more poorly confined to the cavity compared to the well-confined modes with

integer values of m(k).

Discussion

In this section, finite element simulations are used to study the cavity mode
spectrum of a optofluidic dye ring laser with a planar geometry resembling
the one studied experimentally in Refs. [40,41]. A full wave study of the TE
modes in the cavity has been performed and very good agreement with a
quasi-1D plane wave description with resonances corresponding to standing
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waves was found.

In principle the simulations allow for an estimate of the quality factor of
the modes, but realistic simulations for the experimental device require more
details to be taken into account. For instance one would need to include the
three-dimensional nature of the device to describe the radiation field accu-
rately and the details of the evanescent field coupling would also influence the
quality factor. Such issues add to the difficulty in addressing the dynamics
of lasing so in this section, only the passive device has been addressed.

In the simulations, mode indices m(k) up to around 100 are considered
while in the experiments the corresponding typical mode index is estimated
to be around two orders of magnitude larger. Nevertheless, we are con-
fident that the standing-wave interpretation may be safely extrapolated to
the experimental regime [40-42] due to the scale invariance of the wave equa-
tion [58] and the fact that this class of modes has no cut-off with respect to
increasing mode index.

2.5 Summary

This Chapter introduces the theoretical concepts necessary to understand
the design and operation of the optofluidic dye laser devices treated in this
thesis. Further, the numerical models developed during this thesis work are
described.

Planar dielectric waveguiding which constitutes the cornerstone of inte-
grated optics is introduced, followed by a section concerning DFB lasers with
focus on the Bragg condition, 'SR, and out-of-plane scattering. The F'SR
is an important parameter in order to determine the maximum achievable
tunability of a DFB laser without mode-hopping. The out-of-plane scattering
is a significant loss mechanism for higher order Bragg grating DFB lasers.

A quasi-1D transmission matrix model is developed to aid the design of
optofluidic DFB lasers. The model renders a 2D resonator geometry into a
quasi-1D model by estimating the refractive indices of the resonator segments
as the mode refractive indices. In the SU-8 segments, the mode refractive
index of a corresponding infinite planar waveguide is used. For the fluidic
resonator segments, the mode refractive index is roughly estimated, since no
confined TE-TM mode exists. The model does not account for gain or loss in
the laser resonator, as this would require knowledge of the imaginary part of
the refractive indices of the materials, which for R6G is strongly dependent
on concentration and optical pumping conditions.

Using the quasi-1D model, the laser oscillation condition, the importance
of the central 7/2 phase shift, and the optofluidic refractive index tunability
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of the lasers are discussed.

The final part of this Chapter concerns FEM simulations of the cavity
modes of an optofluidic dye ring laser [48]. A quasi-1D ray tracing model to
predict the spectral position of the cavity modes is compared to 2D full wave
simulations. The cavity modes are shown to correspond to standing waves in
the resonator and the 2D full wave simulations support a ray-tracing view.
In order to efficiently calculate the quality factor of the resonator, the three-
dimensional nature of the device should be taken into account.
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This Chapter introduces the most important materials and material param-
eters relevant to the work presented in this thesis. The focus is on the chosen
laser dye, rhodamine 6G (R6G), the polymer SU-8 which was used as main
building blocks in the fabricated optofluidic dye lasers, and the thermoplast
polymethylmethacrylate (PMMA) which was used as adhesive layer in poly-
mer wafer bonding.

3.1 Laser dye: Rhodamine 6G

In this work, the organic dye Rhodamine 6G (R6G) has been used as active
medium in optofluidic dye lasers. R6G belongs to the class of xanthene
dyes, also including rhodamine B and fluorescein, which are very efficient
and constitute the most popular type of dyes used in applications today,
covering the wavelength region 500 — 700 nm (see [24]|, Chapter 4).

The molecular structure of R6G is seen in Fig. 3.1. R6G is purchased
as a powder, and is dissolved in a liquid prior to use in optofluidic devices.
R6G is also known as Rhodamine 590, Basic Rhodamine Yellow, and C.I.
45160, depending on supplier and application. R6G is a widely used laser
dye, since it is relatively cheap, easy to use, and not-so-toxic. In this work,

=0
~0OC,Hs
H3C ‘ ad C H3
H~ ~H
N N
HsCo” ® 0 ~CoHsg

Fig. 3.1: The molecular structure of R6G. From [24].
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R6G functions as a model system, demonstrating the functionalities of the
optofluidic devices, i.e. other dyes covering a different spectral region can
easily be applied.

Energy levels

The molecular structure of R6G, see Fig. 3.1, includes many conjugated
double bonds, i.e. alternating single and double bonds and aromatic hydro-
carbons. The conjugated double bonds have the effect of lowering the energy
gap between the highest occupied molecular orbital and the lowest unoccu-
pied molecular orbital (HOMO/LUMO gap). This enables the absorption of
R6G at visible wavelengths through delocalized molecular 7 orbitals.

The energy level diagram of a typical dye molecule such as R6G is shown
in Fig. 3.2. The diagram resembles that of a two-electron atom where the
electronic energy levels are divided into singlet and triplet states due to
angular momentum coupling (spin-orbit interaction). The molecular elec-
tronic ground state is denoted Sy, the excited singlet states Si,Ss,. .., and
the triplet states 711,75, . ... Intersystem crossing between singlet and triplet
states via a spin-flip event is ‘forbidden’ in the electric dipole approximation
(where spin-orbit interaction is neglected).

The molecular energy levels are broadened by vibrational and rotational
states of the molecule. Further broadening is caused by interactions with the
environment through collisions with solvent molecules. The broad molecu-
lar energy levels enable continuous wavelength tuning of dye lasers in the
visible region. For a detailed account on the molecular energy states of dye
molecules, see [24] Chapter 1.

Laser emission from organic laser dyes is achieved through a four level
process. Asindicated in Fig. 3.2, stimulated emission occurs on the molecular
transition from the lowest vibrational and rotational state of the first excited
singlet state S; to a higher vibrational and rotational state of the ground
state Sp.

In step 1 of the lasing cycle, molecules in the ground state Sy are optically
pumped to a vibrational and rotational energy state above the upper laser
level by an external optical pump source, for R6G typically a frequency
doubled Nd:YAG laser operating at 532 nm. Step 2 is a fast transition on
the timescale of picoseconds to the upper laser level which is the lowest
vibrational and rotational energy state of the first excited singlet state S;.
The transition is usually radiationless, and the excess energy is delivered to
the surroundings through collision energy transfer.

The upper laser level S; has a long lifetime of a few nanoseconds, con-
sequently the molecules ‘pile up’ and the level functions as a bottleneck. In



3.1. Laser dye: Rhodamine 6G 45

—a
S T+ o — —
[ N W S—
' T T R
| Tar=lps |
| |
| [
7 { i
Ss—5— === |
a f - |
o B, e I8 S Ny Tir=10ns |
e "3 e NI~ |
& a N~ T —
g —g— T3 DN
%) Jo h
l a \ // TI
Si : /
%ﬁ I /
Abs. Fluor /
T //
o Te=Ins
E F /. Tpp=Ips
o il
~ /
/
/
51 B 3 ’/
So SO

Fig. 3.2: Energy level diagrams for a typical dye molecule. Left: Overview show-
ing the division in singlet and triplet states. Right: Scheme for 4-level
lasing using laser dyes. From [24].

step 3, the molecules decay from the upper laser level to the lower laser level
which is a higher vibrational and rotational energy state of the ground state.
In step 4, the state is quickly depleted on the timescale of picoseconds and
the molecules complete the lasing cycle through radiationless relaxation to
the ground state Sj.

This lasing scheme enables the build-up of a large population inversion
between the laser levels which is necessary for optical amplification (stimu-
lated emission). When a positive population inversion has been realized and
a resonant photon interacts with one of the molecules in the upper laser level,
stimulated emission can occur. The photon is emitted as an exact copy of
the incident photon, amplifying the radiation field, and the molecule is left
in the lower laser level.

Since the lower laser level is not the ground state Sy, it is not necessary
to excite the majority of the molecules, but only to achieve a population in-
version between the upper and lower laser levels which is considerably easier.
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As the energy gap between the two laser levels is smaller than the energy gap
of the pumping transition, see Fig. 3.2, the emission spectrum of the dye is
red-shifted in wavelength relative to the absorption spectrum. This shift in
wavelength is called the Stokes shift.

As sketched in Fig. 3.2, excited molecules can undergo a spin-flip event
and decay via forbidden transitions from excited singlet states to triplet
states. As the first excited triplet state 77 has a long lifetime compared to the
singlet states on the timescale of microseconds, these decay channels result
in loss of molecules when aiming for a positive population inversion between
the laser levels, and further triplet-triplet transitions increase absorption of
pump light. By continuous pumping, the 77 state would deplete the upper
laser level S; and hinder laser action. To avoid this, a pulsed optical pump
source is used, allowing all the molecules to relax to the ground state .S
between the pump pulses.

Fluorescence quantum yield

The fluorescence quantum yield ¢, or quantum efficiency, of the dye molecules
is defined as the fraction of the number of emitted photons to the number
of absorbed photons. The quantum yield of the dye strongly depends on the
dye molecule environment through the dye concentration and dye-solvent
interactions.

The dissolved dye molecules are very sensitive to their environment through
dye-solvent interactions, hence the choice of solvent strongly influences the
dye laser characteristics. Most dye molecules are polar and since their dipole
moment increases upon excitation to the first excited singlet state, polar
solvents are well-suited to dissolve them [60].

In general, an increase in solvent polarity introduces an increase of the
Stokes shift and a shift of the dye gain spectrum towards longer wavelengths.
Consequently, the gain bandwidth and output lasing energy increase. Po-
lar solvents such as ethanol, methanol, and water may appear optimal for
many dyes in the visible range [60]. In addition, other solvent properties
such as, refractive index, viscosity, and acidity (pH) are important for the
environment of the dye molecules.

The quantum yield of R6G dissolved in ethanol has been measured by
Bojarski et al. [61] and Lopez Arbeloa et al. [62] and their results are shown
in Fig. 3.3. The figure shows a large quantum yield close to unity of R6G
molecules in dilute solutions. At concentrations ¢ around 1072 mol/L, flu-
orescence quenching, i.e. a rapid drop of the quantum yield, is observed.
The drop is attributed to the formation of non-luminescent dimers and
trimers [61,62]. The absorption spectrum of the combined dimer molecules
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Fig. 3.3: The quantum yield ¢ of R6G dissolved in ethanol as a function of concen-
tration. At ¢ ~ 1072 mol/L a rapid drop of ¢ is observed. Left: The mea-
surements of ¢ are denoted by A and are mapped on the left axis as a func-
tion of concentration (top axis, mol/L). Reproduced from [61]. Right:
Measurements performed at 20°C at high concentrations ¢ [mol/L|. Re-
produced from [62].

is changed, and the probability to excite the dimer-molecule to the first ex-
cited state (usable for lasing) is reduced in favor of the second excited state
(see [24], Chapter 1).

Dye-solvent interactions strongly influence the optical gain and quan-
tum yield of R6G. The gain is mainly affected through non-specific interac-
tions due to dispersion and hydrogen bonding, as studied by Govindanunny
and Sivaram [63]. The emitted laser light is strongly dependent on solvent,
through differences in quantum yield and triplet state absorption which is in-
fluenced by the presence of molecular oxygen, as investigated by Korol'kova et
al. |64].

Lopez Arbeloa and Rohatgi-Mukherjee [65] thoroughly investigated the
influence of solvents on the emission from rhodamine B which is similar to
R6G in molecular structure. They studied emission from the different pH-
dependent ionic forms of the molecules. The Kosower polarity parameter 2
is a measure of how polar a solvent is, see [66] for a rigorous definition.

The results in [65] show that the quantum yield of rhodamine B is higher
in solutions of ethanol ¢ = 0.65 than ethylene glycol (ethane-1,2-diol) ¢ =
0.51 and water ¢ = 0.28. Ethanol has a polarity of Z = 333 kJ/mol, low vis-
cocity at 25°C n = 1.04 mPa s, and a high dissociation constant pK, = 18.9
(weak acid). Ethylene glycol has a slightly higher polarity Z = 356 kJ/mol,
high viscosity n = 15.66 mPa s, and a dissociation constant of pK, = 15.8.
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Water is highly polar Z = 395 kJ/mol, has a low viscosity n = 0.83 mPas,
and lower dissociation constant pK, = 14.0.

In aqueous solution, R6G molecules form dimers which absorb light at the
laser wavelength [67, 68|, rendering water unsuitable as solvent. For acetone
which is a non-polar solvent Z = 275 kJ/mol [66], with high dissociation
constant pK, = 16.5 [69] and low viscosity = 0.3 mPa s [69], the quantum
yield is high (¢ ~ 1 for R6G) but the emitted lasing energy is minute due to
photolysis of acetone which can lead to quenching of fluorescence or short-
lived particles that absorb the emitted radiation [64].

The above illustrates some of the many solvent properties that influence
dye-solvent interactions and the success for a dye solvent.

Absorption and emission characteristics

The interaction between light and dye molecules is characterized by absorp-
tion, spontaneous emission, and stimulated emission (lasing). The molecular
singlet and triplet states all contribute significantly to the spectral absorption
and emission characteristics. Further, the interaction between dye molecules
(quenching) and the surroundings (dye-solvent interactions) play an impor-
tant role.

An absorption process can be characterized by the molecular absorption
cross section () defined by (see [24], Chapter 2)

I(X) = In(X\) exp[—N o()) £ (3.1)

where Ip(\) and I()\) are the intensities of the light before and after passing
through an absorbing sample of length ¢, respectively. N is the number
density of molecules, i.e. the number of molecules per volume, given by
N = Ny cwhere N, is the Avogadro constant and c is the concentration. If ¢
and ¢ are measured in mol/cm?® and cm, respectively, o has the dimension of
cm? and effectively measures the area of an absorbing molecule. The Beer-
Lambert-Bouguer law [69] relates o to the molar extinction coefficient oy,
as

am(A) = Nao(N) (3.2)

Note, that ay, is typically given in L mol=* ¢cm™1.

Fig. 3.4 shows the cross sections for various processes in R6G [24]|. The
cross section for the molecular transition Sy — S; is denoted og. The long
wavelength tail of g is shown in an enlarged view around A = 600 nm. The
fluorescence signal E()) for the transition Sy < S; is normalized through
JEN)dXN = ¢ with ¢ = 0.92. The data for o5(\) and E(X) have been
obtained from R6G in an aqueous solution of concentration ¢ = 10~ mol/L
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Fig. 3.4: Absorption and emission cross-sections for R6G solutions of concentra-
tion ¢ = 107* mol/L. Singlet absorption cross section og(\), spontaneous
emission spectrum F(\), and calculated stimulated emission cross section
Tem(A) obtained for R6G in an aqueous solution with an added surfac-
tant. Triplet absorption cross section or(\) for an ethanolic solution.
From [24].

with an added surfactant. From og(\) and E()), the stimulated emission
cross section ooy (A) has been calculated.

For increasing intensities of the optical pumping of the dye molecules at a
wavelength close to the absorption maximum, the absorption curve (labeled
og) decreases and the emission curve (labeled ogy) grows due to increased
population inversion, thus the gain grows. Due to the Stokes shift, the gain
maximum increases and moves towards shorter wavelengths. For a laser
with modes of equal cavity losses, the laser will oscillate in the mode which
is located closest to the gain maximum.
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The absorption spectrum op(\) due to triplet state transitions 77 —
T,, for an ethanolic solution of R6G is also shown in Fig. 3.4. Although
the absorption and emission spectra for R6G are solvent dependent, the
overall shape is not expected to differ greatly. In a continuous wave pumping
configuration of R6G, some dye molecules will decay into the triplet states
which disable lasing, since the emission in the spectral region of gey,(A) is
readily absorbed by the molecules in the triplet states.

The penetration depth or skin depth is the characteristic length a plane
wave penetrates into a material before it is absorbed, more precisely the
distance it takes to reduce the amplitude of the electric field by a factor of
1/e, see Chapter 9.4 in [71], or [69]. The penetration depth ¢ is defined from
the molar extinction coefficient as

1
am(AN) e Nyo(N)ec

I(A) = (3.3)

Table 3.1 shows estimated values for the penetration depth 6 for R6G
solutions of different concentration. Values for the molar extinction coeffi-
cient and absorption cross section at the absorption maximum (A ~ 530 nm)
are obtained from different sources for different solvents, typically in dilute
solutions, in order to estimate the range of 4.

Generally, the penetration depth is in the micron-scale range for concen-
trations in the range 1072 mol/L. — 107" mol/L, however, § varies signifi-
cantly due to the inverse proportionality of ¢ and o ¢, see Eq. (3.3), and is
also dependent on the solvent.

For the concentration 2 x 1072 mol/L used in the devices of Chapter 5, 4 is

Solvent am® [L mol™' em™!  o¥* [em?] ¢ [mol/L] ¢ [pum]
1072 6
Water ( [24], p. 89) 1.63 x 10° 27x10716  107? 62
1071 615
1072 16
Ethanol [70] 6.4 x 10 1L1x 10716 1073 156
1074 1563
1072 8
Ethanol [60] 1.16 x 10° 2.0 x 10716 1073 83
1074 833

Tab. 3.1: Penetration depth § for different concentrations ¢ of R6G in different
solvents, evaluated through Eq. (3.3). Values for the molar extinction
coefficient oy, and absorption cross section og at the absorption maxi-
mum are obtained from different sources (cited values in boldface).
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much larger than the height of the structures. In Chapter 6, a concentration
of 2 x 107 mol/L is used which yields a penetration depth comparable to the
device dimensions. In both cases, the optical pumping intensity throughout
the device can be assumed to be uniform.

3.2 Polymer: SU-8

The main material used as building blocks in the fabricated optofluidic dye
lasers is the polymer SU-8. In lithographic processes, SU-8 can be structured
by UV light, electrons, and x-rays. SU-8 is a negative-tone resist, i.e. the
exposed pattern remains after the cross-linking reaction and subsequent de-
velopment. For UV lithography, the i-line of the Hg spectrum (365 nm) is
usually used for the exposure.

SU-8 was developed and patented by IBM in the 1980’ies, the first results
on SU-8 as a high aspect ratio thick film resist were published in 1995 by
LaBianca and Gelorme [72]. In 1997, further results focusing on MEMS
applications were published at the IEEE MEMS conference |73] and in the
first journal article on SU-8 [74]. Today, SU-8 is commercially manufactured
by MicroChem (www.microchem.com).

The molecular structure of the SU-8 monomer is shown in Fig. 3.5. The ‘8’
in the name refers to the, on average, eight epoxy groups (—CHy; — CHOCH,)
in the SU-8 monomer. The cross-linking reaction is a two step process: The
polymerization is initiated by the exposure during which a strong acid is
generated from an added photo acid generator. The acid acts as a catalyst

Fig. 3.5: The molecular structure of SU-8. Exposure initiates thermally driven
catalytic epoxy cross-linking of neighboring molecules. Sketch generated
using ACD/ChemSketch, formula according to [72].
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for the thermally driven epoxy cross-linking [75,76]. A normal SU-8 process
consists of: Spin-coating, soft bake, exposure, post-exposure bake, and finally
development.

SU-8 has a variety of interesting properties which makes it an attractive
material for a wide range of applications: It is chemically and mechanically
stable, transparent for visible wavelengths, and has shown heat resistance to
temperatures above 200°C.

For the SU-8 2000 series, cyclopentanone is used as solvent. Depending
on SU-8 solid content and spin-coating parameters, film thicknesses in the
interval from approximately 100 nm to more than 200 pwm is obtained. The
developer for SU-8 is propylene glycol monomethyl ether acetate (PGMEA).
The possibility to spin-coat and structure SU-8 films of thicknesses ranging
from the nanometer scale to the millimeter scale enables the use of SU-8 for
a wide range of applications. The relatively low cost of SU-8 based devices
is attractive for creating disposable, single use devices.

Fig. 3.6 shows transmission and absorption spectra of SU-8 2000 films.
The left part shows the transmission at different stages of the fabrication
process (film thickness not available, soft bake 5 minutes at 95°C, hard-
bake 30 minutes at 300°C) [75]. The transmission characteristics below ap-
proximately 450 nm change during the fabrication process. The right part
shows the absorption spectrum of SU-8 2000 measured with a spectropho-
tometer from a sample contained in a 1 cm wide quartz vial (baking proce-
dure not available). Note, that the wavelength scale continues into the in-
frared. The results show low absorption for wavelengths from approximately
450 nm—1100 nm. The absorption below 450 nm is due to the photochemical

100 /’_ 2.0
o0 /
wl N g
70 l// — After Softbake 3 :
2 / — After Exposure @
8 60 I —— After Hardbake (%)
8 50 % 1.01
Sl 8
& | o
L 2 057
20 <
10
U.O T L) T — L} L) L}
0 " ) " ) j " " 200 400 600 800 1000 1200 1400 1600
320 360 400 440 480 520 560 600 640 680 720 760 800
Wavelength (nm) Wavelength (nm)

Fig. 3.6: Transmission and absorption spectra of SU-8. Left: Transmittance at
different steps in the fabrication. From [75]. Right: Absorption of SU-8,
low absorption is observed in the visible part of the spectrum. From [77].
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Fig. 3.7: Dispersion of SU-8. Left: Uncured SU-8. Reproduced from [75]. Right:
40 pm thick film after hardbake treatment. From [78].

cross-linking reaction and the absorption in the region 1100 nm — 1300 nm
is due to vibrational overtones of the C — H bonds [77].

Fig. 3.7 shows measurements of the refractive index of SU-8 as a function
of wavelength. A clear dispersion is observed. The left part shows the data
from the supplier |75] for uncured SU-8 2000 (film thickness not available).
The right part shows a measurement of the refractive index of a 40 um thick
film of SU-8 grade 25 [78]. The film was softbaked and post-exposure baked
at 95°C and subjected to a hardbake heating treatment at 150°C for 4 hours
subsequent to development.

Fig. 3.8 shows how the refractive index depends on the hardbake temper-
ature (film thickness ~ 6 um). The refractive index is seen to decrease with
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Fig. 3.8: SU-8 refractive index as a function of hardbake temperature. From [79].
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Fig. 3.9: Propagation loss of SU-8 waveguides. The propagation loss is less than
2 dB/cm for wavelengths above 600 —700 nm. Left: 100 pm thick waveg-
uides. From [34]. Right: 10 um thick waveguides with PMMA cladding.
Reproduced from [80].

hardbake temperature, possibly due to an increase in molecular weight [79].

Fig. 3.9 shows the propagation loss of different SU-8 waveguides. The left
part shows results for 100 um thick waveguides with a SU-8 refractive index
of 1.59 (measured at 633 nm). The baking temperature refers to an increase
in propagation loss due to thermal degradation over time. Propagation losses
below 2 dB/cm are measured for wavelengths above 600 nm [34]. The right
part shows propagation loss measurements of 10 um thick straight waveguides
of SU-8 with PMMA cladding. The results show a propagation loss below
approximately 2 dB/cm for wavelengths above 700 nm [80]. The increase
in propagation loss for shorter wavelengths may be due to absorption in the
SU-8, cf. Fig. 3.6. The authors do not comment on the loss distribution
between imperfections and surface roughness.

As the results of Figs. 3.6-3.9 show, the optical properties of SU-8 strongly
depend on the processing parameters, especially on exposure dose and baking
parameters.

3.3 Polymer: PMMA

In this thesis work polymethylmethacrylate (PMMA) was used as adhesive
layer in polymer wafer bonding. The chemical structure and dispersion is
shown in Fig. 3.10. The refractive index of PMMA of molecular mass 950 kDa
is approximately 1.49 for wavelengths above 500 nm. PMMA can be dissolved
in anisole and is a popular resist for electron beam lithography (EBL) and
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Fig. 3.10: PMMA. Left: Molecular structure. From [69]. Right: Dispersion of
PMMA of molecular mass 950 kDa. The refractive index is approxi-
mately 1.49 for visible wavelengths. Reproduced from [82].

NIL.

Upon exposure with electrons, the polymer chains of PMMA are broken,
and the exposed PMMA is dissolved during development, hence PMMA is
a positive-tone EBL resist. Nanostructures of sub-10 nm dimensions have
been demonstrated using 30 kV acceleration voltage EBL and cold develop-
ment [81].

In addition, the thermoplastic nature of PMMA enables the use as a NIL
resist. PMMA has a glass transition temperature of approximately 105°C,
and imprints are typically performed at 175°C with an imprint pressure of
a few MPa. Imprinted structures of sub-10 nm dimensions in PMMA have
been demonstrated with a period of 40 nm [83].

PMMA has found widespread use in numerous applications. In a micro-
fabrication context it is mainly used as high resolution resist for EBL and
NIL. PMMA is also known as e.g. ‘acrylic glass’ or ‘plexiglass’ and everyday
examples of PMMA include aquariums, lenses for headlights in automobiles,
spectator protection in ice hockey stadiums, aircraft windows, human im-
plants, and 1960-1970s space-age furniture [69].

In the fabricated optofluidic dye laser devices, PMMA was used to seal
the fluidic channels and simultaneously functioned as the cladding of a poly-
mer waveguide structure with a core of SU-8 on a SiO, substrate. The
thermoplastic nature of PMMA facilitated adhesive wafer bonding of SU-
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8 and PMMA by heating the two substrates to 140°C which rendered the
PMMA highly viscous and applying pressure, as described in [80]. PMMA of
molecular mass 950 kDa was supplied by MicroChem (www.microchem.com).

3.4 Summary

This Chapter introduces the main materials used in the work presented in
this thesis: R6G, SU-8, and PMMA. Emphasis is on the optical properties, as
the materials are used in optofluidic dye lasers based on planar waveguiding
structures.

For R6G, the 4-level lasing scheme and energy level structure is described,
as well as the concentration-dependent fluorescence quantum yield and the
complicated yet strong influence of dye-solvent interactions. Absorption and
emission characteristics are discussed and the penetration depth of pump
light in a R6G solution is estimated. In this thesis work, R6G functions as
a model system to demonstrate the functionalities of the optofluidic devices
and can easily be exchanged with another laser dye in order to suit a specific
application.

The basic structure and processing of SU-8 is described. Results from
the literature on the wavelength-dependent absorption, refractive index, and
waveguide propagation losses are presented. The optical properties of SU-8
are strongly dependent on the process parameters, especially exposure dose
and baking parameters. SU-8 was chosen as the main building blocks for
the fabricated optofluidic dye lasers, as it has optical properties suitable for
planar polymer waveguides. Further, SU-8 is chemically and mechanically
stable and is easily structured by electrons and UV light.

PMMA is a popular resist for EBL and NIL. In this thesis work, PMMA is
used for adhesive wafer bonding of the polymer fluidic channels. Further, the
PMMA layer also serves as top cladding of the polymer waveguide structures
with SU-8 core. The molecular structure, wavelength-dependent refractive
index of PMMA, and the SU-8/PMMA polymer bonding procedure are de-
scribed.



4. FABRICATION

This Chapter describes the main nanofabrication methods used in this thesis
work: Electron beam lithography (EBL), combined electron beam and UV
lithography (CEUL), and thermal nanoimprint lithography (NIL). During
this thesis work, CEUL in SU-8 has been developed and applied in the fab-
rication of optofluidic dye laser devices as well as stamps for NIL. The main
results on CEUL and NIL presented in this Chapter, behind which T have
been the driving force, have been published in Microelectronic Engineering,
volume 84, pages 1058-1061 (2007) [49].

4.1 Electron beam lithography

Electron beam lithography (EBL) is a top-down lithographic technique where
electrons are used to expose a polymer resist material. A schematic drawing
of an EBL tool is shown in Fig. 4.1. Electrons are extracted from a filament
and are focused on a substrate which is positioned on a mechanical stage.
Since electrons are charged particles, a series of electromagnets are used
as lenses to focus and position the electron beam. Apertures are used for
shaping the beam and the whole column is kept under vacuum conditions to
prevent scattering [84].

In photolithography, the resolution is limited by diffraction of light which
is proportional to the wavelength of the light. For electrons, the (non-
relativistic) de Broglie wavelength A\, depends on the acceleration voltage

U as
h h

Ae N T (4.1)
where h is Planck’s constant, p is the electron momentum, my is the electron
mass, and e is the electron charge. A high acceleration voltage yields a small
de Broglie wavelength (A, < 1 A) and leads to a small beam size, thus the
resolution is not limited by the wavelength. Beam-sizes down to 1 nm can
be achieved, limited by the electromagnetic lenses. The electron beam is
computer controlled, rendering EBL a high-resolution, flexible, and reliable
nanofabrication method [84].
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Fig. 4.1: Sketch of EBL system. The electron beam is shaped and focused us-
ing electromagnets and apertures. The position of the electron beam is
scanned across the substrate. From [84].

The costs of EBL are high due to the need for high vacuum and precision
electron focusing, further, the throughput is low since only one pixel can be
exposed at a time in a serial fashion. Due to these disadvantages, the use of
EBL in commercial applications is, in general, not viable.

A resolution of a few nanometers can be obtained, limited by electron-
electron collisions (scattering), but also influenced by resist properties and
processing. The electrons are subjected to forward and backward scattering
and a large fraction of the incident high-energy electrons penetrate through
the resist and into the substrate.

Fig. 4.2 shows how electrons incident on a resist-substrate system are
scattered in both forward and backward directions. The left part shows the
simulated trajectories of 100 electrons (U = 20 kV) incident on a 400 nm thick
PMMA film on a Si substrate (projected onto the xz-plane) [84]. The right
part shows the normalized distributions of the forward and backscattered
electrons at the resist-substrate interface. Due to electron backscattering,
the resist is effectively exposed several micrometers away from the center
of the beam. This is denoted the proximity effect and means that electron
exposure at one position will influence the exposure at neighboring positions.
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Fig. 4.2: Electron scattering giving rise to the proximity effect. Left: Computed
trajectories of 100 electrons incident on a 400 nm thick PMMA film on a
Si substrate. Right: Dose distribution of the forward and backward scat-
tering electrons at the resist-substrate interface. Reproduced from [84].

The proximity effect determines a limit for the minimum spacing between
pattern features.

The resist sensitivity is characterized by the exposure dose D which mea-
sures the number of received electrons per unit area, typical doses are in the
range uC/cm? — mC/cm?. The dose is calculated as

N

D
A

(4.2)
where [ is the beam current, At is the dwell time of the electron beam de-
termined by the deflection rate of the EBL system, and A is the area of the
spot of the focused electron beam. For the &/ = 100 kV EBL system at DTU
(JEOL-JBX9300FS), the smallest spotsize is 4 nm and the maximum deflec-
tion rate is 25 MHz, i.e. the minimum dwell time is At,;, = 1/25 MHz =
40 ns. For a given resist, the beam current [ is held fixed, the dwell time is
held as close to At, as possible, and the dose is varied by changing the spot
size, since this requires less calibration of the EBL system than changing the
beam current while still maintaining a short dwell time.

Both positive tone and negative tone resist materials for EBL are avail-
able. In positive tone resists such as PMMA and ZEP, the bonds of the
polymers are broken during exposure and the exposed areas are dissolved
during development. In negative tone resists such as SU-8 and calixarene-
based resists, e.g. TEBN-1, new bonds in the exposed areas are formed, and
the written pattern remains after development.
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The proximity effect is especially pronounced for sensitive resists such
as SU-8. The proximity effect can be reduced by calculating the total dose
received for each area of a design and accordingly adjusting the dose as a
function of position in the design. Proximity correction was not used in the
work presented in this thesis, since the computer software is expensive and
calculations time consuming.

As EBL resist, SU-8 is a negative tone resist which is typically exposed
using a beam current of / = 0.2 nA and a 60 pm beam shaping aperture. The
critical dose os SU-8 is very low due to the chemical amplification process
during cross-linking, typically only a few uC/ch, which is two orders of
magnitude lower than that of PMMA. The low doses needed to expose the
SU-8 enables low writing times in the EBL system and reduces cost for
electron beam writing.

In recent years, the use of SU-8 as an EBL resist has been investigated
by several authors [85-90]. Using & = 100 kV EBL, 24 nm wide lines with
a 300 nm period have been demonstrated on a 99 nm thick SU-8 film on a
Si substrate using an exposure dose of 20 uC/cm? [89,90]. For comparison,
10 nm wide lines with a period of 60 nm have been demonstrated on a
31 nm thick film of TEBN-1 resist on a Si substrate with an exposure dose of
4.1 mC/cm? |90]. The higher resolution of TEBN-1 comes at the price of a
205 times higher dose which dramatically increases the electron beam writing
time compared to SU-8. Further, also the purchasing costs of TEBN-1 are
orders of magnitude larger than that of SU-8.

4.2 Combined electron beam and UV lithography in SU-8

Many microdevices and systems require fabrication of microstructures over
large areas in combination with smaller nanostructured regions. One example
could be photonic crystal devices [91,92] where the central photonic crystal
structure requires nanometer scale definition while planar waveguides of pm
to mm dimensions are necessary to facilitate coupling of light in and out
of the components. Large area features of um to mm scale dimensions are
most efficiently defined by high-throughput parallel methods such as UV
lithography (UVL) whereas dedicated serial nanofabrication methods such
as EBL are required for the sub-micrometer scale features.

This section presents combined electron beam and UV lithography (CEUL)
in SU-8 as a fast and flexible lithographic technique for prototyping of func-
tional polymer devices and pattern transfer applications. CEUL takes ad-
vantage of the property that SU-8 can be patterned by both EBL and UVL.
Thus, CEUL is a lithographic technique suitable for defining both microme-
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ter and nanometer scale features in a single polymer film on the wafer scale.
The height of the micrometer and nanometer scale features can, in general,
be matched within 30 nm.

Experimental scheme

The general scheme of CEUL is shown in Fig. 4.3 and is as follows: A thin film
of negative-tone SU-8 2000 resist [93] is spin-coated on a 10 cm substrate of
silicon with a layer of thermal oxide and alignment marks defined by reactive
ion etch (RIE) or metal lift-off. The resist is pre-exposure baked at 90°C for
1 min. & = 100 kV electron beam exposure of the nanometer scale features is
performed; the exposure time is short due to the high electron sensitivity of
SU-8. The micrometer scale features are defined by UV exposure of the same
polymer film, followed by post-exposure bake (90°C, 1 min.), development in
PGMEA, and iso-propyl alcohol (IPA) rinse. Subsequent to the lithography
steps, the wafer is subjected to a soft O, plasma treatment in order to re-
move any SU-8 residuals in unexposed areas, adapted from Ref. [89]. After
CEUL, the fabricated structures can be used for functional polymer devices
(see Chapter 5) and pattern transfer applications.

I
1. Si/SiO, substrate 2. SU-8 2000 resist 3. e-beam exposure

NI Functional

M N @ 7 polymer devices
I N T Pattern transfer

4. UV exposure 5. Development applications

Fig. 4.3: Experimental scheme of CEUL in SU-8. The high electron sensitivity of
SU-8 renders CEUL a fast and flexible lithography technique for defining
both micrometer scale and nanometer scale features on the wafer scale.
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Electron beam dose

The optimum electron beam dose for the nanometer scale features depends
on the pattern shape and spacing due to the proximity effect. To find the
optimum electron beam dose for a given pattern design, a number of nanos-
tructures are fabricated with different electron beam doses and inspected
using scanning electron microscopy.

Figures 4.4 and 4.5 show structures fabricated by EBL in order to deter-
mine the optimum exposure dose. Layers of SiO, of different thicknesses are
thermally grown on the Si substrates prior to SU-8 spin-coating. For too low
doses, the structures are not well defined, whereas too high doses result in
overexposed structures which are not fully developed and are connected by
a ‘sponge-like’ network due to the proximity effect.

Figure 4.4 shows arrays of lines of design width ¢/ = 280 nm and pe-
riod A = 590 nm which have been fabricated by EBL in a SU-8 film with
an initial thickness of 449 nm on a Si substrate with a 2.5 wm thick ther-
mally grown layer of SiOy (not subjected to O plasma treatment). Electron
beam doses from 2 uC/cm® to 9 uC/cm® have been investigated for these
structures in steps of 1 uC/cmZ. For exposure doses less than 3 uC/cm2,
the structures are not well defined, whereas exposure doses above 3 nC/ cm?
result in overexposed structures.

Figure 4.5 shows a 2D array of lines of design width ¢ = 100 nm and
period A = 380 nm for different EBL doses on a Si substrate with a 310
nm thick layer of thermally grown SiO, (initial SU-8 film thickness 300 nm).
Doses in the range 1 pC/cm® — 20 uC/cm® have been investigated. The
optimum exposure dose is determined to be 5 uC/cm?. For 1 uC/cm?, the
structures are not well defined, and for 10 uC/ cm®, the ‘sponge-like” network

Fig. 4.4: Array of lines of design width ¢ = 280 nm and period A = 590 nm defined
by EBL. (a) Dose 4 uC/cm?. Pronounced proximity effect. (b) Dose 3
uC/ cm?. Well defined array.
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Fig. 4.5: 2D array of lines of design width ¢ = 100 nm and period A = 380 nm for
different doses defined by EBL. Optimum dose: 5 uC/cm?. Scale bars:
200 nm. Samples covered with 20 nm Au for SEM contrast.

due to the proximity effect is clearly seen.

Figures 4.4 and 4.5 illustrate the narrow process window when performing
EBL of closely spaced structures in SU-8 due to the strong influence of the
proximity effect.

Matching the height

The height of the developed structures depends on the exposure dose; both
for EBL and UVL. In CEUL, the heights of electron beam and UV exposed
areas have to be matched in order to enable the use of the structures for e.g.
nanofluidic devices or pattern transfer applications.

Figure 4.6(a) shows a dose curve for an array of lines, see Fig. 4.4, defined
by EBL. The height of the developed structures is measured by a stylus
profilometer and increases with the exposure dose. In order to achieve well
defined structures for this pattern and initial film thickness (449 nm), we are
working on the slope of the dose curve due to the influence of the proximity
effect. The optimum electron beam dose is marked with a circle. The small
inclination of the dose curve illustrates the low contrast of SU-8.

Fig. 4.6(b) shows a dose curve for micrometer scale features defined by
UVL in a film of the same initial thickness. To match the height of the final
structures, fabricated by CEUL, the UV exposure energy is chosen such that
the developed height of the micrometer scale features matches the height of
the optimized nanometer scale features (solid line of Fig. 4.6(b)).

Figure 4.7 shows an atomic force micrograph of the final structures fabri-
cated by CEUL (after O plasma treatment). The image shows the boundary
region between electron beam and UV exposed areas. The transition between
the areas is very smooth, the height of the structures is 300 nm and the height
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Fig. 4.6: (a) EBL dose curve. The circle indicates the optimum dose for the struc-
tures of Fig. 4.4. (b) UVL dose curve. The red solid line indicates the
height of the optimized structures defined by EBL. The dashed line indi-
cates the initial film thickness of 449 nm.

of the electron beam and UV exposed areas is matched within 30 nm. The in-
clined flank in the UV exposed area is also observed for structures which have
not been subjected to electron beam exposure and can thus be attributed to
the UV exposure.

382.6 nm

~0 nm

9.1 um

Fig. 4.7: Atomic force micrograph of structures defined by CEUL. The image shows
the boundary region between electron beam and UV exposed areas, the
height is matched within 30 nm.
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stamp & substrate  apply heat & pressure separation

Fig. 4.8: The NIL process. Stamp and substrate is assembled and the structures
from the stamp are transferred to the resist by applying heat and pressure.

4.3 Nanoimprint lithography

As a pattern transfer application of CEUL, stamp fabrication and thermal
nanoimprint lithography (NIL) is presented. In NIL, a thermoplastic resist
is structured through mechanical deformation by assembling the stamp and
substrate and applying heat and pressure. A schematic of the NIL process
is seen in Fig. 4.8. Since all structures on the stamp are imprinted simul-
taneously, NIL is a parallel technique which can potentially enable cheap
nanofabrication since the stamps can be reused. The resolution of NIL is
limited by the resolution on the stamp, i.e. the stamp fabrication. See
Guo [94] for a review on NIL and related parallel imprint techniques.

On the stamps, a 2D array of lines of design width ¢ = 100 nm and period
A = 380 nm is defined in connection with micrometer scale features (UVL
mask) by CEUL, see Fig. 4.9. The fabrication of the stamps was carried out
by L. H. Thamdrup and A. Mironov who also performed the imprints.

The structures are defined by CEUL in SU-8 on a Si substrate with a 310
nm thick layer of thermally grown SiO,. The spin-coated SU-8 film thickness
is 300 nm and the optimum electron beam dose for the 2D array of lines is 5
uC/cm?, see Figures 4.5 and 4.9(a).

After CEUL, the SU-8 structures are transferred into the SiO, layer by
an anisotropic RIE process, using the SU-8 as etch mask and the Si substrate
surface as etch stop layer, see Fig. 4.9(b),(c). The RIE process (STS C010

Gas CF4/CHF3
Gas flow rate 16/24 sccm
RF Power 60 W
Pressure 100 mTorr
DC bias voltage 300V
Time 10 min

Tab. 4.1: Reactive ion etch process used to transfer the pattern of SU-8 into SiOs.
Etch rate SiO2: ~33 nm/min. Selectivity: ~1.6.
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Fig. 4.9: Stamp fabrication by CEUL and pattern transfer, and replication of the
structures by NIL. The samples have been covered with 20 nm Au for
SEM contrast. (a) SU-8 structures of design width ¢ = 100 nm and
period A = 380 nm. Dose 5 uC/cm?. (b) Nanometer scale features after
pattern transfer into SiOs. (c) Overview of stamp after pattern transfer.
(d) Replicated structures by NIL in 310 nm thick mr-I T85 resist.

Multiplex Cluster System), see Table 4.1, has a SiO, etch rate of approxi-
mately 33 nm/min and a selectivity of SiOy to SU-8 of approximately 1.6.
The sidewalls have a finite slope due to resist edge corrosion during RIE,
see Fig. 4.9(b), which may be reduced by further optimization of the RIE
process.

The electron beam and UV defined structures are aligned laterally within
2 um, limited by the optical alignment of the UV exposed structures, and
their heights are matched within 30 nm. Figure 4.10 shows a stylus pro-
filometer scan across a device on the stamp, showing the variation of the
top height of the structures along a vertical line in Fig. 4.9(c). Ounly the
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Fig. 4.10: Stylus profilometer scan of the fabricated stamp of SiOy along a vertical
line of Fig. 4.9(c). The top height of the nanometer and micrometer
scale features is, in general, matched within 30 nm (in this case 17 nm).

top height and not the individual features of the nanometer scale structures
is resolved. For this device, the height of the structures is matched within
17 nm.

After stripping the remaining SU-8 in an O, plasma adapted from Ref. [89]
and vapor deposition of an anti-sticking layer similar to that used in Ref. [95],
the structures of the stamp are replicated in a 310 nm thick film of mr-I T85
NIL resist [96] on a SiOy substrate, see Fig. 4.9(d). For the imprint, a
temperature of 200°C and an imprint pressure of 1.3 MPa for 60 min. was
used for this first demonstration.

4.4 Summary

In this Chapter, the nanofabrication methods used in this thesis work are
presented.

EBL is introduced as a high-resolution and flexible yet serial and expen-
sive nanofabrication technique. Basic properties such as dose and proximity
effect are discussed and SU-8 is presented as a highly sensitive negative tone
EBL resist.

CEUL is presented as a fast and flexible nanofabrication technique suit-
able for wafer scale fabrication of both micrometer and nanometer scale fea-
tures, taking advantage of the high sensitivity of SU-8 to both electron and
UV radiation. Upon electron beam exposure of the nanometer scale features,
micrometer scale features are added by UV exposure of the same polymer
film, followed by simultaneous development. The height of the microme-
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ter scale features is matched to the height of the optimized nanostructures
within 30 nm by adjusting the UV exposure dose. CEUL in SU-8 is ideal for
prototyping of functional polymer devices and pattern transfer applications.

NIL is introduced as a nanofabrication technique based on mechanical
deformation of a thermoplastic resist. Stamps for NIL are fabricated to
demonstrate a pattern transfer application of CEUL. On the stamps, a 2D
array of 100 nm wide lines with a period of 380 nm are defined in connection
with micrometer scale features by CEUL in SU-8 and pattern transfer into
SiO4y by RIE. The structures on the stamp are replicated by NIL in mr-I T85
resist.



5. TUNABLE OPTOFLUIDIC DFB DYE LASERS

This Chapter presents the design and operation of narrow linewidth, low
threshold, and widely tunable optofluidic DFB dye lasers. The devices rely
on light-confinement in a nanostructured polymer film embedded between
two substrates. An array of nanofluidic channels forms a Bragg grating DFB
laser resonator with a central 7/2 phase shift relying on the third order Bragg
reflection. The lasers are fabricated by CEUL in a thin film of SU-8 resist
and polymer-mediated wafer bonding. The third order Bragg grating of the
DFB laser resonator yields:

(i) Low out-of-plane scattering losses

(ii) Low coupling losses for the light when traversing the dye-filled nanoflu-
idic channels due to the sub-wavelength dimensions of the resonator
segments

(iii) A large free spectral range (F'SR).

Points (i)+(ii) enable a low threshold for lasing, point (iii) facilitates wave-
length tuning over the full gain spectrum of the chosen laser dye without
mode-hopping. Optofluidic tuning is demonstrated by combining different
grating periods and dye solution refractive indices.

Capillary action drives the liquid dye infiltration of the optofluidic DFB
lasers and accounts for dye replenishment, thereby completely removing the
need for external fluidic handling apparatus.

I have been the driving force behind the work described in this Chapter,
the main results have been published in Applied Physics Letters, volume 89,
103518 (2006) [50] and Optics Express, volume 15, pages 137142 (2007) [51].
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5.1 Device design

The laser resonator structure, see Fig. 5.1, is based on a planar polymer
waveguide structure supporting a single propagating TE-TM mode. The
basic waveguide structure consists of a SiOy buffer substrate (n = 1.46), a
300 nm thick core of SU-8 polymer (n = 1.59), and a top cladding of PMMA
(n = 1.49). An array of nanofluidic channels, defined lithographically in
the SU-8 film, constitutes a third order Bragg grating DFB laser resonator.
The resonator has a phase shift of 7/2 in the middle, see Fig. 5.1(b), to
obtain a single resonance at the Bragg wavelength for each Bragg reflection,
cf. Chapter 2.3. The laser emits light laterally in the chip plane. The light
is coupled directly into the SU-8 layer which guides the light to the edge of
the chip for measurement.

In order to achieve a low threshold for lasing, the optical losses should
be minimized. Two main challenges to be addressed in this context are
liquid-core waveguiding and out-of-plane scattering from high order Bragg
reflections. Since the liquids used have a refractive index lower than that
of the cladding layer, see Fig. 5.1(c), a well-confined TE-TM-like mode does
not exist in the fluidic resonator segments and light is not guided. However,
the requirement of a low refractive index polymer and a high refractive index
liquid may be relaxed by reducing the dimensions of the resonator segments
as the subwavelength regime is entered [39].

Despite the lack of waveguiding in the dye-filled nanofluidic channels,
the sub-wavelength dimensions of the third order DFB grating yield a low
coupling loss for the light when traversing the dye-filled nanofluidic channels.
Combined with the low out-of-plane scattering losses and large F'SR of the
third order Bragg grating, see Chapter 2.2, this has resulted in an efficient
laser device.

The laser resonator is embedded in a 300 nm high, 500 pm wide fluidic
channel which is followed by a 100 pm wide, 16 cm long meandering chan-
nel. The hydrophilicity of the SiO5 [97] at the bottom of the nanochannels
facilitates filling of the nanochannels of the resonator with a dye solution by
capillary action, thus simplifying operation of the device as opposed to con-
ventional setups with external syringe pumps. Replenishing of the dye in the
cavity region is achieved for hours through capillary filling of the meandering
channel.

In order to estimate the spectral positions of the resonances and the F'SR
of the passive DFB laser resonator, we consider the periodic arrangement
of polymer and fluidic resonator segments in the layered structure shown
in Fig. 5.1(c). The lack of waveguiding in the fluidic segments gives rise to
losses and complicates the modelling of light propagation in the structure. In
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Overview of the capillary driven tunable optofluidic third order DFB
dye laser. (a) Top-view schematic. (b) Atomic force micrograph of the
central region of the third order DFB laser resonator including the central
/2 phase shift. The white scale bar is 600 nm. (c) Side-view schematic
showing the refractive index distribution of the structure. (d) Optical
micrograph of the 500 x 500 um? DFB laser resonator embedded in the
shallow meandering channel. (e) Top-view picture of the over-all layout
of the fabricated laser chip.

general, a full solution to Maxwell’s equations in the geometry is required [39].

The resonances of the grating satisfy the Bragg condition

mA, = 20

(5.1)

where m = 1,2, 3, ... is the reflection order, \,, is the free space wavelength
of the m’th reflection order, and A, is the optical path length of one grating
period, see Chapter 2.2. The spatial dimensions of the resonator segments
are carefully chosen so that the DFB laser oscillates at the third order Bragg
reflection wavelength using the model developed in Chapter 2.3. From the
experimental data, summarized in Table 5.3, Ay, can be estimated. Given
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Aop, the F'SR is calculated as

Am

FSR =
m—1

(5.2)

as derived in Chapter 2.2.

As an example, a grating of period A = 599 nm filled with an ethylene
glycol solution (n = 1.43) is considered. From Eq. (5.1) using m = 3 and
A3 = 580.60 nm, we obtain A,, = 871 nm and a FISR of 290 nm at the
third order Bragg reflection wavelength. This very large F'SR ensures that
only the third order resonance falls inside the wide dye gain spectrum and
facilitates tuning of the laser over the full gain spectrum of the chosen laser
dye (for visible wavelengths).

The laser structure provides tuning of the wavelength by changing the
grating period and through optofluidic functionality by changing the refrac-
tive index of the dye solution.

5.2 Fabrication

The devices are fabricated by CEUL to enable fast and flexible prototyping of
device designs, see Chapter 4.2, followed by polymer-mediated wafer bonding.
The key fabrication parameters are stated here.

A 430 nm thick film of SU-8 2000 resist [93] is spin-coated onto a Si
substrate with a 2.5 um thick thermally grown oxide layer. The wafer is
baked at 90°C for 1 min. The device structure is defined by CEUL in the
SU-8 film. The nano-structures of the third order DFB grating are defined by
U = 100 kV electron beam exposure (JEOL-JBX9300FS, dose 3 pnC/cm?).
The total writing time for all 32 devices on a 10 cm wafer is 15 min.

After electron beam exposure, the micron-sized structures (meandering
channel and reservoirs) are defined in the same polymer film by UV exposure,
the wafer is post-exposure baked at 90°C for 1 min., and the micro and nano-
structures are developed simultaneously in PGMEA for 30 s, followed by an
IPA rinse. The wafer is subsequently subjected to a 20 s soft oxygen plasma
to remove any residues of SU-8 at the SiO, surface in the nano-channels of
the DFB resonator. After the plasma treatment, the structures are 300 nm
high, and the heights of the EBL and UVL defined structures are matched
within 30 nm.

Fluidic access holes are formed by micro powder blasting [98] and the

channels are sealed by a glass lid, using adhesive bonding by means of a
5 um thick PMMA film (2200 N, 140°C, 10 min.) [80].
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5.3 Capillary action

The ability of a fluid to wet a surface is characterized by the contact angle 6.
The contact angle is measured by putting a small droplet of fluid, typically
water, on a horizontal surface and measuring the angle between the surface
and the droplet where the fluid/air interface meets the surface, see Fig. 5.2.
The contact angle is specific for the fluid/surface system and is determined
by the interactions across the fluid, solid, and air interfaces.

For 6 < 90°, the surface is called hydrophilic and is easily wetted by
water, whereas for 8 > 90°, the surface is hydrophobic and water droplets
almost do not spread out on the surface. Water contact angles for typical
lab-on-a-chip materials are listed in Tab. 5.1.

Of the materials used to fabricate the fluidic network of the optofluidic
dye lasers, SU-8 and PMMA both have contact angles close to 90° and can be
considered hydrophobic. SiOs is highly hydrophilic and facilitates the filling
of the fluidic network by capillary action. Note, the high water contact
angles of single crystal Si and PDMS dramatically limit the number of fluids
available for use in capillary driven fluidic networks using these materials.

To operate the optofluidic dye lasers, the device is loaded by adding a
droplet of dye solution to the fluid inlet, thus filling the DFB resonator
structure by capillary action. The use of this simple fluidic handling scheme
omits the need for external fluidic handling apparatus, such as syringe pumps.
The devices are suitable for single-use, as they are not easily emptied and
recycled once they have been filled.

Capillary action is driven by the capillary pressure which in micro and
nanochannels can be up to several bars. By balancing the expressions for
the hydraulic resistance and the capillary pressure for a horizontal channel

Fig. 5.2: Definition of the contact angle 6.

Si Glass Si0, SU-8"  PMMA  PDMS
6 110° 20°—35° ~30° ~90° 60°—75° ~ 110°

Tab. 5.1: Water contact angles 6 for different materials. Numbers from [97]
(T from [99]).
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configuration (no contribution by gravity), the position of the advancing
fluid front z in a straight channel can be determined as a function of time ¢
as [100,101]

z(t) = av't (5.3)

where a is a constant dependent on the surface tension of the fluid in air,
the contact angle(s) of the fluid to the channel walls, the channel dimensions
and geometry, and the viscosity of the fluid. See the textbook [102] for an
overview.

By differentiation, the fluid velocity v can be obtained as

dx_ a

U:E_Q—\/Z (5.4)

i.e. the speed of the advancing fluid front in the meandering channel decreases
with time.

Figure 5.3 shows a microscope image of a laser device during filling. The
horizontal structures seen along the grating appeared during bonding for this
particular device and did not affect the optical properties of the laser. The
fluid front advances towards the left, thereby filling the resonator with dye
solution. Upon filling of the resonator, the fluid front continues into the
100 pm wide, 16 cm long meandering channel which facilitates dye replen-
ishment during laser operation.

The speed of the fluid front is approximately v ~ 11.7 um/s, correspond-
ing to a flow rate of 350 um? /s, estimated from the fluid front positions 5 min.
and 10 min. after loading of the device with ethylene glycol solution. When
assuming a 50 % volume fraction of SU-8 in the 500 x 500 pm? resonator
area, this corresponds to a replacement of the dye solution in the resonator
in 107 s.

During the first 30 min. of experiments, the dye solution in the cavity
region is replaced in 30 s—5 min. using an ethylene glycol solution. The flow
rate in the resonator region can be increased, e.g. by increasing the width of
the meandering channel.

Due to the highly hydrophilic nature of SiO,, the device can be loaded
with a wide variety of fluids such as water, ethanol, ethylene glycol, and
refractive index matching fluids (www.cargille.com), enabling a wide range
of applications for micro and nanofluidic channels employing our fabrication
scheme. For optofluidic dye lasers, an additional requirement is that the dye
must be dissolvable in the solvent or solvent mixture used.

In the experiments, the fabricated optofluidic dye lasers were operated
with four different R6G dye solutions, all with a concentration of 2x 1072 mol /L
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Fig. 5.3: Optical microscope image of a laser device during filling (ethylene glycol
solution). The laser resonator is partially filled with dye solution and the
fluid front advances towards the left.

and a refractive index below that of PMMA: ethanol (n = 1.36), ethy-
lene glycol (n = 1.43), a 2:1 mixture of ethylene glycol and benzyl alco-
hol (n = 1.467), and a 1:1 mixture of ethylene glycol and benzyl alcohol
(n = 1.485). The refractive indices of the mixtures are determined by linear
extrapolation of the refractive indices of the pure solvents, a method that
has been experimentally confirmed by Sgren Balslev.

The laser is optically pumped at 532 nm perpendicularly to the chip
plane through the glass lid by a frequency doubled Nd:YAG laser (5 ns pulse
duration, 10 Hz repetition rate) and the output dye laser light is collected
by an optical fiber at the edge of the chip and analyzed using a fixed grating
spectrometer (resolution 0.15 nm).

Figure 5.4 shows the output laser power from an optofluidic dye laser
device filled with ethylene glycol solution as a function of the time after
loading of the chip. For this particular device, the resonator region is optically
pumped through a 100 um wide slit in order not to bleach the dye molecules
in the other parts of the fluidic network.

The laser output rapidly decreases during the optical pumping which is
only performed in certain intervals. Between the periods of optical pumping,
the dye solution in the resonator is exchanged and when the optical pumping
commences, the laser output is back to the initial level. During the 33 min.
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Fig. 5.4: Laser output power as a function of time after loading of the device with
ethylene glycol solution. The dye solution in the cavity is replenished by
the capillary driven flow. The inset shows a typical emission spectrum
from the dye laser device.

long pause before the start of the experiment, the slit was aligned to the
resonator structure, the detection fiber was aligned to the chip, and a suitable
optical pumping level of 2 — 3 times the laser threshold was determined. The
inset shows a typical narrow linewidth spectrum from the laser device. The
spectral characteristics did not change during the experiment. The results
demonstrate that the dye solution in the resonator is replenished by the
capillary driven flow.

5.4  Wafer-scale reproducibility

In order to investigate the wafer-scale reproducibility of the devices, chips
of identical design dimensions have been filled with the same dye solution.
Fig. 5.5 shows laser spectra from four nominally identical chips (grating pe-
riod A = 601 nm) filled with R6G in ethylene glycol. The results demonstrate
wafer-scale spectral reproducibility of the laser, exhibiting narrow linewidth
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Fig. 5.5: Normalized laser spectra from four nominally identical chips (A =
601 nm) demonstrating wafer-scale spectral reproducibility of the laser.
On each chip, the DFB laser resonator is filled by capillary action with
R6G dissolved in ethylene glycol. The average laser wavelength of the
chips is 582.72 nm with a standard deviation of 0.14 nm.

emission, polarized perpendicularly to the chip plane (TM). The average
laser wavelength is 582.72 nm with a standard deviation of 0.14 nm, at the
resolution limit of our spectrometer (0.15 nm).

The deviation and the minor peaks in Fig. 5.5(c),(d) may arise from
grating imperfections due to fabrication defects. Due to limited spectrometer
resolution, our equipment does not allow us to determine whether the laser
is truly operating in a single mode, and the spectral shape and linewidth of
the laser remain undetermined. Although the devices are not emptied after
use, the excellent wafer-scale spectral reproducibility allows for a quantitative
comparison between devices of different design dimensions filled with different
dye solutions.

Figure 5.6 shows the output laser power as a function of the average
pump pulse fluence for a device. The laser spectrum of the device is shown
in Fig. 5.9(e). The output power is found by integrating the measured laser
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Fig. 5.6: Typical pump pulse fluence/output laser power graph for the laser device
with spectrum shown in Fig. 5.9(e). The graph follows the standard
pump/output relation of two linear segments around a laser threshold of
~ 7 wJ/mm?.

spectrum for each value of the average pump pulse fluence. The graph fol-
lows the standard pump/output relation of two linear segments around a
threshold fluence Qq, of approximately Qu, = 7 puJ/mm? and is typical for
the fabricated lasers.

The error bars of the output laser power are calculated as the standard
deviation of a number of output laser power measurements using the same
average pump pulse energy fluence and reflect the pump pulse energy fluctu-
ations from our Nd:YAG system.

5.5  Optofluidic tuning

This section presents results on optofluidic tunability, achieved by employing
two tuning concepts:

(i) Refractive index tuning by altering the dye solution refractive index
(ii) Tuning by changing the grating period.

By combining the two concepts, an optofluidic tunability of 45 nm is achieved.
Further, the laser threshold fluence decreases with increasing dye solution
refractive index.
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Refractive index tuning and threshold analysis

Fig. 5.7 shows laser spectra from chips of grating period A = 601 nm with
R6G dissolved in different solvents, thus demonstrating 6.45 nm optofluidic
tuning of the laser from 581.41 nm to 587.86 nm. In Fig. 5.7(c), the minor
side-mode shifted 1.8 nm from the main peak may be attributed to an addi-
tional phase shift introduced in the DFB grating by a stitching error during
electron beam exposure. For increasing fluid refractive indices, the emission
wavelengths increase and the laser thresholds decrease, see Table 5.2.

In order to account for this decrease in laser threshold with increasing
fluid refractive index, the loss of light due to the lack of waveguiding in the
fluidic resonator segments is investigated. To simplify the computational
problem, the coupling loss ~ for light traversing one dye-filled nanofluidic
channel is calculated. ~ can be calculated using a finite difference beam
propagation method (FD-BPM).

Beam propagation methods (BPMs) are powerful tools for understanding
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Fig. 5.7: Normalized laser spectra and corresponding laser output power curves
as a function of pump pulse fluence for R6G in three different solutions
(A =601 nm): (a) R6G in ethanol. (b) R6G in ethylene glycol. (c) R6G
in a 1:1 mixture of ethylene glycol and benzyl alcohol.



80 5. Tunable optofluidic DFB dye lasers

Solvent n Anm] Qu [-2 v
ethanol 1.36 581.41 65 199
ethylene glycol 1.43  582.72 40 .089

ethylene glycol/

benzyl alcohol 1:1 482 987.80 10 043

Tab. 5.2: Summary of threshold analysis. For R6G solutions of larger refractive in-
dices n, the laser wavelength A increases, and the threshold pump fluence
Qn and coupling loss v decrease. Fixed grating period A = 601 nm.

the propagation of light through structures with an arbitrary refractive in-
dex distribution. BPM typically require less computational power than FEM
and can handle larger structures (relative to the wavelength). The propaga-
tion is done by following the phase front along a fixed axis. The FD-BPM
implementation used in this work allows for propagation of light through a
2D structure, see Fig. 5.8, as 3D structures are computationally demanding.
The implementation was programmed by Sgren Balslev in Mathematica and
is described in detail in [55].

FD-BPM propagates light in a structure with average refractive index ng
by means of the paraxial Helmholtz equation in the slowly varying envelope
approximation. The ‘paraxial’ refers to the propagation direction (the di-
rection of the k vector) which is mainly along the positive y-axis, i.e. from
left to right in Fig. 5.8(a). An exp(iwt) time dependence is assumed. In the
TM-case, the paraxial Helmholtz equation becomes [103|

dln (n?) o

5 D (5.5)

2
2ik0nog—1§ = {87 + k2 [nQ(y, z) — n(ﬂ } P —
where n(y, z) is the refractive index distribution, H, = 1 exp (—ikonoy) is
the magnetic field component in the z-direction, and ¢ is slowly varying in
the y-direction, i.e. ‘327% ~ (. For regions with refractive index ng, the phase
does not evolve with distance during calculation.

By calculating 22715 from the second order difference coefficient and in-
tegrating Eq. (5.5) from y to y + Ay, a system of linear equations can be
obtained to be solved for 1,11 (y+Ay), where j is the step (slice) number [55].
In this fashion, ¢ can be propagated through any given refractive index dis-
tribution by applying FD-BPM. Note, that FD-BPM does not account for
back-reflections from the dielectric interfaces as the light propagates through
the structure.

The upper and lower boundaries in Fig. 5.8 are made absorbing by adding
an imaginary part to the refractive index near the boundary in order to avoid
reflections. The coupling loss for light traversing a dye-filled nanofluidic
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Fig. 5.8: FD-BPM simulations of the coupling loss v for a period of the DFB
grating. (a) Sketch of the refractive index distribution. The width of
the channel is 273 nm. (b) Energy distribution for nq, = 1.43 (ethylene
glycol) is shown as an example.

channel is modeled by propagating the TM mode of the single mode waveg-
uide structure of SU-8 core height h.,e = 300 nm through the structure of
Fig. 5.8(a).

As light of the observed wavelength traverses a 273 nm wide nanofluidic
channel filled with liquid of refractive index ng,, corresponding to the value
of the used solvent, part of the light is lost into the top and bottom cladding
layers. The coupling loss v is calculated from the maximum field energies in
the waveguide core at the input (y = 0) and output (y = L) of the waveguide.
Let H,(0, z) and H,(L, z) denote the magnetic fields at the input and output,
respectively. v is calculated as

- max {|H$(L, z)|2}

max{|H$(O,z)|2} (5.6)

’y =
The calculations yield the energy propagation loss corresponding to the
coupling loss for a period of the DFB grating. As an example, the energy
distribution with the channel filled with ethylene glycol (ny, = 1.43) is shown
in Fig. 5.8(b). The loss decreases for increasing n.,, see Table 5.2. For
increasing refractive index in the channel, the fluidic segment increasingly
resembles a waveguide, thus yielding a lower coupling loss.
To obtain lasing in the resonator, the amplification of the R6G must equal
the loss. As expected, the experiments show that the threshold fluence for

lasing decreases as the refractive index of the R6G solution increases, see
Table 5.2.
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The wavelength dependence of the R6G gain, see Figs. 2.4 (page 24)
and 3.4 (page 49), cannot account for this behavior. The gain maximum
for R6G is situated at A ~ 565 nm, and for longer wavelengths R6G is
less efficient. If this effect was dominant, devices with a longer emission
wavelength should have a higher threshold fluence, which is not the case.

According to the estimations of the penetration depth of the pump light
in Tab. 3.1 (page 50), the penetration depth § of the pump light for the
chosen dye concentration is estimated to be a few pm. As the channel height
in the optofluidic dye lasers is only 300 nm, i.e. less than 10 % of §, most of
the pump light is not absorbed by the dye molecules. Thus, by employing a
more efficient optical pumping scheme, a considerably lower threshold fluence
may be obtained.

Wavelength tunability

In order to investigate the tuning range of the laser without mode-hopping,
devices with different grating periods A = 579, 599, 620 nm were fabricated
by varying the width of the nanochannels and keeping the width of the SU-8
bars fixed. The periods were derived from atomic force micrographs of the
SU-8 structures prior to bonding, cf. Fig. 5.1(b).

Figure 5.9 shows laser spectra for laser devices with different grating
periods using different R6G solutions. The lasers exhibit narrow linewidth
emission (except the laser of Fig. 5.9(b)) and are polarized perpendicular to
the chip plane (TM). The minor side-modes in the spectrum in Fig. 5.9(b)
may be due to grating defects due to fabrication errors. The spectral shape
and linewidth of the lasers remain undetermined due to limited spectrometer
resolution.

The data are summarized in Tab. 5.3 and demonstrate wavelength tun-
ability of 45 nm by changing the grating period (coarse-tuning) and dye

Label Anm| n  A|nm| A\ |nm]
(@) 579  1.43 561.52
) 579  1.485 569.21 } 769
() 599  1.43  580.60
(d) 599  1.467 585.04 } 6.75
)

(e 599 1.485 587.35
() 620 1.485 606.28

Tab. 5.3: Summary of the data presented in Fig. 5.9. The laser wavelength A is
tuned by changing the grating period A and the refractive index n of the
R6G solution. A\ denotes the refractive index tuning range for fixed A.
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Fig. 5.9: Laser spectra from different laser devices showing a tunability of the lasers
of 45 nm by changing the grating period and the refractive index of the
R6G solution. Lasers with different periods A were fabricated.

solution refractive index (fine-tuning).

The achievable refractive index tuning range depends on the wavelength
selection (Bragg) condition for the cavity as well as the confinement of the
optical mode to the liquid. The results for A = 579 nm demonstrate a large
refractive index tuning range of A\ = 7.69 nm for An = 0.055, see Table 5.3,
due to the low reflection order of the employed third order Bragg grating. Li
and Psaltis [104] have reported a 2.2 nm refractive index tuning range using
a fifth order Bragg grating for An = 0.0609.

Figure 5.10 shows the laser wavelength plotted as a function of grating
period for the devices using ethylene glycol and 1:1 ethylene glycol /benzyl
alcohol solutions. For these solutions, three or more points exist, see Tabs. 5.2
and 5.3, and linear fits have been added to the graphs. In Figure 5.11, the
laser wavelength is plotted as a function of dye solution refractive index
for the devices with A = 599 nm, see Tab. 5.3. A linear fit is provided.
The devices are tuned through optofluidic functionality by changing the dye
solution refractive index.

Figures 5.10 and 5.11 provide linear tuning curves and indicate a linear
dependence of the wavelength on grating period and dye solution refractive
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Solution
m 11 ethylene glycol/

benzyl alcohol n=1.485

v Ethylene glycol n=1.43

Wavelength A [nm]

570 I 5é0 I 5£|90 I 6(|)0 I 61|0 I GéO I 6:|30
Grating period A [nm]

Fig. 5.10: Laser wavelength as a function of grating period for different R6G solu-
tions. The fits indicate a linear dependence for each solution.

index. This may be interpreted as a linear regime where the Bragg condition
of Eq. (5.1) applies although the resonator structure of Fig. 5.1 is not a
simple layered dielectric stack but rather a 2D structure of sub-wavelength
dimensions. To draw further conclusions from the graphs, more data points
are needed.
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Fig. 5.11: Laser wavelength as a function of dye solution refractive index for dif-
ferent R6G solutions with fixed grating period A = 599 nm. The fit
indicates a linear dependence.



5.6. Summary 85

5.6 Summary

This Chapter describes the fabricated tunable third order optofluidic DFB
dye lasers. The lasers rely on light-confinement in a nanostructured polymer
film and a third order Bragg grating DFB laser resonator with a central 7 /2
phase shift. In the devices, the dye replenishing flow to account for dye
bleaching is achieved through capillary filling of a long meandering channel
following the laser resonator. This significantly simplifies the operation of
the devices as external fluid handling is omitted.

The lasers are fabricated by CEUL in SU-8 and polymer-mediated wafer
bonding, ideal for fast and flexible prototyping of device designs. Due to the
large F'SR of the third order Bragg grating, the laser resonator provides a
wide tuning range of 45 nm using a single laser dye by changing the grating
period and dye solution refractive index. A refractive index tunability of
7.69 nm is obtained.

Despite the lack of waveguiding in the dye-filled nanofluidic resonator
segments of the laser resonator, the lasers exhibit low threshold fluences down
to Qun ~ 7 wJ/mm? due to the sub-wavelength dimensions of the resonator
segments and low out-of-plane scattering.

To provide real-time wavelength tunability, the laser could be combined
with a microfluidic mixer [6]. The laser is suitable for integration on lab-
on-a-chip microsystems [14], e.g. for novel sensor concepts, where coherent,
tunable light in the visible range is desired.
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6. DIFFUSIVE DYE REPLENISHMENT
IN OPTOFLUIDIC LIGHT SOURCES

This Chapter presents an investigation of the bleaching dynamics that occur
in optofluidic dye lasers where the liquid-dissolved laser dye in a microfluidic
channel is locally bleached due to optical pumping. The results show that for
microfluidic devices, dye bleaching may be compensated through diffusion of
dye molecules alone, suggesting a diffusive dye replenishment mechanism for
optofluidic light sources.

By relying on diffusion rather than convection to generate the necessary
dye replenishment, the observations potentially allow for a significant sim-
plification of optofluidic dye laser device layouts, omitting the need for cum-
bersome and costly external fluidic handling or on-chip microfluidic pumping
devices.

My role in this work has mainly been to experimentally verify the theoret-
ical predictions. I have built the experimental measurement setup, performed
the measurements and data analysis, as well as contributed to the formula-
tion of the manuscript which contains the main results of this Chapter and
has been published in Applied Physics Letters, volume 90, 143501 (2007) [52].
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6.1 Concept

Dye bleaching, i.e. dye degradation due to optical pumping, resulting in
limited device lifetimes is in general considered a major disadvantage of or-
ganic dyes as active laser medium. Typically, the problem of dye bleaching
is addressed by employing a continuous convective flow of liquid-dissolved
dye molecules, compensating the bleaching dynamics caused by the external
optical pump.

In optofluidic dye lasers and light sources, the required convective dye-
replenishing flow has been achieved by external fluid handling apparatus
(syringe pumps) [6,31-33,36-38,40,41,43,44|, on-chip microfluidic pumps [42,
104], or by means of capillary effect [Chapter 5], [45,46]. In order to facilitate
compact optofluidic dye laser systems suitable for commercial applications,
simplification of fluidic handling is necessary, omitting the need for fluidic
handling apparatus such as syringe pumps, hoses, fittings, valves, etc.

In this Chapter a novel dye replenishment mechanism based on diffusion
is proposed. The concept may potentially allow the operation of optoflu-
idic dye lasers for days without the need for a convective flow. The key
concept in this is very similar to the entire paradigm behind miniaturized
chemical-analysis systems where scaling arguments are used to show the at-
tractiveness of micron-scale analytical devices compared to their macroscopic
counterparts [1,2].

The local dye bleaching dynamics which is characteristic in optofluidic dye
lasers is investigated. Based on the findings, a dye replenishment mechanism
is proposed which takes advantage of the classical diffusion present when dye
molecules are dissolved in a liquid and placed in a microfluidic device. The
bleaching of dye molecules by the optical pump will introduce gradients in
the concentration of non-bleached dye molecules ¢(r,t), thus activating the
diffusion mechanism associated with the thermally driven Brownian motion
of the dye molecules. The bleaching-diffusion dynamics is modeled by a
classical diffusion-convection equation with an additional drain (sink) term

DV?¢(r,t) = % c(r,t) +v-Ve(r,t) + I'(r) c(r, t) (6.1)

where I is the bleaching rate, D is the diffusion constant, and v is the velocity
field of a possible flow. For R6G dye molecules dissolved in ethylene glycol,
D is estimated to D ~ 1.5 x 107! m?/s by taking an experimental value for
R6G molecules in water [105] and scaling with the viscosity at 25°C, using
the Stokes—Einstein relation. On average, the random walk transports a dye
molecule approximately ¢ = 0.1 mm in ¢t = (/D ~ 10 min. For typical
optical pumping levels and repetition rates this is estimated to be sufficient
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to replenish bleached dye in a miniaturized dye laser. This statement is
supported by both Eq. (6.1) as well as our experimental studies of a particular
optofluidic device.

To analyze the bleaching-diffusion dynamics, a simple, idealized 1D model
system is used, resembling the experimental setup outlined in Fig. 6.1. Con-
sider the situation where the liquid-dissolved dye molecules of initial concen-
tration ¢y are optically pumped through a narrow slit of width w covering a
closed microfluidic channel of length L. With x being along the direction of
the quasi-1D channel we can thus make the approximation

I'z) ~Ty O (w/2—|z|) = (6.2)
0 , otherwise.

where ©(x) is the Heaviside step function with ©(z) = 0 for z < 0 and
O(z) =1 for z > 0.

pump light

Fig. 6.1: Experimental setup. Closed channel containing a liquid solution of
dye molecules. The dye molecules are optically pumped by a pulsed,
frequency-doubled Nd:YAG laser through a slit of width w covering the
sample.
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6.2 Theory

The bleaching-diffusion dynamics may conveniently be understood by dimen-
sional analysis. In the quasi-1D analysis, we use the notation V = a%' Since
the characteristic timescale is set by the inverse bleaching rate I';' and the
characteristic length scale by the slit width w, normalized variables for the
time and position ¢ and z, respectively, are introduced as

- x

t=Tgt; == (6.3)

w

Using the chain rule, a change of variables of each of the derivatives of
Eq. (6.1) is carried out

1 ~ 5 1 =, dc dc
= —Ve; = V% = =Ty— 6.4
Ve ch, Ve wQV c; T 057 (6.4)
where the z,¢ dependence of ¢ is omitted for clarity and V = %.

Expressing Eq. (6.1) in the normalized variables 7,7 rather than z,¢ we
arrive at the equation

D - ~ ~ ~ ~ 1 -

— Vic(z,t) =Ty i c(z,t) + v Ve(z,t) + 10 (— - |i|) c(z,t) (6.5)
w ot w 2
DY Ny

from which a diffusion rate I'p and a convection rate I', can be extracted as

D v

I'p = r,= 6.6
b . (6.6)

w2 3
which should be compared to the externally controlled bleaching rate I'.

In macroscopic dye lasers one has I', > I'y > I'p so that un-bleached
dye molecules are supplied on a faster time scale than the bleaching. This
strategy has been central to the so far reported optofluidic dye lasers.

However, the very different scaling of I'p and I', with w offers an al-
ternative and attractive replenishment mechanism in microfluidic systems.
Usually the convective term v - Ve is driving the replenishment, but if
I'p > max(I',,Ty) we have the freedom to completely turn off convection
and entirely rely on diffusion. In this work we will emphasize diffusion and
the convective term will be explicitly zero, i.e. v = 0.

The initial dynamics is characterized by the absence of gradients and for
t < T'p' diffusion can be neglected. This yields the solution

c(t) ~ coexp [-Tot] ; t< It |z| < w/2 (6.7)
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This exponential dynamics, with a characteristic time scale I'y, is the major
source of concern for the bleaching-defined lifetime of the device outlined in
Fig. 6.1. However, the bleaching, expressed as ¢ — 0 for ¢ > I';!, may be
compensated by diffusion which becomes efficient for + > I';'. The addition
of rates suggests that for ¢t 2 F,Sl the decay will be governed by I'p rather
than T'g. Eq. (6.1) is difficult to solve analytically, but the dynamics may

easily be studied numerically in more detail.

Numerical solutions

Considering the symmetric bleaching configuration of Eq. (6.5) and disre-
garding convection by setting v = 0, the concentration will always have a
minimum in the center of the slit. The bleaching-diffusion dynamics is gov-
erned by the following equation, only depending on the ratio of the diffusion
and bleaching rates

Lo Goes 7) = (%c(f:,f) L0 @ _ m) (@, 1) (6.8)

The Heaviside step function © works as a switch which controls the bleaching
in the slit. The insulating boundary condition can be formulated as

Oc

— =0 (insulation) (6.9)
O a=+L/2

i.e. zero flux out of the ends of the channel.

Eq. (6.8) is solved by time-dependent finite-element simulations for a
channel much longer than the slit width, L > w, for varying values of I'p
relative to [’y using Comsol Multiphysics 3.2 [57].

Fig. 6.2 shows the normalized concentration as a function of normalized
distance 7 for different values of the ratio I'p/Ty at different times ¢ for
a fixed geometry with w = 0.02 L. The dashed lines indicate the initial
homogeneous concentration c¢y. As expected, the solutions are symmetric
around the center of the slit £ = 0 and the concentration decreases with time
(also for x = £L/2). As I'p/I'y is increased, the concentration outside the
slit drops faster due to increased diffusion and the concentration within the
slit maintains a higher level.

Fig. 6.3 shows the normalized concentration as a function of normalized
time ¢ in the center of the slit (z = & = 0). As seen, the above analysis
accounts well for the qualitative behavior found. Clearly, diffusion changes
the dynamics away from the pure exponential bleaching (dashed curve) to a
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Fig. 6.2: Finite element simulation of bleaching-diffusion dynamics with w =
0.02 L. Left: Concentration as a function of distance for different times
(fixed I'p/Ty = 4). Right: Concentration as a function of distance for
different ratios I'p /T (fixed time £ = I'g t = 40.)
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Fig. 6.3: Finite element simulation of bleaching-diffusion dynamics in the center
of the slit (x = & = 0). The black dashed line shows the bare bleaching
exponential decay, Eq. (6.7), in the absence of diffusion (D = 0), while
the solid lines show the decay for an increasing value of the diffusion rate
FD = Z)/’l,l)2
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situation with a much slower decay, thus potentially increasing the bleaching-
limited lifetime of the device dramatically. As clearly seen, the presence of
diffusion may considerably slow down the decay. The halving time 75, i.e.
c(712) = co/2, is increased by a factor of 4 for I'p /I’y = 1 and a factor of 41
for I'p /Ty = 16.

6.3 Dye bleaching experiment

The implicit hypothesis behind the above analysis is that the dye laser out-
put signal somehow correlates with the concentration of un-bleached dye
molecules. In order to verify our predictions experimentally we use the in-
tensity of the fluorescence from a dye solution as an indirect measure of the
local dye concentration in the optically pumped volume. The R6G dye so-
lution is placed in a closed volume liquid channel and the fluorescence is
measured under different optical pumping conditions.

Figure 6.4 shows the experimental setup, where the closed volume liquid
channel is placed in a holder on a stage and optically pumped at 532 nm
by a pulsed frequency doubled Nd:YAG laser (5 ns pulse duration, 10 Hz
repetition rate). The closed volume liquid channel is constructed from a
flexible polymer tube with an inner diameter of approximately 800 um. The
tube is filled with a dye solution of R6G dissolved in ethylene glycol with a
concentration of ¢y = 2 x 107* mol/L and is closed at the ends by physical
clamping, yielding a sealed tube length of 8 mm.

For the applied dye concentration level, the quantum efficiency has a
weak dependency on the dye concentration, see Fig. 3.3 (page 47). Accord-
ing to the estimations of the penetration depth of the pump light in Tab. 3.1
(page 50) the penetration depth is comparable to the tube diameter. Thus,
the dimensions of the closed volume liquid channel combined with the cho-
sen dye concentration allow for measurements under experimental conditions
where the pump energy distribution may be taken as constant over the total
closed liquid channel volume, i.e. the pump light absorption is approximately
constant in the dye solution of the closed volume.

The average optical pump pulse fluence is chosen to be 32 pJ/mm?
which is typical for optofluidic dye lasers operating well above threshold,
see Tab. 1.1 (page 14) and Chapter 5. The fluorescence signal indicated in
Fig. 6.1 is collected at an angle normal to the incident pump light by an
optical fiber and measured by a fixed grating spectrometer (resolution 0.15
nm), see Fig. 6.4(c),(d).
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| spectrometer]|

Fig. 6.4: Measurement setup. (a) Aluminum holder prior to assembly and flexible
polymer tube in the background. (b) View of aluminium holder and
flexible polymer tube in semi-closed liquid channel configuration. The
screws which define the closed volume liquid channel are 10 mm apart.
(c+d) The sample is placed on a stage and is pumped vertically at 532 nm
by a frequency doubled Nd:YAG laser. The fluorescence signal is collected
by an optical fiber and is measured by a fixed grating spectrometer.

6.4 Results

In the experiments, the decay of the fluorescence signal from the closed vol-
ume liquid channel is studied for two different optical pumping configura-
tions:

(i) Spatially homogeneous pumping of the closed volume liquid channel.

(ii) Spatially inhomogeneous pumping of only the central part of the closed
volume liquid channel through a narrow slit.

Figure 6.5 shows the temporal decay of the integrated spectrally broad
fluorescence signal for different optical pumping configurations. For spatially
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homogeneous optical pumping (no slit, w/L = 1), the data show an initial
fast decay, followed by a much slower decay with a characteristic decay time
of

Iy = 5.0 hours =2 x 10*s (6.10)

obtained from a fit to the data using a double exponential function.

The behavior of an initial fast decay followed by a slow decay does not
arise from pump laser fluctuations nor from changes in the spectral output
pattern of the device. When pumping through a slit (w/L < 1), the fast
decay remains and the rate of the slow decay decreases with w. The fast
decay may be attributed to initial consumption of oxygen in the fluid which
is involved in the bleaching of the dye, as speculated in [88].

In the case of w/L = 0.04 (w ~ 300 um), a quasi stable output level on
the timescale of days is observed. The experimentally observed fluorescence

Number of pulses [x 105]
0 1 2 3 4 5 6 7
v ) v ) v ) v ) v ) v ) v ) v ) R 1
—y gt .
w/L=0.04

w/L=0.11

w/L=0.19

Normalized integrated fluorescence

0.1- o~s00 iml 1 0.1
—> <« ]
w
pumped region
pumped
region\I
<>
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0.01 44— — T —r — — 0.01
0 5 10 15 20 25

Time [hours]

Fig. 6.5: Temporal decay of fluorescence for different optical pumping configura-
tions. The lower curve (w/L = 1) is for spatially homogeneous pumping
while the upper curves correspond to spatially inhomogeneous pumping
through slits of varying width w. In the case of w/L = 0.04, the fluo-
rescence signal is nearly constant on the timescale of days after a short
initial decay (first 25 hours shown).
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w [um| Tp[s7!] v [He
1000 2 x107° 4
100 2x 1073 400

10 0.2 40 x 103

Tab. 6.1: Diffusion rate and maximum repetition rate for different slit widths w,
calculated by means of I'p = D/w? and v = 2 x 10°Tp. A characteristic
lifetime of 2 x 10° pulses is assumed, based on experiments, see Fig. 6.5.

dynamics is in qualitative agreement with the bleaching-diffusion dynamics
found in the quasi-1D model, see Fig. 6.3.

The measurement of the bleaching rate I'y = 0.5x10~% s~!, corresponding
to 2 x 10° pulses, allows for a comparison with the diffusion rate I'p for
different slit widths. The diffusion rate I'p would be comparable to I'y for a
slit of macroscopic width w ~ 1mm. For a micron-scale slit of width w ~
100 wm, however, the diffusion rate increases by one order of magnitude to
I'p ~ 1073s~!. Table 6.1 shows the calculated diffusion rates for different slit
widths w, and the maximum achievable repetition rates v under the condition
I'p = I'y through the relation v = 2 x 10° I'p. Laser devices employing a
~10 um wide slit can potentially be operated at kHz repetition rates enabling
quasi-continuous wave applications, such as flow cytometry [106].

The order-of-magnitude estimates of I'p relative to I'y illustrate the im-
portance of the w~2-scaling of I'p and support our proposal of miniaturized
optofluidic dye lasers with I'p > I'y, thus fully avoiding any need for exter-
nal fluidic handling systems such as syringe pumps or complicated on-chip
pumping schemes. Optofluidic devices such as the one presented here pro-
vide a typical level of output power that is more than sufficient for use as an
on-chip light source in lab-on-a-chip applications [14].

6.5 Summary

In this Chapter, the bleaching and diffusion dynamics in optofluidic dye
lasers caused by local bleaching of the laser dye is investigated. A novel dye
replenishment mechanism for optofluidic light sources is proposed based on
diffusion of dye molecules alone, omitting the need for external fluid han-
dling apparatus or on-chip microfluidic pumping devices. A simple quasi-1D
diffusion model is used to explore the characteristic evolution of the local
un-bleached dye concentration in the optically pumped or bleached volume
of the device.

In the absence of convective flow, the asymptotic decay of the local dye
concentration in the optically pumped volume is governed by the diffusion
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rate and the resulting lifetime of the device is mainly limited by the capacity
of the fluidic reservoirs. Generic microfluidic platforms typically allow for
device layouts with a large volume ratio between the fluidic reservoir and the
region being optically pumped.

In order to put our proposal in perspective, a reservoir with a volume of
the order 1 ¢cm?, with an optically pumped volume of 2.5 x 1077 cm? as in [88]
and a bleaching rate of I'y ~ 107 s™!, would in principle allow for continuous
operation for more than a thousand years for typical pumping levels and
repetition rates. The implicit hypothesis behind the analysis is that the
concentration of un-bleached molecules somehow correlates with the intensity
of emitted light from the device under investigation. The conclusions drawn
from the simple model are supported by basic experiments.

In the dye bleaching experiments, a closed volume liquid channel of length
L = 8 mm is constructed from a flexible polymer tube and filled with a dye
solution. The dye solution is optically pumped and the fluorescence signal is
measured for different optical pumping configurations.

For spatially homogeneous pumping of the closed volume liquid channel,
an initial fast decay in fluorescence is observed, followed by a much slower
decay with characteristic decay time I';' = 5.0 hours = 2 x 10* s. When
pumping only the central part of the closed volume liquid channel through a
narrow slit of width w, the characteristic time of the slow decay dramatically
increases. In the case of w/L = 0.04, the fluorescence signal is approximately
constant on the timescale of days, in qualitative agreement with the quasi-1D
model.

The investigations reveal the possibility that optofluidic dye laser devices
may potentially be operated for days by diffusion without the need for a
convective flow. Relying on diffusion rather than convection to generate
the necessary dye replenishment significantly simplifies optofluidic dye laser
device layouts, omitting the need for cumbersome and costly external fluidic
handling or on-chip microfluidic pumping devices.
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7. CONCLUSION

This thesis concerns optofluidic dye lasers suitable for integration onto a
lab-on-a-chip platform. The work has consisted of design, fabrication, char-
acterization, and modeling of the devices with a focus on:

(i) Reducing the threshold fluence for lasing.
(ii) Increasing the wavelength tunability.
(iii) Simplifying the fluidic handling of the devices.

The basic theory and materials used for optofluidic dye lasers have been
presented. A transmission matrix model for design of optofluidic DFB lasers
has been developed. The cavity modes of an optofluidic dye ring laser are
studied using FEM simulations and compared to a ray-tracing model. The
chosen laser dye R6G and polymer materials SU-8 and PMMA are intro-
duced, with emphasis on their optical properties.

The development of CEUL in SU-8 has enabled fast and flexible fabri-
cation of nanostructures and sub-wavelength optical structures in materials
suitable for polymer planar waveguides and integrated optics. CEUL is ca-
pable of reliably fabricating 100 nm lines with 380 nm period in SU-8 on the
wafer-scale. Micrometer scale features are easily added through an UV expo-
sure step with no significant additional cost. The fabrication of NIL stamps
by CEUL and pattern transfer into SiO, has been demonstrated. Optofluidic
DFB dye lasers have been fabricated at DTU using CEUL in SU-8, followed
by adhesive polymer-mediated wafer bonding.

Threshold and tunability

For the fabricated optofluidic DFB dye lasers, points (i)+(ii) have been ad-
dressed by employing a third order Bragg grating DFB laser resonator with
a central m/2 phase shift and period of approximately A ~ 600 nm. The
laser devices have been characterized by infiltrating the resonator with a dye

solution by means of capillary action and optical pumping at 532 nm by a
pulsed frequency doubled Nd:YAG laser.
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The third order Bragg grating DFB laser resonator yields efficient wave-
length selection and narrow linewidth emission (< 0.15 nm) has been ob-
tained, with the linewidth measurement limited by the resolution of our
spectrometer. The low grating order provides low out-of-plane scattering
which enables a low threshold fluence for lasing. Threshold fluences down
to ~ 7 wJ/mm? have been demonstrated. Due to the small height of the
nanofluidic channels, most of the pump light is not absorbed, and the effec-
tive threshold fluence may be considerably lower.

Further, a low order Bragg grating has a large F'SR, enabling a large
wavelength tunability. A wavelength tunability of 45 nm has been demon-
strated, limited by the spectral width of the gain of the chosen laser dye.
The optofluidic wavelength tuning was achieved through coarse-tuning by
varying the grating period and fine-tuning by altering the dye solution re-
fractive index. A refractive index wavelength tunability of 7.69 nm has been
demonstrated.

Fluidic handling

Point (iii) has been addressed in two ways. In the fabricated optofluidic DFB
dye lasers, the dye replenishing fluid flow is mediated by capillary action,
omitting the need for external fluid handling apparatus. A long meandering
channel in connection with the laser resonator provides the dye-replenishing
flow. The bottom of the channels is of SiOy which is highly hydrophilic and
facilitates filling of the channels with a wide variety of fluids such as water,
ethanol, ethylene glycol, and refractive index matching fluids. Due to the
nature of capillary flow, the flow rate decreases with time and the chip is not
easily emptied, rendering the devices suitable for single-use applications.

The second approach concerns a novel dye replenishment mechanism
based on diffusion of dye molecules alone. Using this concept, no exter-
nal fluid handling apparatus or on-chip microfluidic pumps are needed. The
optofluidic light source is simply loaded with a dye solution which is opti-
cally pumped through a narrow slit of width w. As dye molecules in the
slit region are bleached, they are replaced by un-bleached molecules through
diffusion. As the dye diffusion rate scales as w2, the dye replenishment rate
is dramatically increased relative to the bleaching rate for micrometer scale
slits. The lifetime of the devices, which can be on the timescale of days, is
mainly limited by the capacity of the fluidic reservoirs. A natural extension
of this work would be to develop an optofluidic dye laser employing diffusive
dye replenishment.
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Outlook: Improvements and applications

In addition to the device characterization performed in this thesis work, the
fabricated optofluidic DFB dye lasers could be characterized by accurately
measuring the spectral shape and linewidth using a high-resolution spectrom-
eter. This would allow for a determination of the quality factor of the laser
resonator.

Other useful characterization data include the slope efficiency which could
be determined through calibrated measurements of the laser output power
using a highly sensitive power meter. Further, by combining the laser with
a couple of waveguides, integrated Mach-Zehnder interferometers could be
realized in order to measure the coherence length of the laser light. Further,
this type of device could be used as an interference-based sensor [79].

Confinement of light

Although three important themes of optofluidic dye lasers have been ad-
dressed in this thesis, there is naturally still room for improvement. From a
design point of view, the biggest issue is the lack of waveguiding in the fluidic
resonator segments which gives rise to losses, as calculated in Chapter 5.5.
The losses could be reduced by employing a scheme to achieve waveguiding in
the fluidic resonator segments. Such liquid-core waveguiding would require
either a dye-dissolvable liquid of higher refractive index than the top and
bottom cladding layers, i.e. n > 1.49, or top and bottom cladding layers of
lower refractive indices than the liquid.

PDMS has a low refractive index, n = 1.406, which is lower than that of
e.g. ethylene glycol, and has been used to demonstrate liquid-core optoflu-
idic DFB dye lasers oscillating on the m = 5,14, 15 order Bragg reflection
wavelength [37,38,104]. However, fabrication of sub-wavelength structures
in PDMS, such as the third order Bragg gratings demonstrated in this the-
sis work, remains a technical challenge due to collapse of the PDMS struc-
tures [104]|. Further, the hydrophobic nature of PDMS, see Tab. 5.1 (page 73),
dramatically limits the number of suitable liquids. In this context, the is-
sue of dye replenishment in PDMS-based nanochannels may be addressed by
employing diffusive dye replenishment.

Stronger confinement of light in the fluidic resonator segments may be
achieved with the presently used materials by reducing the dimensions of the
resonator segments [39]. Since SU-8 can be structured using standard clean
room fabrication techniques, this could be achieved by e.g. combined nanoim-
print and photolithography (CNP) [94,107|. First order Bragg gratings could
be realized using this parallel fabrication technique, thus eliminating out-of-
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plane scattering losses, cf. Chapter 2.2.

Photonic crystal structures could provide efficient 2D lateral confinement,
as opposed to the present gratings. Optofluidic photonic crystal laser devices
could be realized by CNP in SU-8 followed by adhesive polymer-mediated
wafer bonding. Recently, optofluidic tuning of both passive photonic crystal
structures [9] and polymer photonic crystal band edge lasers [107| have been
demonstrated.

Stronger confinement of light could, in general, lead to a better theoretical
understanding of laser oscillation in the resonator structure.

Applications

The fabricated optofluidic dye lasers are suitable for integration with other
polymer or microfluidic components onto lab-on-a-chip systems [14]. The
applications of such systems are mainly in optical sensing in chemistry and
biochemistry where tunable, coherent light in the visible range is desired [13].

Integrated sensors could rely on absorption, evanescent field, intra-cavity,
or interference effects [18,19]. Even a sensor concept where the emission
direction of a laser device is altered, has been proposed [107]. For a bio-
sensor device to be competitive with existing technologies, the challenges of
sensitivity and specificity must be addressed. The required specificity may
be achieved through surface functionalization by positioning specific receptor
molecules on the sensing surface.

Optofluidic dye lasers could be applied in nanofluidics, e.g. for exci-
tation or detection of stained single DNA molecules in nanochannels. In
such systems [108], optofluidic dye lasers could easily be integrated with the
nanofluidic network on the chip and deliver coherent light locally to regions
of interest.

Arrays of optofluidic dye lasers could be used for on-chip multi-wavelength
spectroscopy [38,109]. Such laser arrays operating at high repetition rates
could be applied in multi-color flow cytometry [106].

Other applications include adaptive optical devices where the flexible na-
ture of liquids can be used to alter the optical properties of the device. Also,
devices for shaping and shortening of light pulses using an absorbing dye
as saturable absorber [110,111] are promising applications of optofluidic dye
lasers.
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