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Abstract 
 
 
 

Over the last few years, the available computing power allows us to have a deeper 
insight into photonics components than we ever had before. In this thesis we use the finite 
element method (FEM) to explore the behavior of the waves in 2D planar microcavities. 
We demonstrate the tunability of the cavity over a wide range of frequencies taking into 
account both the thermo-mechanical and the thermo-optical effect. Geometry and 
material choices are done so that the latter is predominant. We also demonstrate an odd 
mode disappearing phenomenon reported here for the first time as far as we know. Using 
this knowledge, we design two structures with these remarkable properties. 

One of the devices will be used as micro-sized solid-state dye laser with 
Rhodamine 6G as the active medium and SU-8 polymer as a cavity material in sizes that 
have never been reached before. This opens new opportunities not only for future 
implementation for “labs-on-a-chip” (LOC) but also for a higher integration density of 
optical communication systems. The second device is a wavefront shaper creating plane 
waves from a point source performing the functions of beam shaper and beam splitter 
with plane wave as the output result. 

After an introduction to FEM and comparison with a rival algorithm, some issues 
related to FEM in electromagnetic simulation are resolved and explained. Finally, some 
fabrication techniques with feature sizes <100 nm, such as electron beam lithography 
(EBL) and nano-imprint lithography (NIL), are described and compared with other 
lithographic techniques. 
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Sammanfattning (Abstract in Swedish) 
 

 

Under de senaste åren har allt kraftfullare datorer gett oss en djupare förståelse av 
fotoniska komponenter än någonsin. I den där avhandlingen använder vi finita 
elementmetoden (FEM) för att studera hur elektromagnetiska vågor uppför sig i en 2D-
mikrokavitet.  

Vi presenterar en metod för avstämning av våglängder för utgående ljus med hjälp 
av termomekaniska och termooptiska effekter.  

Vi väljer geometri och material så att den termooptiska effekten maximeras. Vi 
visar också för förta gången i litteraturen att ojämna moder försvinner under vissa 
symmetriförutsättningar.  

Vi designerar två komponenter med intressanta egenskaper. Det första är tänkt att 
användas som mikrometer-stor dye-laser med Rhodamine 6G (Rh6G) som aktivt medium 
och polymeren SU-8 som kavitetsmaterial. På grund av den mycket lilla storleken, 
mögliggör den många tillämplingar inte bara för ”LOC” (”labs-on-a-chip”, LOC) utan 
också för att nå högre integrationsdensitet inom komponenter för optisk 
telekommunikation. Den andra komponenten är en 10*10 μm2 stor vågfrontsformare som 
skapar planvågor av cylindriska vågor. 

Först förklarar vi vad FEM är, jämför med en konkurrerande programvara och 
löser vissa problem som brukar uppstå när man använder FEM för elektromagnetiska fält. 
Komponenter kan framkallas med fabrikationstekinker med en upplösning bättre än 
100nm: elektronsstrålelitografi (“electron beam lithography”, EBL) och 
nanoimprintlitografi (NIL). 
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Résumé (Abstract in French) 
 

 

Durant ces dernières années, l’augmentation des possibilités de calcul 
informatique et les techniques de modélisation ont permis d’améliorer de façon 
significative la compréhension des systèmes photoniques. Dans ce rapport, nous utilisons 
la méthode des éléments finis (« finite element method », FEM) pour comprendre le 
comportement des ondes dans des microcavités planaires à 2 dimensions. Nous 
démontrons la possibilité de changer la longueur d'onde d'émission en tenant compte de 
l’effet thermomécanique et de l’effet thermo-optique. La cavité a ensuite été étudiée pour 
que l’effet thermo-optique soit prédominant. Nous démontrons également, et ce pour la 
première fois a notre connaissance, la disparition des modes impairs pour des raisons de 
symétries.  

Nous avons conçu deux systèmes. Le premier est un microlaser à colorant 
utilisant la Rhodamine 6G (Rh6G) comme milieu actif avec une cavité polymère SU-8 et 
ceci a une échelle jamais atteinte auparavant. Ceci ouvre des possibilités non seulement 
pour la future intégration de ce composant sur les biopuces (« labs-on-a-chip », LOC) 
mais conduit également à une meilleure densité d’intégration pour divers systèmes 
optiques. Le deuxième système est un convertisseur d’ondes cylindriques en ondes plane 
pour une taille totale de 10*10 μm2. 

Après une introduction à la FEM et une comparaison avec un algorithme 
concurrent, nous traitons et résolvons quelques problèmes spécifiques à la FEM pour les 
simulations électromagnétiques. Les deux systèmes peuvent être réalisés par des 
techniques de nanofabrication telles que la lithographie par faisceau d’électrons 
(« electron beam lithography », EBL) et la lithographie par nano-impression (« nano-
imprint lithography », NIL). 
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Resumen (Abstract in Spanish) 
 

 

Durante estos años, el incremento de las posibilidades del cálculo informático y las 
técnicas de modelización nos han permitido entender mejor los sistemas fotónicos. En 
esta tesis se utiliza el método de los elementos finitos (« finite element method », FEM) 
para comprender el comportamiento de las ondas dentro de cavidades planas en 2 
dimensiones. Demostramos por primera vez, según nuestra información, la desaparición 
de los modos longitudinales impares por razones de simetría. 

Diseñamos dos microsistemas. El primero es un microláser de colorantes que 
utiliza la rodamina 6G (Rh6G) como medio activo y el polímero SU-8 para la cavidad. 
Todo esto tiene un tamaño inferior al conseguido hasta el momento, lo que ofrece 
posibilidades para una futura integración en “laboratorios en un chip” y una mayor 
densidad de integración para muchos sistemas ópticos. El segundo sistema convierte 
ondas cilíndricas en ondas planas con un tamaño de tan sólo 10*10 μm2. 

Después de una introducción a la FEM y una comparación con un algoritmo 
competente tratamos y solucionamos problemas específicos de la FEM por simulaciones 
electromagnéticas. Los dos sistemas se pueden realizar con técnicas de fabricación como 
la litografía de nano-impresión (“nano-imprint lithography”, NIL) y rayo de electrones 
(“electron beam lithography”, EBL). 
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1 Introduction 

1.1 Background 
Equation Section (Next) 
In 1965, Gordon Moore observed a trend in the development of integrated circuits, which 
became famous as “Moore’s Law”. Despite popular misconception, he is adamant that he 
did not predict a doubling every 18 months but every 24 months only.1 Being a newer 
science, photonics remains far behind of electronics in terms of maturity and integration 
density. 

However, a recent paper published by the Joint Research Center of Photonics of 
KTH & Zhejiang University2 has shown that Moore’s Law for photonics has a period of 
only 12 months so that it will eventually overtake electronics some day. 

Over the last few years, increased availability of computing power, along with the 
development of numerical calculation methods, allows to run accurate electromagnetic 
simulations and to have a deeper insight into photonics components than we ever had 
before. One of these numerical algorithms, the finite element method (FEM), used 
extensively in this work, has proven to be especially useful. It exhibits many advantages 
over the finite difference time domain method (FDTD): it deals easily with sharp corners 
and allows plotting solutions for fewer mesh elements. 

Thanks to a higher integration of optical components, devices such as “labs-on-a-
chip” (LOC)3 may become a reality. However, most such systems are based on fluidic 
elements and are thereby limited in further down-sizing by inherent properties of fluids, 
such as surface tension. This project was born from the idea to relax this constraint by 
implementing solid-state micro-sized dye lasers as light sources for LOC. 

In this thesis, two devices are presented that have been modeled using the FEM 
package implemented in Comsol Multiphysics.4 The devices are currently under ongoing 
manufacturing process. This software has been chosen for its computational efficiency 
and because it allows coupling several types of physical phenomena together. 

1.2 Outline 
This thesis deals with modeling of microcavities for use in the visible part of the 
electromagnetic spectrum for applications in bio-sciences. We consider manufacturing 
issues but leave practical realization for future work. 

Using the results presented by M. Gesborg-Hansen et al.5 as the starting point, we 
apply dye embedded in a solid polymer host to design a solid-state dye laser of a size of 
several micrometers only. Such a small laser operating in the visible range is of utmost 
interest for integration on “labs-on-a-chip” and use in biomedical science. 

Dyes are of special interest for biomedical science owing to their photoluminescence 
in the visible range and their wide range of optical absorption and emission in the visible 
and near-infrared. Chapter 2 of the thesis describes dyes and focuses on their optical 
properties. 
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When building a laser, the next step is to put an active material into a resonant 
cavity. In Chapter 3, we describe several types of resonators (photonic crystals, ring 
resonators, etc.) with the pros and cons of each structure in order to choose the most 
appropriate. We also model the behavior of electromagnetic waves in a two dimensional 
dielectric cavity and study its optical properties. One of the interesting findings for the 
considered microcavity is the odd-mode depletion caused by certain symmetry of the 
cavity shape. Here we also investigate the output wavelength tuning, applying the change 
of refractive index as a function of the temperature, and the effect of Rhodamine 6G (the 
most widely used dye) properties on the mode structure. 

During our investigations, it has been discovered that a similar type of cavity can be 
used for applications in diffractive optics. Chapter 4 includes short review of the field and 
describes a second device fulfilling two different functions: a wavefront shaper and/or a 
beam splitter. 

In Chapter 5, we also describe briefly the modeling technique, the finite element 
method (FEM) that has been used all along of this work. Then we compare it to its main 
competitor in the research field, the finite difference time domain (FDTD) method. Some 
common problems in electromagnetic modeling are discussed and solved. 

While this work involves only physical considerations and computer simulations, in 
Chapter 6 we discuss and assess briefly the most promising experimental approaches that 
start to be used, namely, two lithographic techniques: electron beam lithography (EBL) 
and nano-imprint lithography (NIL). These methods will have an increasing importance 
as the experimental realization of the devices will take place. The sub-micron resolution 
of both of these practical techniques will allow us to manufacture the device parts of sub-
wavelength size. 

Finally, in Chapter 7 we summarize the main results and conclusions of this thesis, 
and present thoughts and ideas for continued future work on this subject. 

 



2 Micro-sized dye lasers 

2.1 Dye photoluminescence  
Equation Section (Next) 

An organic compound is called a dye6, if two of its double (or triple) carbon-carbon 
bonds are conjugated; that is to say that they are only separated by a single bond. In 
organic chemistry they are referred as conjugated dienes7. Dyes present the interesting 
property of being fluorescent at optical frequencies. The most classical dyes as active 
media for dye lasers are Rhodamine 6G (Rh6G) and fluorescein. Only the former will be 
considered in that work. Figure 2.1 gives a glimpse on various dyes emission spectra. 

 

 

Figure 2.1. Fluorescence of some dyes (reproduced from Ref. 5). 

 
Such lasers have a very attractive property: exhibiting broad gain spectrum, the 

wavelength is easily tunable over a wide range. Dye lasers are also attractive in several 
other ways: they can use solid, liquid or gas gain media and their concentration as well as 
their absorption and gain are easily controlled. 

The liquid gain can have a longer lifetime in contrast to a solid state active 
medium where the damage (for instance, caused by high laser intensity) is permanent. 
However, circulating the fluid requires a flow system that needs to be changed from time 
to time which implies to purge the fluidic system. 

On the other hand, solid state dye lasers are easier to operate: they do not need a 
complete fluidic system for controlling the flow of the dye. Indeed, it is only a piece of 
“plastic” that has to be put into a cavity and to be changed when it is too damaged. The 
problem with micro-scaled solid-state dye lasers is photodestruction,8 which limits the 
lifetime. Some progress has recently been made in that field,9, 10 allowing the use of 
micro-scaled solid-state dye lasers in LOC. 

Three important processes govern the fluorescence process, all of which occur 
with different timescales (see Table 2.1). Excitation of a susceptible molecule by an 
incoming photon happens extremely rapidly (a few femtoseconds), while vibrational 
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relaxation of excited state electrons to the lowest energy level is of the order of 
picoseconds. The fluorescence emission itself which corresponds to the radiative return 
of the molecule to the ground state occurs in relatively long time period of nanoseconds. 
Those time constants are of great importance when choosing a pump laser. Indeed the 
pulse must be short to avoid intersystem cross-relaxation which with its long lifetime 
prevents reaching the inversion of population. One typically considers that the pulse 
duration should not exceed tens of nanoseconds.  

 

 

 

Time 

Transition Process (Sec) 

S0 => S1 or 
Sn 

Absorption 
(Excitation) 10-15 

Sn => S1 
Internal 

Conversion 
10-14 to  

10-10 

S1 => S1 
Vibrational 
Relaxation 10-12 to 10-10 

S1=> S0 Fluorescence 
10-9 to  

10-7 

S1=> T1 
Intersystem 

Crossing 10-10 to 10-8 

Non-Radiative 
Relaxation 

S1=> S0 Quenching 10-7 to 10-5 

T1 => S0 Phosphoresc. 10-3 to 100 

Non-Radiative 
Relaxation 

T1=> S0 Quenching 10-3 to 100 
 

Figure 2.2. Jablonski energy diagram for dyes. 
Only transitions symbolized by wavy arrows 

are radiative (reproduced from Ref. 10). 
Table 2.1. Various transition processes in 
dye molecules (reproduced from Ref. 10). 

 

The Jablonski energy diagram (Figure 2.2) illustrates the singlet ground S0 state, 
as well as the first S1 and second S2 excited singlet states as a stack of horizontal lines. 
Each electronic state is further subdivided into a number of vibrational (thick lines) and 
rotational energy levels associated with the atomic nuclei and bonding orbitals (not 
drawn, they fill the space between the vibrational levels). The ground state for most 
organic molecules is an electronic singlet in which all electrons have opposite spins (as 
opposite to the triplet states where they have same spins11). At room temperature, the vast 
majority of molecules are in their ground state of energy and therefore excitation 
processes usually originate from this energy level. 
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Absorption of light from S0 to Sn occurs very quickly (approximately a 
femtosecond) in discrete amounts of energy termed quanta, described by Planck’s Law 

λ
ν hchE == ,     (2.1) 

where E is the energy, h is Planck's constant, ν and λ are the frequency and wavelength of 
the incoming photon, and c is the speed of light. 

If the absorbed photon contains more energy than it is necessary for a simple 
electronic transition, the excess energy is usually converted into vibrational and rotational 
energy. However, if a collision occurs between a molecule and a photon having 
insufficient energy to promote a transition, no absorption occurs. The broadband 
absorption spectrum is explained by the closely spaced vibrational energy levels and 
thermal motion that enables a large range of photon energies to match a particular 
transition. Because quantum mechanically a change in electron spin-pairing is highly 
unlikely, the excited state is also a singlet.12 

2.2 Photodestruction processes 
One major drawback of dye lasers with respect to commercial application is their limited 
lifetime due to quenching and photobleaching. The two phenomena are distinct in that 
quenching is often reversible whereas photobleaching which involves chemical reactions 
is not. 

Quenching arises from a variety of competing processes that induce non-radiative 
relaxation which may be either intramolecular (like in Figure 2.2) or intermolecular. 
Because non-radiative transition pathways compete with the radiative fluorescence 
relaxation, they dramatically reduce the emission.  

Unlike the quenching, photobleaching (also termed fading) occurs when a 
fluorophore permanently loses the ability to fluoresce due to photon-induced chemical 
damage and covalent modification. Upon transition from an excited singlet state to the 
excited triplet state, fluorophores are more likely to interact with another molecule to 
produce irreversible covalent modifications. Indeed, the triplet state is relatively long-
lived and highly chemically reactive compared to the singlet state, thus allowing excited 
molecules a longer time to undergo chemical reactions. 

The lifetime for a particular fluorophore before photobleaching depends on dyes 
concentration, the polymer host matrix, the pumping rate and the pump power. 
Thermodestruction also plays a significant role in dye degradation.8 When the pumping 
laser hits the sample it provides major local heating. Due to low thermal conductivity of 
the polymer, heat is dissipated very slowly (about 0.5 second). If the repetition rate is too 
high one observe rapid drop in intensity. Moreover, at high concentration dimers may be 
chemically created giving rise to extra losses in the laser dye by having distinct 
absorption and weak fluorescence.6 As a consequence, for a given material, one can 
reduce the significance of this problem by using low concentrations, diminishing pump 
power, and/or reduce the repetition rate. 
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2.3 Micro-sized dye lasers for “lab-on-a-chip” 
“Labs-on-a-chip” (LOC) are a class of micro-scaled multisensors and are expected to be 
one of the greatest instruments in medicine in the next 10 years, allowing researchers and 
doctors to test a wide range of diseases simultaneously without intrusion and at a very 
low cost. The LOC concept entails integrating the components of one or more analytic 
instruments on a single, monolithic chip. Such devices are of enormous value in 
chemical, biological and medical analysis. They are portable, can be operated in remote 
locations and require only minute samples. Photonic components are well suited for 
integration onto these tiny instruments. An essential component for LOC is a light source 
and dye lasers can be very good solution. Indeed, they have broad tunability, narrow 
linewidth, the range of output wavelengths matches well to biological and medical 
applications, and covers virtually whole visible spectrum for several combined dyes 
(Figure 2.1). 

Microfluidic dye laser systems in particular are already being touted for 
applications that include drug discovery, DNA analysis and aerosol detection. However 
they require complex fluidic system to renew the dye and match the lifetime requirement. 
Furthermore, they have intrinsic problems such surface tension complicating further 
downsizing. Solid-state dye lasers have more appealing features compared to a fluidic 
dye laser. Indeed, it is cheap to produce and does neither involve complicated 
maintenance nor hazardous solvents. 

In liquid dye lasers this dye degradation is evaded by using a fluidic circuit to 
renew permanently the dye. Along with the obvious convenience of handling, solid-state 
dye laser possess superior commercial advantages thanks to the low cost of lasing 
elements. Moreover they provide higher security level by avoiding manipulating 
chemically aggressive and toxic liquids dye solvents. However, there are more subject to 
degradation and it is only recently that dye hosted in a polymer matrix of modified 
PMMA (MPMMA) has successfully been demonstrated9 thanks to more complete 
understanding of photodestruction processes (see section 2.2). 

When thinking about further miniaturization, those devices can be manufactured 
using nano-imprint lithography with a sub 100 nm feature size. These challenging tasks 
require an accurate simulation of the wave behavior on the micro or nanoscale. Basic 
results were recently reported by Gesborg-Hansen et al.5  

In this thesis, using the finite element method (FEM, see Chapter 5) we simulate the 
behavior of such a laser cavity by doing a 2-dimensionnal wave study. The modeling is 
done using “Comsol Multiphysics” (formerly known as FEMLAB). 



3 Microcavities 

3.1 Review  
Equation Section (Next) 

Having our final goal to integrate the laser as a light source on LOC systems, the cavity 
must combine qualities such as small size, large tunability, good output efficiency as well 
as high Q-factor  

f
f

Q
Δ

= 0 ,     (3.1) 

where f0 is the resonant frequency and Δf the full width at half maximum (FWHM). We 
also require the cavity to have high efficiency, low loss and low lasing threshold in order 
to be able to replace the Nd:YAG pump laser by a flash lamp or a small diode laser and 
thus make a more compact hand-held cartridge. Several cavity types are available: 

 

Ring microcavity, whispering gallery modes (WGM)  

They have a very high Q-factor (up to about 109 in fused silica microspheres13), but are 
not efficient while containing active material since the energy is concentrated along an 
outer edge, the rest of the material is weakly excited and therefore very little used for 
light amplification. 

 

Photonic crystal structures 

They also exhibit high Q-factors (between 2000 and 5000 depending on the materials 
used14) and can be made extremely small using periodic structures of the order of a 
wavelength. They display large “effective” refractive indices providing long optical path 
length (OPL) for small structure sizes. Unfortunately, strong losses15 of about 150  
cm-1 are highly problematic when it comes to laser gain and are sensitive to error of 
manufacturing such as deviation from symmetrical structures. 

 

Fabry-Perot resonators 

They are the simplest form of resonators but can be unstable if using flat facets (even and 
are not best cavities for lasers due to high losses.  

 

Two dimensional dielectric cavity  

Keeping the idea of making the microcavity as simple as possible and having longer 
optical path length (OPL) with roughly same footprint size, we make use of total internal 
reflection (TIR) to our advantage to create the cavity. This also leads to more versatility 
for the tunability. 

We will use the latter all along this project. 
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3.2 Tunable microcavity design 

3.2.1 Cavity properties  
The simulation uses the following parameters: 

The polymer base length is lpol = 4 μm, with a refractive index of npol = 1.6. The width of 
the channel is kept to 20% of lpol and its refractive index is nd-p = 1.5. Finally, the lair = 
110 nm. The cavity is excited by a point source producing cylindrical waves and located 
at point A on Figure 3.1. 

 

 

Figure 3.1. Layout of the microcavity solid-
state dye laser illustrating the effective 

optical paths of the resonant cavity modes 
(dashed lines). 

Figure 3.2. Output power flow computed 
along Γ boundary as a function of mode 

number. 

 

To represent the average optical path of the waves, we introduce the effective optical path 
length concept5,16,17 

)(2 polpolp-dp-deff lnlnL += .    (3.2) 

Since the mode number m is proportional to the wave frequency, 
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πϕνπν 2/)2()( eff += L
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m  ,    (3.3) 

and to each resonant mode is associated a wavelength 
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Using Eq. (3.3), the spacing between mode peaks or free spectral range (FSR) can be 
calculated 
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6
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cFSR
Lν −

⋅
= = =

⋅ .   (3.5) 

According to Eq. (3.4), the resonant wavelength depends directly on the effective 
length Leff defined in Eq. (3.2). Modifying Leff dynamically is the key to tune the laser in 
real time. For that, we use the thermo-mechanical and thermo-optical properties of 
PMMA and SU-8. With current into a copper rod inserted into the polymer, we heat the 
material through the resistive heating Joule effect. Heating the material creates a 
mechanical displacement of the boundaries so that Leff increases. However since 
polymers have negative thermo-optical coefficient dnpol/dT which will reduce Leff, the 
two effects counteract each other and designing a tunable cavity requires to find a good 
combination of material properties. 

 

Figure 3.3. Principle of the tuning mechanism. 

 
In the model, one must preserve as much as possible the shape of isoscele 

rectangle triangles after deformation. Indeed, too distorted shape would lead to a change 
of surface angle and to the leakage of power out of the cavity. Simulations have proved 
that the copper rods should be placed near to the slab so that they do not perturb the 
eigenmodes too much. Therefore we use the geometry in Figure 3.4 to carry out the 
analytical thermal calculations. The rods have a width of 200 nm and their center is 
separated from the slab by 300 nm. 
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Figure 3.4. Resonance mode pattern demonstrating optimal placing of the copper rods. 
The rods provide heating of the microcavity to realize wavelength tuning. Red color 
corresponds to positive amplitude of the electric field, blue to negative, and green 

represents zero. 
 
Using  

ch pol0.2l l= ,     (3.6) 

in Eq. (3.2) and assuming the thermo optic coefficient of PMMA18 and SU-8 to be equal,  

14chpol 1092.2 −−⋅−=≡= K
dT
dn

dT
dn

dT
dn

,   (3.7) 

one derives 

dT
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nnl
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dT
dL pol

chpolpol
eff )4.02(4.2 ++= ,   (3.8) 

and taking into account thermal dilatation in the cavity 

T
l
l

Δ=
Δ α ,     (3.9) 

one derives a simple analytical formula for the change of effective length as a function of 
temperature 

TlnnTl
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Δ
Δ
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eff )4.02(

2
14.2 α  . (3.10) 
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Even though some parameters such shape distortion, second order values of αpol, nail 
expansion and longitudinal thermal expansion in the slab are neglected the calculation 
has proven to have an accuracy of about 20-30% when compared to the simulations. 

Inserting the respective values of refractive indices 6.1=poln and 5.1=chn for SU-
8 and PMMA, one gets the expression 

Tl
dT
dnL Δ⎟

⎠
⎞

⎜
⎝
⎛ +=Δ polpoleff 9.14.2 α .   (3.11) 

3.2.2 Thermal tunability of the resonant wavelengths 
In this section, we derive a mathematical expression that allows tailoring the cavity base 
length lpol as a function of material thermal limitations and the expected tunability Δλtun 
expressed as a fraction p of the FSR. 

λtun FSRp ⋅=Δλ .     (3.12) 

The objective is to tune the resonant wavelength along the whole free spectral range 
(FSR), thereby using the whole emission spectrum of Rhodamine 6G, using alternatively 
each of the cavity modes, p = 1 in most cases. Using Eq. (3.5) and Eq. (3.4), one proves 
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One way to define the tunability is  
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Inserting Eq.(3.13) and Eq.(3.14) into Eq.(3.12) leads to 
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and using the definition of p in Eq.(3.12), we get 

λ
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=Δ− ,    (3.16) 

where C is a geometry and material related constant which in our case (using Eq. (3.7), 
αpol = 50·10-6 and for mode m = 27, i.e. λ27 = 550 nm) is equal to 
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Figure 3.5 and Table 3.1 show simulation results with a maximum deviation of 10% with 
the analytical model. 

 

 

Figure 3.5. Wavelength shift of a resonant mode (m = 28) when the microcavity 
operation temperature in increased by 50 K and 100 K above the room temperature. 

 

ΔT λ27 Δλ 
p = 

Δλ/FSR C 

0 530 0 - - 

50 525.6 4.4 0.22 909 

100 521.7 8.3 0.415 963 

 

Table 3.1. Simulation results for tunability of mode 27 and evaluation of C. 

 

Limit of elasticity and, most importantly, glass transition temperature Tg of polymers 
prevents from heating too much since Tg-PMMA = 99°C and Tg-SU-8 = 200°C. We therefore 
limit the study to a 100°C heating. It is worth to notice that we would need a larger cavity 
to fulfill the criterion of Eq. (3.12) with p = 1. However this cannot be simulated by lack 
of computing power. 
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3.3 Simulation of dye molecule emission 

3.3.1 Dye in the slab 
In a real device, the dye is excited all along the cavity length (Figure 3.6). Our model 
must take that into account in order to represent the actual physical phenomena. To 
simulate the emission of dye molecules, we use multiple source points randomly 
positioned with uniform distribution and isotropic radiation when transition from the 
excited state to the ground state occurs (Figure 3.7).  

 

 

 

 

 

Figure 3.6. Pump window of the existing 
device (reproduced from Ref. 19). 

Figure 3.7. Random distribution of point 
source simulating dye molecules. 

 
 

This simulates better behavior than in the flow and does not create any 
interference pattern such like a periodic structure would do. Figure 3.7 shows the points’ 
distribution and their insertion in the geometry. Using this strategy of excitation, we 
observe a phenomenon previously not present; odd modes are significantly depleted 
whereas even modes are enhanced (Figure 3.8). Repeating the simulation for different 
point distributions allows also to notice that the point distribution itself has very little 
influence on the result since the chosen number of points is about 500; this generates 
some sufficient averaging phenomenon. 
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Figure 3.8. Longitudinal modes in the microcavity solid-state laser for different 
excitation schemes: single-point at the edge of the cavity (solid curve) and multi-point 

inside the central gain slab (dashed curve). The output power is normalized by the 
number of excitation points. 

3.3.2 Dye in the cavity 
In an attempt to increase the output power, one can be tempted to insert the dye into the 
cavity itself (Figure 3.9), thereby increasing the active volume and can expect a greater 
output power keeping the same feature size. Boundary integration is done along the γ-
line. 

 
 

 

Figure 3.9. 2000 points simulating  
dye molecules in cavity. 

Figure 3.10. Leakage of  
electromagnetic power. 
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The concept has unfortunately proven unfruitful since the refractive index of 
PMMA:Rh6G is not sufficient to satisfy the total internal condition and leads to power 
leaking out of the cavity (Figure 3.10). As a conclusion, this kind of structures cannot be 
used efficiently without a dye matrix with a higher refractive index. Quick simulations 
have been carried out with a hypothetic refractive index of 1.6 to be more efficient and 
the losses are strongly diminished. 

3.4 Effects of material properties 

3.4.1 Loss in polymers 
Using a complex wave vector  

' "k k ik= − ,      (3.18) 

for a plane wave [time-dependence exp(iωt)] 

    0 exp( )ikx= −E E ,     (3.19) 

one derives 

0 exp( '' ) exp( ' )k x ik x= − −E E     (3.20) 

and 
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Defining the time-averaged Poynting vector  
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where Re denotes the real part, and using 
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we find that 
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The absorption coefficient brings a link to the imaginary part of the refractive index  

c
nkm ωα "2"2)( 1 ==− ,    (3.25) 

and 
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leads us to the formulation 
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"' innn −= ,     (3.27) 

where a positive value of n’’corresponds to power loss in the medium. The values of α in 
the visible being relatively small for both PMMA and SU-8, respectively 0.65 and 1.4 
dB/cm, the total output power is marginally changed, however losses induce a blue shift 
of the resonance mode (Figure 3.11) explained by Johnson et al.20 

3.4.2 Dispersion in polymers 
Using the Selmeier equation for PMMA21 

22
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2 )1(1)(
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An

−
−

+=
λ

λλ ,    (3.28) 

with A = 1.48 and B = 1.1e-2 μm2 and the Cauchy formula for SU-822 

42)(
λλ

λ FDCn ++= ,     (3.29) 

with C = 1.566, D = 0.00796 μm2 and F = 0.00014 μm4, we observe a narrowing of the 
FSR of about 4% at the wavelength of interest. This explained by the decrease of n as a 
function of λ. 

 

 

Figure 3.11. Influence of polymer material properties on mode structure. 
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3.4.3 Dye absorption and fluorescence 
Using the known absorption and emission spectra provided by PhotochemCAD23, 
equalizing the spectra amplitude according to the mirror image rule24 and keeping n’’ low 
enough so that n’’<< n’, the imaginary part of refractive index of the central slab is 
modified 

'' '' ''
PMMA losses dyeabs dye fluorescence''( ) ( ) ( )n n n nλ λ λ= + − ,  (3.30) 

to see the dye properties influence on the cavity modes (Figure 3.11). One observes the 
linearity between the material properties and the output power from the dye laser. Indeed 
resonance modes have low intensity around 532 nm where Rhodamine 6G has a strong 
absorption whereas the highest intensity is found around 570 nm corresponding to the 
highest predominance of the fluorescence over absorption. 

 

 

Figure 3.12. Effect of Rhodamine 6G material properties. 

 



4 Wavefront shaping 

4.1 Overview 
Equation Section (Next) 

A wavefront is the surface of points having the same phase. During the propagation it is 
distorted by aberrations or e.g. by atmospheric phenomena such as scattering. In some 
applications in ophthalmology and astronomy, it is necessary to modify a perturbed 
wavefront to restore it to its initial state. 

A wavefront corrector is a phase plate that corrects static wavefront deformations. 
The encoded phase map is a spatial distribution which has the reverse shape of the 
wavefront aberration. When properly designed, it acts like a null optics by compensating 
the wavefront shape. 

Such correctors are of foremost importance in astronomy. When light from a star 
or another astronomical object enters the Earth's atmosphere, various turbulence distort 
and move the image in various ways Images produced by any telescope larger than a few 
centimeters are blurred by these distortions. The contribution of wavefront correcting 
techniques is then necessary and appreciated. As an example, an 8-10 m telescope25 using 
compensating adaptive optics for wavefront shaping increases its resolution power by a 
factor between 20 and 30. 

 

 

Figure 4.1. The shape of a deformable mirror is calculated to  
reflect a plane wavefront (reproduced from Ref. 25). 

 

In micro-sized effects and operations, such wavefront correction is usually referred 
as beam shaping26,27 since the interest lies mostly in the power distribution along the 



Chapter 4. Wavefront shaping 

31 

propagation axis. Indeed the shape of a laser beam has a Gaussian profile whereas some 
applications require a flat-top over a certain width in order to function properly or to 
increase efficiency. One can take the example of high power lasers for cutting and 
welding where such technology is greatly beneficial. Indeed, it is highly undesirable to 
use Gaussian shaped beams if one wants to have accurate cuts, flat top beam profiles are 
required. Wavefront technologies have numerous other applications in various fields such 
as ophthalmology, semiconductors, micro-optics and process control.28 

Good reviews on diffractive or micro-optics are found, for instance, in the books by 
Turunen29 and Sinziger30 respectively. 

In the next section, we present a device converting cylindrical waves into plane 
wave thereby acting like the device modeled by Akalin31 but with no metamaterials. 

4.2 Cylindrical-to-plane wave conversion 
The cylindrical-to-plane wave converter is composed of four triangular pieces separated 
by an air gap as seen in Figure 4.2. The source located in point A emits a 2-dimensional 
spherical (or 3D cylindrical) wave that propagates inside 2-dimensional cavity 
experiencing total internal reflections at each bounce with the polymer/air interface, since 
the incidence angle θ is superior to the critical angle θc 

air
c

poly
arcsin

n
n

θ
⎛ ⎞

= ⎜ ⎟⎜ ⎟
⎝ ⎠

,    (4.1)  

where nair and npol are the refractive indices of air and SU-8 polymer, respectively. 
Equation (4.1) is calculated using the Fresnel equations32. 

 

Figure 4.2. Modeled geometry: the dashed line represents the expected average path of 
the modes. Light grey parts represent polymer, white area stays for air, and dark grey 

boundaries for perfectly matching layers (PMLs) ensuring no reflections (backscattering). 
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The total phase shift φ is given for each round trip along the average effective length of 
the wave Leff 

eff bas pol air air4( ( ) )L l n l nλ= + .    (4.2) 

By setting lbas = 4 μm and lair = 0.4 μm, we find Leff ~ 25 μm. Relation for the mode 
wavelengths 

π
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λ
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eff
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−
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m

L
     (4.3) 

allows predicting with good accuracy the resonant wavelengths λm corresponding to the 
cavity eigenstates. 

Here m is the mode number which is a natural integer. In order to couple out a 
reasonable amount of energy from the cavity, the radiation is caught by tapping the 
evanescent field at boundary β2 with a space of the order of the skin depth δ 
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2 2 2
pol air2 sinn n
λδ

π θ
=

−
.    (4.4) 

Even though some dimensions are smaller than the wavelength of interest, the 
power outflow spectrum can be explained using the (approximate) ray-tracing approach 
to qualitatively assess the optical path lengths and to identify the modes of the 
microcavity, as specified in Eqs. (4.3) and (4.4). The size of the geometry is tailored so 
that modes between 35 and 45 correspond to wavelengths in Ti:Sapphire laser emission 
range (650-1100 nm). These modes have proven with simulations to have higher output 
power. We pay here special attention to the 650-830 nm range to facilitate future 
experimental realization and optical characterization. 

The four triangles are separated by intra-cavity air gaps with a width lair = 0.4 μm 
each, thus eventually creating evanescent waves for high incidence angles. Therfore such 
waves are discriminated and do not form a closed optical path. The light point source is 
taken as a point dipole radiator oriented normal to the cavity plane (parallel to the electric 
field vector) and is located at point A in the center of boundary β1. Finally, out-coupling 
is done by frustrating the total internal reflection (TIR) allowing only a small distance of 
lgap = 280 nm between boundaries β2 and β3. This value can be adjusted to tailor the 
amount of out-coupled energy. According to Bose33, starting from a certain distance of 
the order of λ/10, the medium frustrating the TIR does not perturb the evanescent field 
much. We can therefore use the following expression for the evanescent field  

0( ) expz z
rE r E
δ

⎛ ⎞= −⎜ ⎟
⎝ ⎠

,    (4.5) 

where Ez0 is the z-component of the electric field at the cavity interface β2, r the distance 
from that interface. More detailed analysis has been done by Salomon et al.34 In Eq. (4.4), 
θ = 45° is the incidence angle at the total internal reflection interface. Using λair = 800 nm, 
we get δ = 240 nm, whereas the outcoupling gap lgap = 280 nm is chosen as a trade-off 
between the transmission properties of the gap and ease of manufacturing. 
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Figure 4.3. Power flowing out the cavity through the three Γ boundaries  

defined in Figure 4.2. 

 

By investigating the electrical field pattern at output power peaks through 
boundaries Γ1 and Γ3 (Figure 4.3), we obtain the field distribution where the output beam 
is divided in two separate plane wave beams (Figure 4.4). At these wavelengths, the 
device behaves as a plane wave beam splitter (PWBS). One notices the perfect symmetry 
between the two output beams. However, if for some applications, one needs to have an 
unbalanced beam splitter, one can adjust the power splitting by imposing different 
symmetry to the structure, setting different values of lair for air gaps respectively along 
the x and y axis of the geometry. 
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Figure 4.4. Example of the plane wave 
beam splitter at 667 nm. The color map 

indicates Ez values in arbitrary units. 

Figure 4.5. The amplitude variation along the 
wavefront (thick black line in Figure 4.4) is 

33% on 2μm. 

 

For approximately half integer values of m, one observes a totally new effect. By 
observing the electrical field pattern at output power peaks for boundaries Γ2 (Figure 4.3), 
we notice that the highest and some other of them produce special interferences such as 
the one depicted in Figure 4.6, where the output beam is constituted only by a very 
obvious plane wave. The amplitude variation at maximum electrical field does not vary 
by more than 20% along the wavefront. At those wavelengths, the device now behaves as 
a spherical-to-plane wave converter (SPWC). 

 

Figure 4.6. Example of spherical-to-plane 
wave converter at 683 nm. The color map 

indicates Ez values in arbitrary units. 

Figure 4.7. The amplitude variation along 
the wavefront (thick black line in 

Figure 4.6) is 15% on 2μm. 
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Using the scalability of the wave equation, one can virtually reach any desired 
wavelength in the visible and infrared region by increasing the size of the structure and 
keeping all proportions constant. It is also of interest that all resonant modes of the cavity 
have a high Q-factor of the order of several thousands which is promising for future 
WDM applications. Since, as opposite to the PWBS, output waves in the SPWC get out 
of the cavity with an incidence angle of 0°, the output power does not depend much on 
lgap since no evanescent wave is created in the latter case. Indeed, gradually increasing lgap 
from approximately 0.2δ to 1.5δ leads the device to operate first as a PWBS then as a 
SPWC with hybrid behavior for values of lgap between 0.8δ to 1.2δ. 
 



5 Finite element method 

5.1 Principle 
Equation Section (Next) 

The finite element method (FEM) originates from the needs for solving complex 
elasticity and structural analysis problems in civil, mechanical and aeronautical 
engineering. One essential characteristic is the mesh discretisation of a continuous space 
domain into a set of discrete sub-domains. The method goal is to find a solution to second 
order partial differential equations (PDEs). Development of the FEM began seriously in 
the middle to late 1950s for airframe and structural analysis, in the 1960s for use in civil 
engineering and later in electromagnetism and fluid dynamics. 

Partial differential equations (PDE) are used to formulate and solve problems that 
involve unknown functions of several variables, such as the propagation of sound or heat, 
electrostatics, electrodynamics, fluid flow, elasticity, or more generally any process that 
is distributed in space or distributed in space and time. Very different physical problems 
may have identical mathematical formulations. Mathematically, FEM is used for finding 
approximate solution of PDEs like the wave equation in the case of our interest.  

Being derived using Maxwell’s equations, the electromagnetic wave equation is a 
second-order partial differential equation that governs the propagation of electromagnetic 
waves through a medium or in a vacuum. The homogeneous form of the equation can be 
written in terms of the independent variable u which can represent either the electric field 
vector E or the magnetic field vector H, 

2
2

2 2

1 0
c t

∂
∇ − =

∂
uu ,    (5.1) 

where c is the speed of light. To solve the wave equation for particular applications, we 
need to specify boundary conditions for E and/or H. Those boundary conditions depend 
on the types of materials that are put together. Most of the time, we deal with interfaces 
composed of two dielectric materials so continuity boundary conditions apply: tangential 
components of E and H are continuous, normal components are not. However, when one 
is to consider metals as when dealing with the copper rod in one of the previous 
examples, one must apply the boundary conditions for a perfect electric conductor. 

When solving PDEs, the primary challenge is to create an equation which 
approximates the equation to be studied, but which is numerically stable, meaning that 
errors in the input data and intermediate calculations are not accumulated and do not 
cause the resulting output to be meaningless. The finite element method is a good choice 
for solving PDEs over complex domains or when the desired precision varies over the 
entire domain. For instance, in simulating the weather pattern on Earth, it is more 
important to have accurate predictions over land than over the wide-open sea. 
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5.2 FEM vs FDTD for electromagnetic simulations 
 

As its name suggests it finite difference time domain (FDTD) is based on the finite 
difference method (FDM) which is an alternate way for solving PDEs, Maxwell’s 
equations in the electromagnetic case. In FDTD calculations, the solution procedure is 
quite different from FEM. Instead of approximating the fields directly, the derivatives of 
the fields are approximated as the difference of the field values at adjacent locations 
divided by the distance between these locations. Maxwell's differential equations are thus 
transformed into a set of difference equations, valid at a number of points. These points 
are usually located on a rectangular mesh, or grid. FDTD calculations are, as the name 
implies, performed in the time domain which means that the behavior of the apparatus 
under study can be calculated for a wide range of frequencies using Fourier transform in 
one single swoop.  

In FEM calculations, the electric and magnetic field in the region of interest are 
approximated as a sum of simple functions (shape functions) multiplied by unknown 
coefficients. These coefficients are then calculated by solving a linear system of 
equations with the right hand side defined by the sources producing the electromagnetic 
field. This calculation is usually done in the frequency domain, i.e. under the assumption 
that the fields are oscillating at one single frequency. 

While FDTD in its basic form is restricted to handle rectangular shapes and 
simple alterations thereof, the handling of geometries in FEM is done with triangular 
elements and is theoretically straightforward. FEM is therefore able to handle complex 
geometries with sharp corners with relative ease. One other superiority of FEM is its 
wide compatibility with other types of physics where FEM is already widely used and 
documented such as structural mechanics or fluid dynamics. Comsol Multiphysics uses 
this feature of the code to allow the user to couple different types of physics. Finally, 
FEM can solve eigenstate, time-dependent and harmonic problems, whereas FDTD is 
limited to the two latter. 

5.3 Main problems in RF Simulations 

5.3.1 Mesh issues 
Meshing is critical in the FEM. Indeed if the meshing is not tight enough the model will 
not converge, i.e. the results will not reflect the physical phenomenon. Typically in 
electromagnetic studies one must use at least 10 linear or 5 second order elements per 
wavelength inside medium. Simulation tests have lead to a practical formula for 
acceptable maximum element size (MES) of each mesh element 

nM
MES 0λ= ,     (5.2) 

where M is a number between 3 and 5 depending on the expected accuracy, n the 
refractive index of the propagating medium and λ0 the free space wavelength. 
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This is a serious problem: some of our design requires 800,000 points for our 
geometry which requires important computing power when we need to solve sequentially 
for about 500 wavelengths. As a consequence the workstation used for most simulations 
was a Pentium 4 at 3.6 GHz with 8 GB of RAM using Microsoft Windows XP64. This is 
the best choice possible since the FEM software is only weakly parallelized. 

The choice of appropriate meshing is always a trade off between accuracy of the 
result and computing time. When working in 2D, if we refine the mesh n times using the 
built-in algorithm the number of elements is multiplied by 4n and the computing time by 
42n. In 3D, those parameters are multiplied by 8n and 82n respectively. If one runs out of 
memory, one can use the SPOOLES solver, more memory-efficient providing that the 
problem matrix is symmetric. As an additional option, an iterative solver such as GMRES 
with the Geometric Multigrid preconditioner might help you. This preconditioner starts 
operating on a coarser mesh (down to 2 linear elements per wavelength) and works its 
way to the final mesh. 

To avoid unnecessarily big calculation times, one must also take into account 
geometry symmetries or use the ability of the FEM method to have various size elements, 
and create tight element only where we are really interested and mesh with coarser 
elements subdomains containing little energy. 

5.3.2 Resolving skin depth 
When one deals with metal and evanescent field in general, the amplitude of the electrical 
field decreases exponentially. In that case, the criterion for MES becomes: 

δ
λ
M

MES 0= ,     (5.3) 

where δ is the skin depth of the metal and is defined as the depth at which the 
electromagnetic field in a conducting material has decreased to 1/e of its value just 
outside the material 

ωμσ
δ 2
= ,     (5.4) 

where ω is the angular frequency, µ the permeability, and σ the conductivity of the 
material. For example, at optical frequencies of 500 THz, the skin depth in aluminum 
(relative permeability µ = 1, conductivity σ = 3.7e7 S/m) is around 4.5 nm. Since most of 
the current in the metal will be contained within one skin depth from the surface, you 
need to resolve this region with at least few mesh elements as specified by Eq. (5.3). 
Creating so fine mesh elements around metal boundaries can increase exponentially the 
total number of elements and leads to incredibly long calculation times. Therefore, for 
high frequencies and for highly conductive or permeable materials, resolving the skin 
depth is not always a realistic option. Luckily, in most cases where we cannot afford to 
mesh fine enough, one can use an impedance boundary condition instead.  
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5.3.3 Open boundaries 
One of the disturbing challenges in finite element modeling is how to treat open 
boundaries in radiation problems. The RF module of Comsol Multiphysics offers two 
closely related types of absorbing boundary conditions, the scattering boundary condition 
and the matched boundary condition. The former is perfectly absorbing for a plane wave, 
whereas the latter is perfectly absorbing for guided modes, provided that the correct value 
of the propagation constant is supplied. 

 

 

Figure 5.1: PMLs (in grey) simulating open boundaries. 

 
However, in many scattering problems, one cannot describe the incident radiation as 

a plane wave with a well known direction of propagation. In such situations, the use of 
perfectly matched layers (PMLs) may be considered (Figure 5.1). A PML is actually not 
a boundary condition but an additional subdomain absorbing the incident radiation 
without producing reflections.35 It provides good performance for a wide range of 
incidence angles and is not very sensitive to the shape of the wavefront. The PML 
formulation is done by introducing a complex-valued coordinate transformation under the 
additional requirement that the wave impedance should remain unaffected.36 For the user, 
it is more practical to describe the PML as an anisotropic material with losses. One 
further requirement is that the PML subdomain must have the same refractive index than 
the open boundary that it is limiting thereby ensuring impedance matching. 

After extensive modeling, the following step in our project is to manufacture the device 
using electron beam lithography. 



6 Experimental techniques 
 
This chapter is a brief description of the experimental methods that we plan to use to 
manufacture these components, and the preliminary work has been started, even though 
no experimental results are reported here. The idea is to use the nanometric accuracy of 
electron beam lithography to produce a hard mask that will be pressed onto the polymer 
film using the nano-imprint lithography machine. The resulting feature size can be as low 
as 20 nm. 
 

6.1 Electron beam lithography 
Electron beam lithography (EBL) is a specialized technique for creating the extremely 
fine patterns on electron-sensitive resist materials (beating easily the conventional 
diffraction limit) down to 10 nm required by the modern electronics industry for 
integrated circuits (Figure 6.1). Solutions of the resist are spin-coated onto a sample and 
baked to leave a hardened thin-film on the surface of sample. Then a focused electron 
beam to those used in scanning electron microscopes (SEM) scans across the surface of 
the sample, thus depositing energy in the desired pattern in the resist film, commonly 
crosslinked PMMA.37 Typical numbers are a beam current on the order of 50 pA and a 
required dose around 200 µC/cm2. Exposure of a positive tone resist such as PMMA to 
electrons causes fragmentation of the polymer chain into smaller molecular units in a 
process known as chain-scission. A suitable developer solution can then be used to 
selectively dissolve the fragmented polymer chains in the exposed areas of resist, 
whereas as the unexposed resist remains insoluble in the developer solution. The process 
therefore leaves a patterned resist mask on the sample that can be used for further 
processing on the sample. The purpose of the EBL use in the project is to manufacture 
the stamp for NIL with excellent accuracy and small feature size. 

 

Figure 6.1. Principle of EBL procedure. 
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The resulting pattern in the resist can be transferred into the sample using either 
metal lift-off or etching. Reactive ion etching (RIE) or inductively coupled plasma (ICP) 
etching are generally preferred over wet chemical etching for EBL applications since it 
maintains the small feature sizes produced in the resist.  

 

Figure 6.2. Pattern Transfer Techniques. 
 

Emerging X-ray lithography masks typically have features ranging from 0.25 µm to 
less than 0.1 µm and will require placement accuracy and line width control of 20 nm or 
better. Should X-ray technology ever become a mainstream manufacturing technique, it 
will have an explosive effect on EBL tool development. Due to its properties (see Table 
6.1), EBL is also used to direct write advanced prototyping of integrated circuits and 
manufacture of small volume specialty products, such as in our case. Here both the 
flexibility and the resolution of EBL are used to make nano-scaled devices.
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Advantages Disadvantages 

Scale: Patterning is possible at a resolution 
of ~20 nm with PMMA e-beam lithography 
even smaller feature size is possible using 
inorganic resists. This compares to a 
resolution of ~1μm for photolithography. 

Time: The electron beam must be scanned 
across patterned areas pixel by pixel. 
Exposures can therefore take many hours to 
complete.  

Masks: No physical mask-plates are 
needed unlike photolithography, thus 
eliminating costs and time delays 
associated with mask production. Patterns 
can be optimised and changed very simply 
using flexible CAD software. 

Fabrication: Conventional fabrication 
techniques such as metal lift-off and 
etching can become difficult at sub-micron 
length scales. 

Versatility: It is a flexible technique that 
can work with a variety of materials and an 
almost infinite number of patterns; 

Cost and Maintenance: EBL systems are 
generally expensive and complex machines 
requiring substantial maintenance. 

Table 6.1. Properties of EBL technology. 

 
Electron beam-matter interaction 

Electrons may be emitted from a conducting material either by heating it to the point 
where the electrons have sufficient energy to overcome the work function barrier of the 
conductor (thermo-ionic sources) or by applying an electric field sufficiently strong that 
they tunnel through the barrier (field emission sources). The beam diameter may be 
extremely small, down to a few nanometers only. However, as the electrons penetrate the 
resist, they experience many small angle scattering events (forward scattering), which 
tend to broaden the initial beam diameter. As the electrons penetrate through the resist 
into the substrate, they occasionally undergo large-angle scattering events (back-
scattering). The backscattered electrons cause the so-called proximity effect38, where the 
dose that a pattern feature receives is affected by electrons scattering from other features 
nearby. Figure 6.3 shows how critical the choice of the acceleration voltage is when one 
wants to minimize this proximity effect as much as possible. 
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Figure 6.3. Monte Carlo simulation of electron scattering in resist on a silicon substrate 
at a) 10 kV and b) 20 kV (reproduced from Ref. 39). Increasing the acceleration voltage 
results in a significantly broader beam profile at the bottom of the resist than at the top. 

Complementary information about EBL is on the website of University of Sheffield.40 

 

6.2 Nano imprint lithography 

6.2.1 Necessity of a cheap process for sub-100 nm features 
Equation Section (Next) 

Nanoimprint Lithography (NIL) was first demonstrated less than ten years ago.41, 42 The 
basic principle involves pressing a hard stamp into a soft material, and thereby replicating 
the pattern from the stamp. The motivation behind the discovery of NIL was to develop a 
tool for nanotechnology combining small feature size43 (< 100 nm) with affordable price. 

The limit for conventional lithography tools has always been diffraction, and the 
best possible feature F size is  

NA
k

F
λ1=   ,   (6.1) 

where λ is the exposure wavelength, NA the numerical aperture of the lens system 
(between 0.5 and 0.8) and k1 is a process related term with values between 0.4 and 0.7. 

Historically, the strategy to improve F has always been to decrease λ. Nowadays 
the systems available at the Royal Institute of technology use the UV-“i-line” at 365 nm, 
and industrial tools for integrated circuits (IC) are using ArF laser at λ = 193 nm. 
However, along with the linear reduction of feature size comes an exponential increase of 
the costs (Figure 6.4).  

NIL is referred in Figure 6.4 as S-FILTM technology. Trademark developed by the 
university of Texas and used under license by Molecular Imprints Inc., the technology 
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uses a proprietary polymer for the process. NIL can lower the cost of the production tool 
by a factor of 10. 

 
Figure 6.4. Exponential increase in cost of lithography tools (reproduced from Ref. 44). 

 
Other techniques with < 10 nm resolution such as EBL and lithographic tools 

based on atomic force microscopy (AFM) do not cost so much. However, being serial 
techniques (i.e. like writing with a pen instead of printing with a stamp in a parallel 
process), their throughput is limited which makes them unsuitable for mass production. 

 Throughput (hour/cm2) Resolution (nm) 

STM Lithography 1014 0.1 

AFM Lithography 105 10 

EBL with PMMA 2000 20 

Shaped and cell EBL 10-2 = 36sec 200 

Photolithography 10-4 = 0.36sec 400 

 
Table 6.2. Throughput and resolution of different  

lithography techniques (data from Ref. 45). 

 

6.2.2  NIL process 
As a difference with thermal NIL where the polymer is heated above its glass transition 
temperature, our intention is to use the UV-NIL technology. The process is seen in Figure 
6.5. A hard substrate is coated with a thin film of a thermoplastic UV-photocurable 
polymer, for example PAK-01,46 by spin-coating or droplet deposition.  

Rhodamine 6G (Rh6G) is the most common dye used in research for dye laser 
applications. Because it does not solve well in MMA (monomer of PMMA), a copolymer 
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of MMA and Hydroxyethylmethacrylate (HEMA) (1:1) can be used, then add the dye and 
the correctly selected photoinitiator. 

A quartz-chromium stamp manufactured by EBL, transparent to UV-light, with 
the desired pattern, coated with an anti-sticking coating (thus preventing the polymer 
from sticking to the stamp), is placed together with the substrate inside the NIL machine.  

 

 
Figure 6.5. Schematic description of the NIL process. 

 
The process performed by the UV-NIL machine contains six basic steps: 

• Press mask layer, for instance, thin metal layer or SiO2 layer deposition and then 
UV curable resist coating 

• Imprint into the resist 
• Demount the stamp 
• Dry etching for break through the remaining resist 
• Form the nano features into hard mask layer by dry etching and then remove 

residual resist 
• Transfer the nano patterns into substrate 
 
The following step can vary depending on the process. For lithographic applications, 

the imprinted pattern is used either as an etch mask to transfer the pattern into the 
underlying substrate, or for deposition of a metal for lift-off. For both applications, it is of 
high importance that the so-called residual film remaining under the stamp protrusions is 
as thin and homogenous as possible. 

In the case where we want no mode to propagate inside the residual layer, we need 
this residual layer to be thinner than the critical thickness. 
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Figure 6.6. Asymmetric slab waveguide. 

 
This situation with a resist film on a substrate corresponds to the classical case 
asymmetric slab waveguide. In this case n2 > n3 >> n1, and a cut-off condition on the 
modes may be achieved.47 Modes exist if 
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where m is the transversal mode number (different from the longitudinal mode number 
introduced in Chapter 3). The cut-off condition in Eq. (6.2) may be used to estimate the 
number of modes in an asymmetric waveguide, and it has a very important consequence: 
there is a minimum thickness tg for which no modes will exist. It is desired that the light 
is confined in the device but does not escape to the surroundings, meaning the residual 
polymer film after NIL. As long as the residual film is thinner than the cut-off condition  
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for the lowest order mode, no light will escape the device through the surrounding film. 
In a typical case of Rhodamine doped PMMA (n = 1.50 at 590 nm) on SiO2 (n = 1.458 at 
the same wavelength), one finds out that the residual thickness should be less than 418 
nm in order not to allow even the fundamental mode at a vacuum wavelength of 590 nm. 

More information on NIL, and especially on thermal version, is found in D. Nilsson, 
PhD Thesis.47 



7 Summary and conclusions 
 
The finite element method has proven to be a very useful tool in studying the 
electromagnetic dynamics of micrometer sized cavity. The understanding of the influence 
of cavity and material properties on the global result has resulted in a design that we 
believe to be the most suitable to manufacture a operational tunable micro-sized solid-
state dye laser. 

The general results of the thesis can be resumed as follows: 

We modeled successfully a micro-sized solid-state dye laser by studying the 
behavior of “in-plane” TE waves in a full two dimensional model. The results are in 
agreement with previous studies. We used the temperature change to tune the output 
wavelength. The thermo-mechanical effect and the thermo-optical effect counteract each 
other; however using appropriate material and geometry for the cavity, the latter effect 
becomes predominant. Choosing the right size of the device allows tuning the output 
wavelength over the whole dye emission spectrum range. Wavelength dependent material 
properties of Rhodamine 6G, such as dispersion, losses, absorption, and photo-
luminescence, are taken into account. 

We demonstrated to our knowledge a totally new effect, named “odd-mode 
disappearing”, in our 2-dimensionnal dielectric cavity due to symmetry considerations. 
This effect is beneficial when one needs a single mode laser thanks to a larger free 
spectral range (FSR) preventing mode hopping and allowing a higher tolerance on filters.  

Finally, we successfully modeled a device fulfilling the function of either beam 
shaper or beam splitter as a function of the wavelength. This is done by inserting 200nm 
space inside the cavity. Results can be extrapolated to infrared and possibly to microwave 
frequencies using scaling of the wave equation. 

The devices can be manufactured using fabrication techniques with feature size 
smaller than 100 nm such as electron beam lithography (EBL) and nano-imprint 
lithography (NIL). This is the next stage of the project. 

 

7.1 Summary of appended papers 
Equation Section (Next) 

Paper I 

“Mode suppression in a microcavity solid-state dye laser” 

A more realistic excitation of the polymer cavity through the central slab gives birth to an 
unexpected effect: odd resonance modes are depleted whereas even modes are strongly 
enhanced. By investigating various configurations in terms of numbers and position of 
point sources, we demonstrate that the origin of this phenomenon is related to cavity 
symmetries. The effect is beneficial to obtain higher power lasers with a larger FSR. 
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Paper II 
“Thermally induced wavelength tunability of microcavity solid-state dye lasers” 

We investigate both thermo-mechanical and thermo-optical properties of both PMMA 
and SU-8 to modify the effective length of the cavity and thereby tune the resonant 
wavelengths. Both effects are counteracting each other but eventually thermo-optical 
effect is predominant. A practical formula is derived to choose the right base length to 
tailor one’s needs. 

 

Paper III 

“Wavefront Shaping: Plane Waves out of a Point Source“ 

A four pieces cavity with air gaps between the pieces is excited using a point source 
producing a cylindrical wave. Depending on the wavelength, the structure produces plane 
waves going out from the cavity by one or two direction, thus fulfilling the functions of 
either a wavefront shaper or a beam splitter. 

 

7.2 Suggestions for future work 
Even if micro-scaled dye lasers have already been reported, both in liquid-state48, 49 and 
solid-state50 forms, but with a size of several hundred micrometers. Succeeding to 
manufacture a solid-state dye laser at the size of out interest (several micrometers) would 
be a significant achievement. To achieve this objective we will use EBL technology to 
manufacture the NIL stamp and using some particular strategy to do a pattern with two 
different materials which would also constitute, to our knowledge, a research premiere. 
One could also use different polymers to work in different areas of the visible spectrum. 

Concerning the wavefront shaper, a deeper understanding to the diffraction 
mechanisms producing plane waves is required in order to optimize the cavity such as the 
efficiency is increased. Then, one would expect the experimental realization to be rather 
easy, since the structure can be done using only one material. 
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Acronyms 
 
AWG:   Array Waveguide Grating 
CAD:   Computer Assisted Design 
EBL:   Electron Beam Lithography 
FDTD:  Finite difference Time Domain 
FDM:  Finite Difference Method 
FEM:   Finite Element Method 
FSR:   Free spectral Range 
FWHM:  Full Width at Half Maximum 
ICP:  Inductively Coupled Plasma  
HEMA:  HydroxyEthylMetAcrylate 
LOC:  Lab-On-a-Chip 
MES:   Maximum Element Size 
MMA:  MethylMetAcrylate 
OPL:   Optical Path Length 
PDE:   Partial Differential Equation 
PML:   Perfectly Matched Layers 
PMMA:  Poly-MethylMetAcrylate 
PWBS: Plane Wave Beam Splitter 
RAM:  Random Access Memory 
RIE:  Reactive Ion Etching 
RF:   Radio Frequency 
Rh6G:   Rhodamine 6G 
SEM:   Scanning Electron Microscopy 
SPWC: Spherical-to-Plane Wave Converter 
TE:  Transverse Electric 
UV:  Ultra Violet 
WDM:  Wavelength Division Multiplexing  
WGM:  Whispering Gallery Modes 
 
 
 




