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Summary

In this thesis the results of a research project on optical nanostructures are presented. It is com-
prised of two parts: passive structures for wavelength filters that have been computationally inves-
tigated and laser structures with organic gain materials that have been designed, fabricated, and
characterized. The focus of the thesis lies on the laser structures.

In the first part of the thesis wavelength filters based on high-Q resonators are designed and
analyzed. An analysis method based on the temporal coupled mode theory of Haus [Haus 84] is
employed. The method easily provides the transmission properties of passive resonator devices.
The analysis method exploits decay rate calculations to obtain the transmission properties with
a much smaller computational effort than performing full FDTD transmission calculations. The
transmissions of a wavelength filter and a crossing that are obtained with the new analysis method
excellently agree with the transmissions obtained using full FDTD calculations. This analysis
method can thus reduce the effort required to design resonator devices where light couples into
and out of the resonator. The next step would be to design 3D structures consisting of materials
that are compatible with the laser structures described in the next part of the thesis.

In the second part of the thesis two different types of laser structures are designed, fabricated,
and characterized. First, an organic photonic crystal laser is investigated whose mode coupling
is enhanced by using a thin layer of high-index titanium dioxide (TiO2). In the titanium dioxide
layer a photonic crystal is etched. The gain material is the polymer methyl-substituted ladder-type
poly(para-phenylene) (MeLPPP). Calculations of the out-of-plane coupling constant show that the
titanium-dioxide photonic-crystal layer increases the coupling constant by a factor of twenty com-
pared to the out-of-plane coupling constant of a laser structure where the photonic crystal is etched
into glass. Combining the out-of-plane coupling constant with the in-plane coupling constant the
gain thresholds of the organic photonic crystal lasers can be calculated. The minimization of the
gain threshold gives the optimum titanium-dioxide layer thickness. The smaller the device is, the
thicker the titanium-dioxide layer has to be. The titanium-dioxide layer allows for lower thresholds
and smaller devices.

With this knowledge 1D and 2D lasers have been designed and fabricated. For 1D grating lasers
the increase of the mode coupling results in a low laser threshold that is twice as low as lasers
where the grating is etched into glass. For 2D photonic crystal lasers this decrease is a factor of
five. The computationally predicted and experimentally measured spectral features show excellent
agreement. Furthermore, the lasers with a thin layer of TiO2 can be significantly smaller while
retaining the same low threshold. The smallest device featuring lasing measured 25 μm×25 μm.
The measured threshold behavior qualitatively matches the predictions from the simulations.

The second type of lasers are interferometrically structured lasers. They are fabricated by using
the interferometric pattern of multiple laser beams to expose a photo-resist in which the gain
material is incorporated. These structures exhibit lasing and the spectral behavior of the laser
agrees very well with the predictions from computations. The lasing threshold is more than three
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vi Summary

orders of magnitude higher than the lowest thresholds of the lasers with titanium-dioxide layer.
However, these structures can be fabricated much easier than other structures. Furthermore, many
improvements are still possible, which merits further research of interferometrically structured
lasers.



Samenvatting

Dit proefschrift presenteert de resultaten van een onderzoeksproject met als thema optische nano-
structuren. Het bestaat uit twee delen: Enerzijds passieve structuren voor golflengte filters die door
middel van simulaties zijn onderzocht en anderzijds laser structuren met organische actieve ma-
terialen. Deze laser structuren zijn ontworpen, gerealiseerd en gekarakteriseerd. Het zwaartepunt
van het proefschrift ligt op de laser structuren.

Het eerste deel van het proefschrift beschrijft het ontwerp en de analyse van golflengte filters
die zijn gebaseerd op resonatoren met een hoge Q-faktor. Een analyse methode die gebaseerd
is op de tijdsafhankelijke gekoppelde modes theorie van Haus [Haus 84] is ingezet. De methode
geeft op eenvoudige wijze de transmissie eigenschappen van passieve resonante structuren door
middel van berekeningen van het energie-verval. Hieruit kunnen de transmissie eigenschappen
veel sneller worden verkregen dan het geval is met volledige FDTD transmissie berekeningen. De
transmissie eigenschappen van een golflengte filter en een golfgeleiderkruising die zijn verkregen
met de nieuwe analyse methode komen zeer goed overeen met de resultaten die een volledige
FDTD berekeningen hebben geleverd. Het is nu dus mogelijk de ontwerpprocedure van resonator
structuren waarbij licht in en uit de resonator koppelt aanmerkelijk te versnellen. De volgende stap
zou het ontwerp van 3D structuren zijn. Bij voorkeur zouden die structuren in een materiaalsysteem
moeten worden gerealiseerd dat zich goed verdraagt met de materialen die gebruikt worden in de
laser structuren die in het volgende deel van het proefschrift worden beschreven.

Het tweede deel van het proefschrift beschrijft het ontwerp, de realisatie en de karakterisa-
tie van twee verschillende types laser structuren. Als eerste wordt een laser structuur met een
organisch actief materiaal beschreven. Deze laser is gebaseerd is op een fotonisch kristal. De mo-
dekoppeling van het licht in deze laser is verbeterd door middel van een dunne laag titanium
dioxide (TiO2). In deze laag is het fotonische kristal geëtst. Het actieve materiaal is het poly-
meer methyl-gesubstituteerd ladder-type poly(para-phenyleen) (MeLPPP). Berekeningen van de
koppelconstante van het uitgekoppelde licht laten zien dat de dunne laag TiO2 voor de laser een
koppelconstante ten gevolge heeft die twintig maal groter is dan de koppelconstante van een ver-
gelijkbare structuur zonder TiO2, waar het fotonische kristal dus direct in het glas van het substraat
is geëtst. Als de koppelkonstante van het uitgekoppelde licht wordt gecombineerd met de koppel-
constante van het licht dat in het vlak van de structuur propageert, kan de gain drempel van de laser
structuur worden berekend. De minimalisatie van die gain drempel leidt tot de optimale dikte van
de TiO2 laag. Uit de resultaten kan worden afgeleid dat hoe kleiner de structuur is, hoe dikker de
TiO2 laag moet zijn. De toepassing van TiO2 in de structuren leidt dus tot lagere laser drempels en
kleinere structuren.

Met deze resultaten zijn 1D en 2D lasers met een dunne laag TiO2ontworpen en gefabriceerd.
Voor de 1D lasers brengt de grotere koppeling van de modes een twee maal lagere laser drempel
teweeg in vergelijk met lasers waarvan de structuren direct in glas zijn geëtst. Voor 2D lasers is
dit een factor vijf. De gesimuleerde en gemeten spectrale kenmerken komen zeer goed met elkaar
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viii Samenvatting (in Dutch)

overeen. Bovendien kunnen de lasers met een dunne laag TiO2 significant kleiner worden gemaakt
zonder dat de laser drempel hoger wordt. De kleinste werkende laser structuur is 25 μm×25 μm
groot. De gemeten laser drempels komen kwalitatief overeen met de voorspellingen die uit de
simulaties volgen.

Het tweede type lasers in dit proefschrift zijn interferometrisch gestructureerde lasers. Ze zijn
gefabriceerd door het belichten van een fotolak met het interferentiepatroon van meerdere laser-
stralen. Het actieve medium is aan de fotolak toegevoegd. De werking van de gerealiseerde lasers
komt ook hier zeer goed overeen met de simulaties. De laser drempel is echter drie ordes van
grootte hoger dan de laagste drempel van de lasers van het eerste type, de structuren met een dun-
ne laag TiO2. De interferometrisch gestructureerde lasers zijn wel veel eenvoudiger te fabriceren.
Omdat er bovendien nog vele mogelijke verbeteringen open liggen, is verder onderzoek in deze
interferometrisch gestructureerde lasers zeker zinvol.



Zusammenfassung

In dieser Arbeit werden die Ergebnisse aus einem Forschungsprojekt präsentiert, welche sich mit
optischen Nanostrukturen befasst. Sie beschreibt zwei Studien: Einerseids sind passive Strukturen
für Wellenlängenfilter mittels Simulationen untersucht worden und anderseits sind Laserstrukturen
mit organischen, aktiven Materialien entworfen, hergestellt und experimentell untersucht worden.
Der Schwerpunkt liegt in der Untersuchung von Laserstrukturen.

Im ersten Teil der Arbeit wurden Wellenlängenfilter basierend auf Resonatoren hoher Güte
entworfen und analysiert. Die benutzte Analysemethode folgt aus der zeitabhängigen gekoppelten
Modentheorie von Haus [Haus 84]. Die Methode liefert mit wenig Aufwand die Transmissions-
eigenschaften von passiven resonanten Strukturen. Sie benutzt Abklingraten zum Berechnen der
Transmissionseigenschaften, wodurch der rechnerische Aufwand viel kleiner ist als wenn man
vollständige FDTD Transmissionsrechnungen durchführen würde. Die Transmissionen eines Wel-
lenlängenfilters und einer Wellenleiterkreuzung, die mit der neuen Methode bestimmt worden sind,
stimmen sehr gut mit den Transmissionen überein die mittels vollständigen FDTD Rechnungen be-
stimmt worden sind. Die Analysemethode kann also den rechnerischen Aufwand verringern, der
für den Entwurf optischen resonanten Strukturen benötigt ist. Der nächste Schritt ist der Entwurf
von 3D Strukturen in einem Materialsystem, in dem auch Laserstrukturen realisiert werden kön-
nen.

Im zweiten Teil wurden zwei verschiedenen Typen von Laser Strukturen entworfen, realisiert
und experimentell untersucht. Als Erste wurden organische Photonenkristalllaser untersucht de-
ren Modenkopplung durch eine dünne Schicht Titandioxid (TiO2) erhöht wurde. In dieser Schicht
wurde ein Photonenkristall geätzt. Das aktive Material ist das Polymer Methyl-Substituted Ladder-
Type Poly(para-phenylene) (MeLPPP). Simulationen der Koppelkonstante des ausgekoppelten
Lichtes zeigen dass die TiO2 Schicht die Modenkopplung um einen Faktor zwanzig erhöht ver-
glichen mit einer Struktur ohne TiO2 Schicht, bei der der Photonenkristall direkt ins Glas geätzt
ist. Wenn die Koppelkonstante des ausgekoppelten Lichtes kombiniert wird mit der Koppelkon-
stante des Lichtes das in der Struktur propagiert, kann die Gainschwelle berechnen werden. Aus
der Minimierung der Gainschwelle ergab sich die optimale Dicke der TiO2 Schicht. Je kleiner die
Struktur, desto dicker soll die TiO2 Schicht sein. Die TiO2 Schicht ermöglicht also tiefere Laser-
schwellen und kleinere Strukturen.

Mit diesen Erkentnissen sind 1D und 2D Laser entworfen und hergestellt worden. Für die
1D Gitter Laser ergibt sich aus der erhöhten Modenkopplung eine um den Faktor zwei tiefere
Laserschwelle als für Strukturen ohne TiO2, bei der das Gitter direkt ins Glas geätzt ist. Für die 2D
Photonenkristalllaser beträgt der Unterschied einen Faktor fünf. Die simulierten und gemessenen
spektralen Eigenschaften stimmen sehr gut überein. Ausserdem können die Laser mit einer dünnen
TiO2 Schicht wesentlich kleiner gemacht werden ohne die Laserschwelle zu erhöhen. Die kleinste
funktionierende Struktur ist 25 μm×25 μm gross. Die gemessenen Laserschwellen stimmen mit
den Vorhersagen aus den Simulationen qualitativ überein.
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x Zusammenfassung (in German)

Der zweite Lasertyp der im Rahmen dieser Arbeit untersucht wurde, war ein interferometrisch
strukturierter Laser. Er wurde durch das Belichten eines Photolacks mit dem Interferenzmuster
mehrerer Laserstrahlen realisiert. Das aktive Material wurde vorher mit dem Photolack vermischt.
Die spektralen Eigenschaften des Lasers stimmten sehr gut mit den Erwartungen aus den Simu-
lationen überein. Die Laserschwelle ist aber drei Grössenordnungen höher als die tiefste Schwel-
le der Laser mit einer TiO2 Schicht. Die Herstellung der interferometrisch strukturierten Laser
ist jedoch viel einfacher. Dies, wie auch die sich abzeichnende Möglichkeiten zur Verbesserung,
machen weitere Forschung auf dem Gebiet der interferometrisch strukturierten Laser weiterhin
vielversprechend.



Chapter 1

Introduction

Polymers, better known as plastics, are widely used throughout modern society. Their popularity
is mainly due to their low costs, the huge diversity in properties that can be tailored by synthesis
and the relative ease of processing. A very interesting class of these organic materials is formed
by light-emitting polymers. They generally emit in the visible wavelength range, where few other
(inorganic) solid state materials can emit light. The spectral range of the emitted radiation is mostly
broader than that of inorganic gain materials, spanning more than 100 nm.

Organic Light Emitting Diodes (OLEDs) have been demonstrated and applications in commer-
cial products are a fact [Kodak 03, Philips 04, Sony 04, Samsung 05]. The next step for devices
based upon light-emitting polymers is an organic laser. Such lasers could provide cheap sources
in the visible range, for which a variety of applications could be found in lighting and telecom-
munications. To advance from OLEDs to organic lasers some additional requirements have to be
fulfilled. The two main requirements are first that an optical resonator has to be added to provide
feedback to the lasing modes and second that the light-emitting material has to provide optical
gain.

Organic materials that provide optical gain are the subject of intensive research. The ’holy
grail’ of organic lasing, the electrical pumping of lasers based upon organic gain materials, has not
been achieved yet. Several open challenges still have to be faced, among those are the generally
low charge mobility in organic materials, the unfavorable ratio of triplet to singlet states and the
polaron absorption [Kozlov 00]. An overview of the issues in electrically pumped organic lasing
can be found in [Baldo 02].

In contrast, several optically pumped organic lasers are presented in literature [Tessler 96,
Frolov 00, Notomi 01, Wegmann 99a, Bauer 01]. Among the most promising resonator architec-
tures for such lasers are distributed feedback (DFB) structures [Kogelnik 71, Kogelnik 72]. DFB
structures are gratings, i.e., periodic structures that are resonant for light waves of a certain wave-
length range.

An exciting class of periodic optical structures emerged almost two decades ago [John 87,
Yablonovitch 87]. These structures, photonic crystals, feature a periodicity in two or even three di-
mensions. If the refractive index contrast of the resulting two or three dimensional periodic struc-
tures is high enough, a full band gap makes it possible to fully confine light on a very small scale.
Photonic crystals whose index contrast is lower, i.e., without a full photonic band gap, can be used
as two-dimensional (2D) DFB structures. The use of two-dimensional photonic crystals instead of
the conventional one-dimensional feedback gratings can result in a lower lasing threshold of DFB
lasers [Berggren 98, Riechel 00a, Bauer 01] and opens the way for alternative feedback principles
[Mekis 99].
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2 Introduction

The research in organic lasers that has been presented in literature mainly focuses on the or-
ganic gain material. The feedback mechanisms used are one-dimensional or two-dimensional DFB
structures that are either etched into the quartz substrate [Berggren 98, Notomi 01] or have been
imprinted into the polymer by micro-molding [Lawrence 03]. Although material research is es-
sential to advance in the field of organic lasing, the feedback structure is equally important as its
efficiency directly influences the efficiency of the laser as a whole.

This thesis focuses on the design of optical resonator structures for organic lasers. After an in-
troduction to the fundamentals of lasing and organic gain materials in Chapter 2 the computational
methods used in this work are discussed in Chapter 3. Chapter 4 discusses the design of passive
structures with high quality factors. Specifically, a small wavelength filter and waveguide crossing
are investigated. These structures can potentially be integrated monolithically in future photonic
integrated circuits with the lasers that form the main feature of this thesis. Chapter 5 reviews the
design, realization and characterization of TiO2-enhanced laser structures. Chapter 6 discusses in-
terferometrically defined laser structures. The thesis is concluded with an outlook on further work
to be done in this field.



Chapter 2

Fundamentals

This chapter discusses the fundamental principles that underlie the photonic nanostructures dis-
cussed in this thesis.

First, Section 2.1 reviews the main principles of lasing, focusing on the processes that take
place in the laser material itself and the necessity of feedback. Then, Section 2.2 considers the
properties of the organic gain materials that form the heart of an organic laser. The photonic crystals
that provide the feedback in the structures discussed in this thesis are the topic in Section 2.3.
Finally, Section 2.4 considers systems with a high quality factor Q. The passive structures that are
investigated in Chapter 4 and the lasers described in Chapters 5 and 6 are structures that feature a
high Q.

2.1 Lasing Processes

The word ’laser’ is an acronym for Light Amplification by Stimulated Emission of Radiation. The
main principles involved in lasing are stimulated emission, population inversion and feedback. The
discussion of these main principles is divided in two parts:

Section 2.1.1 describes stimulated emission, population inversion and other processes directly
related to the laser material. Section 2.1.2 considers the feedback mechanisms in a laser, which
can be influenced with the design of the lasing structure.

2.1.1 Laser Materials

This section describes the lasing processes that take place in the laser material. First, the princi-
ples of stimulated emission, population inversion, gain and absorption are discussed. Then, the
properties of two different classes of laser material systems, three- and four-level systems, are
investigated.

Stimulated Emission, Population Inversion, Gain and Absorption

In every material system the atoms or molecules of a material have multiple electronic energy
levels, separated by certain energy differences.

An atom or molecule can be excited from one state into another, higher state if the excita-
tion energy matches the energy difference between the states. After a certain time, the excitation
lifetime, the excited atom or molecules spontaneously decays back to a lower state. The energy

3



4 Fundamentals

released in this process can be dissipated, but some transitions are radiative: a photon is emitted.
The energy of the photon matches the energy difference between the excited, upper state and the
lower state it decayed to. The decay of the system can be stimulated if the excited atom or molecule
interacts with a photon whose energy matches the energy difference between the upper and lower
state. The result of this stimulated emission are two photons with the same phase and energy.

In principle, lasing is a chain reaction of stimulated emissions. To make this chain reaction
possible, most of the atoms or molecules should preferably be in an excited state. However, most
of the atoms or molecules in any material are normally in the electronic ground state. It is thus
necessary to reach a situation where there are more atoms or molecules of the laser medium in the
upper, excited state than in the lower state it can decay to. This lower state does not necessarily have
to be the electronic ground state, as will be explained in the next section. The situation where more
atoms or molecules are in the excited state than in the lower state is called population inversion.
The energy required to achieve population inversion is provided by pumping the laser medium by
an external energy source. This external source can be another laser, a flash lamp or an electrical
discharge.

After population inversion is reached, the spontaneous or stimulated decay of one of the atoms
or molecules can cause a chain reaction of decays and accompanying photon emission in the
material. The material features gain if the net number of photons increases, i.e., more photons are
generated than lost. If the chain reaction in a gain material is caused by a photon created by a spon-
taneous decay one speaks of Amplified Spontaneous Emission (ASE). ASE is spectrally broader
than lasing as there is no mode selection through feedback (see Section 2.1.2) and spontaneous
emission can occur throughout the entire gain spectral region.

Unfortunately, photons emitted by stimulated or spontaneous emission can be re-absorbed by
the laser material. This process, re-absorption, is a loss process: the photon is no longer available
to stimulate an emissive process. Due to re-absorption lasing is not possible in a two-level system,
i.e., a system where the upper and lower states are the first excited state and the ground state. The
reason for this is that in any system that is in equilibrium with its surroundings the rate at which
energy is absorbed must equal the rate at which it is emitted. Therefore, the absorption rate and
decay rate are equal and population inversion is impossible. This issue is overcome in three- and
four-level systems, as will be discussed in the next paragraph.
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Three and Four-level Systems

As stated above, two-level material systems cannot be used for laser applications. The issues of
the two-level systems are resolved by using three- or four-level systems. The energy level schemes
of three- and four-level systems are pictured in Fig. 2.1.
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Figure 2.1: Energy level systems.

In three-level laser materials, whose level scheme is pictured in Fig. 2.1(a), the first excited
state has a very short lifetime and the excitation dissipates down to a third energy level, which
forms the upper laser level. This third level should have a much longer lifetime than the first
excited state to enable stimulated emission. The pump photon energy does not match the emission
photon energy and absorption losses are much less probable.

The four-level system, shown in Fig. 2.1(b), also separates the ground level from the lower
laser level. After decaying from the upper to the lower laser level, the excitation quickly decays
in a non-radiative way to the ground level. This decreases the probability of stimulated absorption
even more than in the three-level system. An additional advantage of the four-level system is that
to achieve population inversion, it is no longer necessary to pump more than 50% of the atoms
or molecules to the excited state. The lower laser level, obeying the Boltzmann statistics, is very
scarcely populated due to the fast decay to the ground level. Therefore, population inversion is
achieved if only a small fraction of the atoms or molecules is excited and decays to the upper laser
level.
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2.1.2 Feedback

Stimulated emission is enhanced by feedback as the stimulated photons are sent through the
medium multiple times, stimulating more photons, before being emitted out of the laser. The num-
ber of round trips is proportional to quality factor Q of the laser.

Feedback for lasers can be provided by a wide range of resonators, such as Fabry-Perot cavities,
ring resonators and gratings. Resonance is only achieved for modes that satisfy the resonance
condition of the cavity, leading to emission with narrow line widths as only one of a few modes
are enhanced by feedback. By tuning the reflection of the mirrors with a wavelength-selective
feedback mechanism like a grating, mode selection is possible.

The feedback process used in the work described in this thesis is Distributed Feedback (DFB).
A cross-section of a typical DFB laser is given in Fig. 2.2.

waveguide

substrate a

Figure 2.2: Cross-section of a typical DFB laser, featuring a grating period a. The gain medium is
the material of the waveguide. The partial reflectances are indicated by arrows.

In a distributed feedback laser the laser modes receive feedback at one specific wavelength
(and to a smaller extent, its harmonics), determined by the grating period of the structure. While
the mode is propagating along the structure a small part of its energy is reflected, i.e., coupled into
the counter-propagating mode. The coupling strength, parameterized by the coupling constant κ, is
influenced by the grating geometry and the refractive index contrast between substrate and waveg-
uide material. The feedback is proportional to κL, where L is the coupling length. The coupling
strength thus determines how large the corrugated area has to be to achieve the feedback required
for lasing: A small value for κ has to be compensated by larger coupling length L. Chapter 5.1
elaborates on this topic.
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2.2 Organic Gain Materials

Organic materials featuring optical gain play an essential role in the work presented in this the-
sis. Two different types of organic gain materials have been used, methyl-substituted ladder-type
poly(para-phenylene) and a mix of Coumarin 6H and DCM. Both types are discussed in the fol-
lowing Sections 2.2.1 and 2.2.2.

2.2.1 Conjugated Polymers

The first of the organic gain materials used in this thesis is methyl-substituted ladder-type
poly(para-phenylene) (MeLPPP). MeLPPP is a conjugated polymer featuring a gain maximum of
2000 cm−1 at a wavelength of around 490 nm [Wegmann 99b]. The chemical structure of MeLPPP
is given in Fig. 2.3.
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R′ =-n-C6H13

Figure 2.3: Chemical structure of MeLPPP

The rigid backbone of the polymer causes the vibronic bands to be observable in the absorption
spectrum, even at room temperature. The emission maximum lies at an energy corresponding to
a transition to a vibronic band, as can be seen in the absorption/emission plots in Fig. 2.4. This
transition corresponds to the energy difference between the first electronic excited state and the
first vibronic band of the ground state.
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Figure 2.4: Absorption and emission spectrum of MeLPPP, energy and wavelength resolved.
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Figure 2.5: Level scheme for MeLPPP.

The preferred wavelength or energies for absorption and emission are indicated by arrows. The
corresponding energy values, hνabsorption = 2.71 eV and hνemission = 2.51 eV, are also displayed
schematically in Fig. 2.5. From this figure it can be seen MeLPPP is a four-level system like
typical laser dyes. The excitation has to be larger in energy than ∼2.7 eV and preferably equal
to hνabsorption for best absorption. The energy hνabsorption corresponds to the transition from the
ground state to within the vibration manifold of the first excited state. The excitation lifetime of
this vibronic state is less than 200 fs. It then decays in a non-radiative way to the (purely electronic)
first excited state, which has a lifetime of approx. 1 ns [Wegmann 99a].

From this state the electron energy decays to a ground vibronic state, in which the transition to
the first vibronic state of the ground state has the highest probability. The latter transition leads to
the emission of a photon with an energy around hνemission = 2.51 eV or with a wavelength around
493 nm. The system then quickly decays in a non-radiative way from the vibronic state to the
ground state.

MeLPPP can be easily deposited using spin-coating. The resulting film is an isotropic layer,
i.e., without preferential molecular alignment directions. Lasers using MeLPPP as gain material
are discussed in Chapter 5.4.
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2.2.2 Small Molecules

Except for the conjugated polymer MeLPPP, another type of organic gain material, small
molecules, is used in this work. This gain material consists of two different organic materials,
which are mixed into a photo resist. The two luminescent materials were Coumarin 6H and DCM,
the photo resist UV-II-HS. The energy at which Coumarin has its emission maximum is in the same
range as the absorption maximum energy of DCM. After excitation of the complex, the energy of
the Coumarin is transferred to the DCM in a non-radiative fashion, a Förster-transfer [Förster 59].
This makes it possible to pump the Coumarin near its absorption maximum and observe emission
of the DCM. The energy level scheme of a Förster-transfer is depicted in Fig. 2.6. Here DCM, a
four-level system, is assumed to be the acceptor.
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Figure 2.6: Energy level scheme of a Förster-transfer. The acceptor is drawn as a four-level system.

The absorption and emission spectra of dissolved Coumarin 6H, dissolved DCM and the
Coumarin / DCM mixture in the film are given in Fig. 2.7.

In Fig. 2.7(a) the overlap between the emission of Coumarin 6H and the absorption of DCM is
indicated, i.e., the wavelength range where the energy transfer takes place. Fig. 2.7(b) shows the
absorption and emission spectra of the Coumarin:DCM complex in its final configuration, i.e., in
the film, mixed into the photo resist. The spectra show features that can be attributed to Coumarin
or DCM, but in general the energy transfer seems to be efficient, as the emission peak of the
Coumarin is almost not observable. Due to the incorporation in the photo resist host, the spectra of
the dyes in the film are slightly blue-shifted when compared to the spectra in solution. The photo
resist as the host material enables directly structuring the layer with exposure to UV light.

Lasers structured with direct exposure and using the Coumarin / DCM mixture as gain material
are discussed in Chapter 6.
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(a) Spectra of the dissolved dyes.
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Figure 2.7: Absorption and emission spectrum of the Coumarin/DCM complex.



2.3 Photonic Crystals 11

2.3 Photonic Crystals

A common feedback mechanism in semiconductor lasers is distributed feedback (DFB), using a
grating. Figure 2.8 shows schematically four different feedback patterns that can be used.

(a) Linear grating, first order (b) Linear grating, second order

(c) Photonic crystal, first order (d) Photonic crystal, second order

Figure 2.8: Emission patterns of different distributed feedback structures. The gratings are dis-
played in black, the laser emission directions by arrows.

Fig. 2.8(a) shows the conventional DFB structure as it is used in most DFB semiconductor
lasers. The grating is a first-order linear grating, providing feedback in the plane. A first-order
grating has a period that satisfies the first-order Bragg condition mλ = 2neffa, where m is the
Bragg order, λ is the wavelength of the light, neff the effective index of the mode and a the period
of the structure. In this case, the Bragg order m = 1. Its geometry thus corresponds to that of a
Bragg reflector grating. This results in laser modes that emit in two directions along the axis of the
periodicity.

Fig. 2.8(b) features the second-order version of the linear grating. The second Bragg order of
the grating provides feedback in the plane. The first Bragg order is scattered out perpendicularly
to the axis of periodicity. This results in a fan-like emission of laser light.

Fig. 2.8(c) shows a first-order photonic crystal. In this case, the photonic crystal can be seen
as a superposition of two linear gratings, positioned perpendicular to each other. This results in a
rectangular lattice of holes. The laser emits in the four directions of the two orthogonal DFB laser
structures.

The laser pictured in Fig. 2.8(d) is the second-order version of the laser shown in Fig. 2.8(c).
The laser features the same emission pattern as the first order laser and, in addition, emission
perpendicular to the plane of the photonic crystal. The vertically emitted light from the two su-
perimposed linear gratings interferes constructively perpendicular to the plane defined by the two
grating directions. For large area photonic crystal structures, this results in highly directional radi-
ation out of the plane of the photonic crystal [Mekis 00].
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Figure 2.9: Feedback grating geometries.

Except for the linear and rectangular lattice geometries presented above, other laser geometries
are feasible. Fig. 2.9 shows, additional to the two geometries discussed above, two possibilities.

The circular grating geometry has already been used successfully to fabricate second-order
organic lasers [Bauer 01]. Its circular shape provides full 2D feedback. This makes the laser very
efficient, featuring low lasing thresholds. Like the second-order photonic crystal structures, the
realized circular grating laser emits perpendicularly to the plane of the structure. However, due to
the circular symmetry of the structure, the polarization of this vertically emitted radiation can be
circular only. The radius of the inner circle has to be carefully chosen as it forms a defect, able
to localize a laser mode. The spectral position of this defect mode strongly depends on the radius
[Jebali 04].

The triangular lattice geometry has been investigated in recent years [Imada 99, Notomi 01,
Imada 02a]. Its higher symmetry enables six modes to mix instead of four like in the case of
a rectangular lattice [Notomi 01]. Its more complex structure, however, allows more feedback
possibilities for lasing modes. This causes multiple lasing modes with small spectral separations
to have similar gain thresholds. These multiple modes are then excited simultaneously as the gain
spectrum of the laser medium is generally broader than the spectral separation of the modes.

The structures discussed in this thesis feature linear gratings and rectangular lattices of holes.
The principles and techniques described, however, will be very similar or equal for other lattice
geometries.
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2.4 High-Q Systems

Resonators structures that feature a high quality factor or Q-factor form an interesting class of
optical structures as they enable wavelength filters with narrow line widths and the concentration
of large electric fields in a relatively small area [Fan 98, Imada 02b, Xu 00]. These resonators
are cavities or gratings like the ones described above. They are able to store energy in resonant
eigenmodes that possess characteristic frequencies and field shapes. Most of the work described in
this thesis is based on high-Q structures with grating structures to provide feedback for lasing. A
small integrated waveguide filter is designed and analyzed in Chapter 4.

The behavior of high-Q structures in the time domain and spectral domain is characterized by
the storage of energy in certain (eigen-)states and frequencies. The decay time of the stored energy
is determined by the Q-factor. The higher the Q-factor is, the longer the energy will remain in the
structure and the lower are the radiation losses to the environment.

In the frequency domain the coupling of light into eigenstates and the storage in eigenstates
results in peaks in the transmission or emission spectrum, depending on the type of device. From
this peak the Q-factor can be deduced:

Q =
f

Δf

(
=

λ

Δλ

)
. (2.1)

Here f is the frequency of the resonance and Δf is the Full-Width-at-Half-Maximum spectral line
width. Instead of the frequency and the spectral line width wavelength λ and line width Δλ can
also be used.

We can determine Q with a time domain calculation by monitoring the energy in the resonator
structure. The energy decay in a resonator structure as a function of time is given by:

E/E0 = e−
tω0
Q . (2.2)

Here E is the energy in the structure, t the elapsed time, E0 the energy at t = 0 and ω0 the
resonance frequency. Equation 2.2 can be re-written to yield Q from the slope of the energy decay:

Q =
ω0

−dE/E0

dt

. (2.3)

The method of monitoring the energy decay will be used in this work to determine the Q-
factors. The computational method used for energy decay monitoring will be discussed in Sec-
tion 3.2, the implementation of the monitoring itself in Chapter 5.1 for laser structures and in
Chapter 4 for high-Q waveguide filters.
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Chapter 3

Computational Methods

In this chapter the computational methods used to analyze and design the photonic nanostruc-
tures are described. Section 3.1 discusses the methods used to calculate the band structures of
the photonic structures. A band structure diagram gives the dispersion of the modes, i.e., the time
independent solutions of the Maxwell equations for a certain structure. The second calculation
method is the widely used Finite Difference Time Domain (FDTD) code. FDTD is discussed in
Section 3.2. FDTD is a dynamic code, enabling the calculation of energy decay times and power
fluxes.

3.1 Band Structure Calculations

Electronic band structures are well established in solid state physics as they provide an excel-
lent method to describe the behavior of electrons in a periodic system of atoms. In photonics,
band structures can be used in a similar way to present the behavior of photons in a periodic
structure, a photonic crystal. The calculation engine to calculate the band structures used in this
work is the program MIT Photonic Bands (MPB), which computes the fully-vectorial eigenmodes
of Maxwell’s equations with periodic boundary conditions by preconditioned conjugate-gradient
minimization of the block Rayleigh quotient in a plane wave basis [Johnson 01b]. Section 3.1.1
starts with the discussion of the application of the MPB code for 2D structures 3.1.1.

The application of the MPB code on 3D structures requires several challenges to be resolved,
as described in Section 3.1.2. In Section 3.1.3, the application of the MPB code to calculate the
photonic Density of States in 2D and 3D is presented.

3.1.1 2D Band Structures

The two-dimensional calculations performed using MPB give the eigenmodes of a periodic struc-
ture that only has features in the XY-plane. The periodicity can have any vector basis. This means
any periodicity is possible, like for instance the rectangular lattice pictured in Fig. 3.1. MPB uses
periodic boundaries. This means considering only the unit cell, the smallest irreducible unit of the
photonic crystal as pictured in Fig. 3.1, is enough to calculate the behavior of the modes in the
crystal. For this unit cell, the frequencies belonging to the modes whose k-vectors form the bound-
aries of the irreducible Brillouin zone are calculated. The Brillouin zone is the smallest unit in
reciprocal space and the irreducible Brillouin zone is the smallest part of the unit cell when sym-
metry considerations are observed, as pictured for a rectangular and a triangular lattice in Fig. 3.2.

15



16 Computational Methods

rectangular lattice calculation unit-cell

a

Figure 3.1: 2D view of a rectangular photonic crystal lattice (left) and a 2D calculation cell (right).
The arrows indicate the directions of periodicity. The period of the structure is a

Γ X

M

(a) rectangular lattice.

Γ

KM

(b) triangular lattice.

Figure 3.2: Irreducible Brillouin Zone (in grey) of a rectangular and a triangular lattice. The high-
symmetry points Γ, X , M and K are indicated.

The main advantage of 2D calculations are that they are very fast if compared to full 3D calcu-
lations. Another advantage is given by the fact that the resulting eigenmodes are well resolved as
they can only exist fully contained in the structure. However, the limitation to the XY-plane means
the layer structure in the vertical (Z-) direction has to be approximated by using an effective di-
electric constant for the material of the photonic crystal. This means that although 2D calculations
are very valuable qualitatively, they cannot be trusted quantitatively. How to read the band diagram
and which physical properties can be extracted from them will be elaborated on in Section 5.1.2).

Calculation parameters for the MPB engine are the number of plane waves to be used, the num-
ber of mesh points allowed to smooth abrupt changes in dielectric constant and the tolerance, i.e.,
the relative change in frequency that is used as convergence criterion. To judge these parameters
the stability of the final solution is considered; if the solution changes significantly when more
plane waves, more mesh points or smaller tolerance values are used, then the parameters are still
too coarse.
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a

Figure 3.3: 3D calculation cell. The grey arrows indi-
cate the directions of periodicity of the photonic crys-
tal. The black arrows indicate the vertical periodicity
of MPB. The period of the structure is a.

3.1.2 3D Band Structures

Three dimensional calculations performed using MPB can give accurate eigensolutions of the
field in a structure as the full 3D structure is considered. This means the calculation times are
much longer as an additional dimension has to be considered. MPB uses periodic boundaries not
only in the lateral directions, as desired, but also in the vertical direction, which is undesired.
The periodicity in the vertical direction results in a superposition of the waveguide layers. The
calculation cell, displayed in Fig. 3.3, therefore has to be large enough in the vertical direction to
prevent coupling between the waveguides that are artificially stacked vertically.

In contrary to the two-dimensional case, the so-called light line has a real physical meaning
in 3D. The light line gives the magnitude of the wave vector in a certain medium, for instance
vacuum. Every mode above the light line of a medium has a wave vector larger than the wave
vector of the light in the medium and can therefore couple to modes in the medium. If a substrate
is present, the light line can be drawn for the substrate medium, thus indicating which modes can
couple to modes in the substrate and reflecting the limit for modes to be guided without leaking
into the substrate.

Although modes above the light line in principle leak away, they can still have a relatively high
quality factor, meaning they leak away very slowly and are still quasi-guided. If one is interested
in these modes special precautions have to be taken to calculate them, because the area above the
light line is completely filled with a continuum of vacuum modes obscuring the desired modes
from the band diagram. Making things worse, the finite dimensions of the calculation cell causes
the program to select modes from the vacuum continuum that are eigenmodes of the calculation
cell instead of to the structure under investigation. The solution lies in the fact that the vacuum
modes have only a small part of their total mode energy in the waveguide. The energy ratio of the
modes (quasi-)guided by the structure is far higher. Thus, monitoring the energy of the mode in
the waveguide gives us a criterion that can be used to distinguish between the desired modes and
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the true vacuum modes and the artifacts. The exact energy ratio to use as a threshold has to be
determined case-by-case. Strongly-guiding structures allow a higher threshold ratio than weakly-
guiding structures.

An additional issue in 3D is the fact that true transverse-electric (TE) and transverse-magnetic
(TM) do not exist. The modes can, however, have a even or odd symmetry with respect to the lateral
symmetry plane of the 3D structure. If the structure has no lateral symmetry plane, for instance
if the upper cladding is a different material as the substrate, we can only speak of even-like and
odd-like modes, meaning that a mode has a predominantly even or odd symmetry.

3.1.3 Density of States

Except for band structures, MPB can also be used to calculate the photonic Density of States (DOS)
of a periodic structure. The DOS is a measure for the number of optical modes that are present in
the structure at a certain frequency. The DOS calculation is a valuable tool to visualize frequencies
where the number of modes is high, i.e., where the group velocity of the mode(s) is low. Chapter 5.1
will further elaborate on this. For a DOS calculation, an uniform mesh of k-vectors filling the
irreducible Brillouin zone has to be considered, not only the k-vectors forming the boundaries of
the irreducible Brillouin zone. This means the simulation effort for a DOS calculation is much
larger than that for a band structure calculation. The resolution of the DOS calculation can be
enhanced by interpolating the results [Hama 90]. The mesh before interpolating has to be dense
enough to achieve reliable results.

In two dimensions, the DOS is simply achieved by counting the number of states that exists
in a certain frequency range. This frequency range therefore determines the resolution of the DOS
plot. With interpolation, the resolution can be chosen freely, as for each frequency a DOS can be
interpolated.

In three dimensions the same energy monitoring is applied as in the band diagram calculations.
Instead of counting the number optical modes at a frequency range, however, the modal energy in
the waveguide at a frequency are added to yield the DOS. Fig. 3.4(a) shows the 2D calculation of
both bands and DOS for a silicon/air photonic crystal and Fig. 3.4(b) the 3D calculation of bands
and DOS for a 3D silicon slab photonic crystal.

Although the general features are similar, the frequencies of the corresponding modes in 2D
are different from the frequencies in 3D.
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(a) 2D band diagram and Density of States of a silicon/air triangular lat-
tice photonic crystal.
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(b) 3D band diagram and Density of States of a silicon slab triangular
lattice photonic crystal in air.

Figure 3.4: 2D and 3D band diagram of a silicon/air photonic crystal structure.
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3.2 Finite Difference Time Domain Calculations

The Finite Difference Time Domain (FDTD) [Kunz 93] code discretizes the Maxwell equations
and evaluates them on a spatial mesh of points. The material properties in each cell made up by
four points has to be specified, so forming the entire computational domain featuring the structure
under investigation. FDTD is a time-based code, i.e., at a given moment in time the electric field is
solved and at the next time step, the magnetic field. At the next time step thereafter the electric field
is solved and so the process is repeated until the desired number of time steps is reached. Where
MPB only supports periodic boundaries, FDTD accepts other boundary types like absorbing or
perfectly matched layer (PML), too. Absorbing boundaries absorb the light impinging on them,
PML boundaries match the light coming in, preventing reflections.

Calculation parameters for the FDTD code are the mesh density and the number of time steps.
To get a feel for the resolution achieved in FDTD and MPB one can compare the real space mesh
density, or the number of points per unit length in FDTD with the Fourier space mesh, or the
number of plane waves per unit length in MPB.

3.2.1 2D and 3D FDTD

Two-dimensional FDTD calculations have the same advantages and disadvantages as two-
dimensional MPB calculations. The short calculation time and well-resolved solutions are paid
for by having simulations results that can only be trusted qualitatively when applying them to 3D
systems, as the vertical features of the structure have been approximated by an effective index.
The computation cell looks exactly the same as the one used in 2D-MPB (see Fig. 3.1), except that
in FDTD the cell is discretized by a real space mesh instead of a Fourier mesh of plane waves.
Three-dimensional FDTD also uses the same calculation cell as MPB (Fig. 3.3), but again here the
cell is discretized. An additional difference is the use of PML boundaries for the vertical bound-
aries (indicated by the red instead of grey arrows in Fig. 3.3). As PML boundaries are good but not
perfect, FDTD, too, uses a calculation cell that measures one unit length in lateral directions but
more in the vertical direction to prevent perturbation of the modes in the structure. As FDTD gives
the dynamic properties of a field in a structure it is well suited to calculate energy decay times in
resonators and therewith quality factors and coupling properties. This will be discussed in detail in
the Chapters 4 and 5.



Chapter 4

Efficient Coupling into and out of
High-Q Resonators∗

Before we discuss laser structures in the next chapters, this chapter discusses the coupling into and
out of high-Q resonator waveguide structures. These structures could be integrated into the same
chip with the lasers described in the rest of this thesis to form a future monolithic integrated optical
device, like for instance a transceiver module with wavelength filtering functionality.

Devices that rely on coupling light into and out of high-quality factor (high-Q) resonators
have been receiving much attention in the field of integrated optics. Their narrow transmission
bandwidths make them useful as wavelength filters in telecom applications [Fan 98, Imada 02b].
Furthermore, their high local field density and the low group velocity of the resonant mode can
be exploited in other devices such as sensors [Xu 00]. These resonator devices have been stud-
ied theoretically using tight-binding approaches and structures that rely on two-dimensional (2D)
photonic crystals for wave guiding [Stefanou 98, Yariv 99, Mookherjea 02, Johnson 01a].

A commonly observed complication in determining the transmission coefficient of those de-
vices is the fact that the simulation times of many widely used time-domain methods, such as
the finite difference time domain (FDTD) [Kunz 93] method, can be very long. Due to the high-
Q of the resonators a long time is needed to let the resonator decay fully in order to obtain the
transmission coefficient.

In this Chapter we will study simple resonator structures as shown in Fig. 4.1, which consist of
silicon waveguides and rods with a refractive index of 3.45 in air with index 1. The conventional
waveguides on the left and on the right serve as input and output with a width of 0.4a which
makes them single-moded where a is the spacing between the rods. The light couples from the
left-hand-side waveguide into the resonator in the middle and then out into the right-hand-side
conventional waveguide. The resonator structure can be seen as an one-dimensional (1D) photonic
crystal with a defect that is created by increasing the diameter of one of the rods. By changing the
size of the defect rod, the properties of the resonator can be tuned. We choose for the rods a radius
of 0.2a. Using the temporal coupled mode theory of Haus [Haus 84] we can quickly determine
the transmission properties of a resonator device without the need for full transmission FDTD
simulations. In this theory the peak transmission in resonance of a resonator device that consists

∗A part of this chapter is based on: R. Harbers, N. Moll, D. Erni, G.-L. Bona, and W. Bächtold, "Efficient coupling
into and out of high-Q resonators," in J. Opt. Soc. Am. A, vol. 21, no. 8, pp. 1512-1517, August, 2004
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a

Figure 4.1: Basic structure of the devices investigated in this paper. The conventional waveguides
on the left and on the right side serve as input and output and the resonator is a defect in an 1D
photonic crystal.

of a resonator, an input waveguide and an output waveguide is given by

T =
4τ 2

τ 2
e

. (4.1)

Here 1/τ is the energy decay rate of the total device, i.e., the energy decay rate due to resonator
losses and coupling into the two waveguides. The decay rate 1/τe is the contribution to the decay
rate due to coupling of light into one of the waveguides. In our case the contribution of the input
waveguide is equal to that of the output waveguide. The decay rate of the device is then given by:

1

τ
=

1

τ0

+
2

τe

, (4.2)

with 1/τ0 being the decay rate due to radiation losses of the resonator, without the contribution of
the waveguides. Combining the Eqs. (4.1) and (4.2) yields

T =

(
1 − τ

τ0

)2

. (4.3)

The decay rate of the device 1/τ is easily accessible by monitoring the energy dissipation
of the device in a FDTD calculation. However, 1/τ0 can not be extracted from that calculation.
Therefore, we propose the following solution.

We calculate the decay rate of a device 1/τ iso where the resonator device has no accessing
waveguides and the resonator is thus isolated. In this case the decay rate of the device 1/τ iso is
equal to the decay rate of the resonator 1/τ iso

0 . We approximate now the decay rate of the res-
onator 1/τ0 with waveguides in Eq. (4.3) with that of the isolated resonator 1/τ iso. Therefore, the
transmission T is approximately given by:

T ≈
(
1 − τ

τ iso

)2

. (4.4)

The only approximation we made here is that the decay rate due to the losses of the resonator 1/τ0

does not change much when the waveguides are added to the isolated resonator. This assumption
is valid for resonator devices as their resonator has to be largely isolated from external ports to
obtain the high quality factor.

This approximation can be very useful because the calculation of decay rates with FDTD re-
quires far less time than the full transmission calculations do. The above described approach allows
a much faster design of a high-transmission device, especially if the behavior of a device is not
known in advance.
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In this Chapter we investigate the resonator structures using the proposed design scheme. First,
we provide a brief overview of the computational methods in Section 4.1. In Section 4.2 the res-
onator structures are described in detail and optimum parameters of them are calculated. Then in
Section 4.3 two examples, a waveguide filter and a crossing using these resonators, are discussed.
The results of FDTD transmission calculations are compared with the results of the new design
scheme using the resonator’s decay rates. Finally, in Section 4.4 a summary is given.

4.1 Computational Methods

In Chapter 3 the computational methods used in this thesis are generally described. In this chapter
they are used to analyze and simulate resonator structures. The details of the application of these
methods to analyze the resonator structures and determine their quality-factor or Q-factor are given
in this section.

In the following study of the resonators two methods of investigation are applied. The band
structures of the 1D photonic crystal configuration are calculated using MPB, the software pack-
age that has been discussed in Section 3.1. The super cell used to calculate the bands of the 1D
photonic crystal measures 5a by 1a. To obtain well-converged solutions, 16 mesh points were used
per grating period, leading to 80 plane waves in the super cell. All other calculations are performed
using 2D FDTD code. The calculations of the decay rates of both the isolated resonator and the
resonator device are performed using a calculation cell that has a size of 10a by 10a. The lattice
constant a of the photonic crystal is discretized by 20 mesh points. The defect resonator is excited
by a Gaussian envelope pulse from a dipole source, which is positioned slightly away from the cen-
ter of the resonator so that modes with all symmetry types are likely to be excited. The frequency
of the pulse was centered around 0.265 c/a, its Full-Width-at-Half-Maximum is 0.061 c/a. The
simulation is run for more than 30,000 time steps. The decay rate of the device is then determined
from the energy dissipation in the resonator. The error in the fit has been determined to be at most
1%. The calculations of the transmission spectra are performed using the same discretization of
the lattice constant as that when calculating the decay rate. The excitation pulse also has the same
frequency and width. The calculation window measures 20a by 5a. However, the calculations were
run for more than 300,000 time steps to allow the field in the high-Q resonator to decay fully. This
corresponds to more than 39,000 oscillations of an electric field with frequency 0.265 c/a.
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Figure 4.2: The band diagram for TM polarization of an infinitely long row of Si rods in air. The
spacing between the rods is a and their radius is 0.2 a.

4.2 Resonator in a 1D Photonic Crystal

To gain a better understanding of the devices, first the modes of the infinite 1D photonic crystal
structure that forms the basis of the structure are computed. The band diagram is shown in Fig. 4.2.
To generalize the results for various rod spacings, both frequencies and k vectors are expressed in
units normalized to the rod spacing a throughout this paper. Frequencies are plotted in units of
c/a, and k vectors in units of 2π/a. We only study the transverse-magnetic (TM) polarization for
which the photonic crystal exhibits a band gap for frequencies between 0.263 and 0.447 c/a.

By introducing a defect by changing the size of one rod in the infinite 1D photonic crystal
shown in Fig. 4.1 a mode is created whose frequency lies in the band gap. Therefore, a high-Q
resonator is formed. For this isolated resonator we calculate the resonance frequency and its Q in
dependence of the radius of the defect with the Q being given by the energy decay rate 1/τ and
the resonance frequency ω0

Q = τω0. (4.5)

The resonance frequencies and Q are plotted in Fig. 4.3. Two clear peaks for the Q can be seen.
These are from a dipole state for smaller radii of the defect and a quadrupole state for larger radii,
which exhibit for certain radii high Q. Exploiting the dipole state one can achieve a slightly higher
maximum Q. The resonance frequencies for the dipole states approach the lower bandgap for radii
larger than 0.6a. Therefore only quadrupole states facilitate resonant transmission for larger radii.
The z-component of the electric field for both the dipole and quadrupole state are shown in Fig. 4.4.

The limited mesh density causes the structures to be discretized, which means that very small
changes in the structure geometry are not reflected in the actual structure. However, the same sys-
tematical error is made for both the decay rate and the transmission calculations. The discretization
errors could be reduced by increasing the mesh density of the FDTD calculations further.

The actual resonator device is created by reducing the infinite photonic crystal to a finite one
by limiting the number of rods on either side of the defect. Then a single-moded conventional
waveguide is added on each side to act as input and output waveguide. Now, the decay rate and Q
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Figure 4.3: Quality factor Q and the corresponding resonance frequencies for dipole and
quadrupole modes as a function of the defect radius for the resonator with a infinite photonic
crystal.

of the resonator structure can be tuned not only by changing the defect size but by also changing
the number of rods Nrods between the defect and the conventional waveguides. We will study a
device with two rods Nrods = 2 between the waveguide and the defect and a device with three rods
Nrods = 3. The number of rods influences the evanescent tails of the mode. Therefore, using less
rods will increase the coupling between the waveguides and the defect, whereas more rods will
decrease it.

(a) (b)

Figure 4.4: Two resonating structures, showing the Ez field. (a) Defect of radius of 0.375 a which
results in a dipole resonance. (b) Defect radius of 0.88 a which results in a quadrupole field with
two nodes. The Ez field is oriented in parallel to the rod axis. The intensity of the colors indicates
the magnitude of the Ez field.
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Figure 4.5: Maximum transmission from FDTD and transmission from the temporal coupled mode
theory (tCMT) as a function of resonator radius. The inset schematically shows the structure in-
vestigated.

4.3 Wavelength Filter and Crossing

Two different devices based on the resonator structure are studied. The first device is simply the
basic structure itself as pictured in Fig. 4.1, which in fact acts as wavelength filter. The second de-
vice is a crossing which is an extension of this structure. The crossing is in principle a combination
of two resonator structures which are combined to a cross. Because of the dipole symmetry of the
resonator the perpendicular propagation directions do not interact [Johnson 99b]. Therefore, the
results of the wavelength filter can be applied for the design of the crossing.

4.3.1 Wavelength Filter

The maximum transmission coefficients of the wavelength filter devices with Nrods = 2 and
Nrods = 3 are shown as a function of the defect radius in Fig. 4.5. For comparison the transmission
obtained from the coupled mode theory are also shown. The device with Nrods = 2 has two trans-
mission maxima, one in the dipole regime at a defect radius of 0.38 a, the other in the quadrupole
regime at 0.88 a. The former is largest, featuring a transmission coefficient of more than 84%. Fur-
thermore, the values found using the proposed model and the actual calculated FDTD transmission
coefficients agree very well and show maxima for the same radii.

To better understand the influence of the decay rates 1/τ and 1/τe on the transmission we
use the calculated transmission and the calculated total lifetime τ to obtain the lifetime of the
decay into the waveguide τe from Eq. (4.1). Both lifetimes and the transmission are shown in
Fig. 4.6. Using Eq. (4.1) the transmission characteristics can easily be understood. Either a large
total lifetime τ or a small lifetime of the decay into the waveguide τe leads to a large transmission.

For the device with Nrods = 2 (Fig. 4.6(a)) there is a transmission maximum for a radius of
0.38a. For this radius the decay time τ is relatively large while τe is relatively small. The large
lifetime τ and thus small total decay rate 1/τ is due to a high Q (Fig. 4.3). This leads to a large
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Figure 4.6: τ , τe and the transmission from FDTD as a function of resonator radius for Nrods = 2
and Nrods = 3.

transmission although the lifetime of the decay into the waveguides τe is not minimal. Therefore,
in the dipole regime the device has a high transmission due to the fact that the radiation losses are
small. The transmission maximum at radius 0.88a corresponds with a minimum in τe and thus a
maximum in the decay rate into the waveguides. Furthermore, the total lifetime τ as function of
the defect radius in this region is small and flat. The transmission in this region is dominated by
the decay rate into the waveguides.

The transmission of the device with Nrods = 3 (Fig. 4.6(b)) shows a transmission maximum
at radius of 0.6a. Here, the total lifetime τ and the lifetime of the decay into the waveguides τe

gradually approach each other quantitatively with increasing defect radius , indicating an improv-
ing coupling into the waveguides for these defect radii. The reason for this improved coupling
is that the frequency of the defect mode gradually moves towards the band-edge, as can be seen
in Figs. 4.2 and 4.3, thus reducing the confinement due to the photonic bandgap. The transmis-
sion follows this behavior and gradually increases. The total lifetime τ decreases slower than τe.
Therefore, the transmission is dominated by the decay into the waveguides.

Comparing the device with Nrods = 3 and the device with Nrods = 2, the device with Nrods = 3
has no transmission maximum for a radius of 0.4a. This is caused by the fact that for small defect
radii the lifetime of the decay into the waveguides τe is much larger for the device with Nrods = 3
than the device with Nrods = 2.

The device with Nrods = 3 has a transmission maximum for a radius of 0.88a that corresponds
with a maximum in total lifetime τ . The lifetime of the decay into the waveguides τe is large and
varies little with the defect radius. For a radius of 0.88a the device has a maximum Q. Therefore,
in the quadrupole regime the device has a high transmission due to the fact that the radiation losses
are very small although the decay rate into the waveguides is very small, too. The transmission
spectra are shown in Fig. 4.7.

The Q can be calculated using the full width at half maximum (FWHM) values of transmission
spectra. These Q exhibit good agreement with the values calculated from the decay rates: The
FWHM of the dipole peak for the device with Nrods = 2 gives a Q of 895, the corresponding value
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Figure 4.7: Transmission spectra of the devices with Nrods = 2 and Nrods = 3. The device with
Nrods = 2 has two transmission maxima. The first one with a radius of the defect rod of 0.38a fea-
tures a dipole-resonance mode, the second one with a radius of 0.88a has a quadrupole-resonance
mode.

calculated using the decay rate is 925. From the FWHM of the quadrupole peak a Q of 292 can be
calculated. The value calculated using the decay rate in this case is 298. The FWHM of the dipole
peak for the Nrods = 3 device indicates a Q of 157, the value from the decay rate is 159. Finally,
the quadrupole peak for the device with Nrods = 3 yields a Q of 1405, the value calculated using
the energy decay rate is 1918. The larger difference in the last case is due to a extremely small
FWHM value which is more sensitive to errors due to the limited numerical accuracy, which is
10−7.

Finally, the z-component of the electric field of the wavelength filter at resonance is shown in
Fig. 4.8. The device exhibits a resonance mode with a dipole symmetry which can be exploited to
suppress crosstalk in a crossing, as described in the next section.

4.3.2 Crossing

The crossing consists of two wavelength filters that are positioned perpendicular to each other
and share the same resonator. Because the resonator geometry of the crossing (in the propaga-
tion direction) is equal to the geometry of the wavelength filter, the same analysis can be used.
The dipole symmetry of the resonance minimizes the coupling into the perpendicular waveguides
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Figure 4.8: The wavelength filter with Nrods = 3 and radius 0.58a in resonance at a frequency of
0.2655c/a. The intensity of the colors indicates the Ez field magnitude.

Figure 4.9: The crossing with Nrods = 3 in resonance at a frequency of 0.2655c/a. The radius of
the resonator is 0.58a. The intensity of the colors indicates the Ez field magnitude.

[Johnson 99b]. Due to the symmetry of this geometry no field is radiating from the resonator per-
pendicular to the propagation direction as can be seen in Fig. 4.8. Thus the crosstalk is minimized.
Our simulations confirmed that the amount of light that couples into the perpendicular waveguide
is smaller than the current calculation accuracy.

The z-component of the electric field of the resonator crossing in resonance is shown in
Fig. 4.9. The resonance mode of the device has a dipole symmetry. Our device has a defect ra-
dius of 0.58 a and is based upon the corresponding wavelength filter with Nrods = 3. This choice
of defect results in a transmission of 49.6%, which compares well with 50.2% obtained for the
wavelength filter. Furthermore, the transmission spectrum of the crossing is very similar to the
spectrum of the wavelength filter. The crossing itself is therefore also wavelength-selective.
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4.4 Summary

Based on the temporal coupled mode theory of Haus [Haus 84] an analysis method has been pro-
posed that enables the fast determination of the transmission properties of resonator devices. The
analysis method uses decay rate calculations which yield to the transmission properties with a
much smaller computational effort than performing full transmission calculations.

Two sample structures have been studied: a wavelength filter and a crossing. The transmission
behavior predicted by the analysis method agrees excellently with the transmission coefficients
obtained using full FDTD calculations. The analysis can thus be applied in the design process of
devices that require the coupling of light into and out of a resonator.

The results show that two factors play an important role in coupling into and out of high-Q
resonators. First, the higher Q-factor of the resonator is, the lower the losses to the environment.
Second, the stronger the coupling from the waveguides to the resonator is, the higher the trans-
mission. The first and second factor contradict, as strong coupling to the waveguides decreases the
Q-factor. A optimum can be found that forms a trade-off between Q and waveguide coupling.

The next step in this topic would be to design structures in 3D and in a material system that
is compatible with the materials used in the laser structures. This would then open the way to
integrate the resonator structures monolithically with the lasers described in the rest of this thesis.



Chapter 5

TiO2-enhanced structures

This chapter reviews laser structures that feature enhanced feedback using a thin layer of titanium
dioxide (TiO2). It is structured as follows:

First, the design of the structures is discussed in Section 5.1. Then, the fabrication is described
in Section 5.2, followed by a description of the experimental setup in Section 5.3. The results of
the characterization are given in Section 5.4. Finally, a summary is given.

5.1 Design∗

In this section the design of photonic crystal lasers is discussed. The enhanced mode coupling that
results from the introduction of a thin layer of high-index material is discussed and a comparison is
made with laser structures that do not have a high-index layer. The section is structured as follows.

First we provide the details of the computational methods used in this section. Then we inves-
tigate the band structure of the photonic crystal. The photonic band structure provides information
on the type of laser feedback we can expect at certain specific frequencies. Subsequently we de-
scribe the design of our laser structures. Calculations of the coupling constant are presented to
confirm that the new design features stronger coupling than conventional designs. The gain thresh-
old of a laser can then be determined from the coupling constants and gives an indication how
efficient the laser structure is.

Most organic photonic crystal lasers considered until now feature holes etched in a glass sub-
strate. Their feedback accordingly relies on the index contrast between the glass and the organic
gain material [Berggren 98, Notomi 01]. This index contrast is typically 0.3 because the refractive
index of quartz is 1.46 and that of a typical organic material 1.75. As the coupling of the modes in
the laser and thus the feedback increases with the index contrast a larger index contrast is desirable
for achieving smaller devices. However, lowering the index of the quartz or raising the index of the
organic gain material is not easily achieved. An alternative route that does allow achieving higher
index contrasts is by creating a photonic crystal directly in the organic material, for instance by soft
lithography [Lawrence 03]. The index contrast in this case is approx. 0.75 if the photonic crystal
is created on top of the organic layer. However, the center of the mode in the structure will be
shifted down towards the quartz substrate as quartz has a higher index than air. The larger distance
between the center of the mode and the corrugated layer reduces the coupling of the modes.

∗A part of this section is based on: R. Harbers, N. Moll, R. F. Mahrt, D. Erni, and W. Bächtold, "Enhancement of
the mode coupling in photonic-crystal-based organic lasers," in J. Opt. A: Pure Appl. Opt., vol. 7, no. 2, pp. S230-
S234, February, 2005
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organic material

high-index material

SiO2 substrate

Figure 5.1: Basic structure of the laser investigated: SiO2 substrate with a high-index photonic
crystal layer and an organic material. The dimensions of the image are in scale with the actual
structure dimensions determined in this section.

The laser structures under investigation consist of a photonic crystal with high-index material
and an organic light-emitting material, as shown in Fig. 5.1.

To fabricate this structure, first a thin layer of high-index material is deposited on a SiO2 sub-
strate. Then a periodic pattern is etched into the high-index material to create the photonic crystal.
Finally, an organic material is deposited on top of the high-index material, completely filling the
holes of the photonic crystal. This structure improves the mode confinement in the waveguide
formed by the organic material and the high-index material and increases the index contrast be-
tween the photonic crystal layer and the organic material. This results in stronger mode coupling,
leading to enhanced feedback and hence to smaller devices [Mekis 00].

5.1.1 Computational Methods

In our study of the photonic crystal laser structure two methods of investigation have been applied.
The band structures of the photonic crystals are calculated using the MPB software that has been
discussed in Section 3.1. The 2D band diagram was calculated using 20 plane waves per unit cell
length. The density of states (DOS) is calculated, and the results were interpolated using the linear
tetrahedron method [Hama 90]. The super cell used to calculate the 3D band diagram measures 1a
by 1a laterally and 6a vertically. Again, 20 plane waves per unit cell length were used.

The coupling constants are calculated from the energy decay rate in the waveguide layers,
which have been simulated using a 3D Finite Difference Time Domain (FDTD) code as discussed
in Section 3.2. The calculation of the energy decay rates is performed using a calculation cell that
has a size of 1a by 1a laterally and 9a vertically. The lattice constant a of the photonic crystal is
discretized by 20 mesh points. The lateral boundary conditions are periodic to form the photonic
crystal whereas the vertical boundaries have been terminated by a Perfectly Matched Layer (PML)
boundary condition. The vertical dimension is larger than in the MPB calculation to minimize the
influence of reflections of the PML.

The modes in the structure are excited by a TE-polarized Gaussian envelope pulse from a
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dipole source, positioned slightly off the middle of the organic layer, to prevent mode selection by
the symmetry of the dipole source. The frequency of the pulse matches the frequency of the mode
under investigation as explained below. The simulation is run for more than 15000 time steps to
let the energy in the structure decay long enough so that the decay rate can be determined within
an error of 1%.

We only consider the rectangular photonic crystal lattice in this thesis. The methods and prin-
ciples presented are, however, also valid for other lattice configurations.

5.1.2 Band Diagrams

The main tool for designing photonic crystal structures is its 2D and 3D band diagram. Although
we will use a 3D band diagram in Section 5.1.3 to determine the exact parameters of the laser
device, the properties of a photonic crystal that are of interest for lasing applications can be qual-
itatively illustrated using a 2D photonic band diagram. The band diagram is shown in Fig. 5.2(a).
The photonic crystal consists of a rectangular lattice of holes in a high-index material (n = 2.5).
The frequencies are normalized to c/a, where c is the speed of light and a the lattice constant. The
holes have a radius of 0.35a, as this size is easily achievable using conventional fabrication tech-
niques, and are filled with an organic material, whose index is 1.75. This value has been chosen as
it is typical for organic gain materials. The band diagram shows the dispersion curves of the modes
from which we can identify modes that are candidates for lasing. The lasing modes can be found
at the Γ, X and M points of the irreducible Brillouin zone. Standing waves are formed, exhibiting
a flat dispersion curve as their group velocity vg = dω/dk approaches zero and showing peaks in
the DOS , as the DOS is proportional to 1/vg [Mekis 99].

In Fig. 5.2(b), the Z-component of the magnetic field of the modes is shown for different
points of the irreducible Brillouin zone. Here Z is the direction perpendicular to the plane. Clearly
different field patterns can be attributed to modes at the different points. This can be explained by
considering the different mechanisms governing the feedback at each point.

The feedback mechanisms at different high-symmetry points of the photonic crystal are given
in Fig. 5.2(c) and (d). The laser modes at X1, M1 and X2 oscillate in plane whereas the modes at
Γ1 and Γ2 also exhibit vertical emission. The laser modes at the X1 and M1 points are first-order
DFB modes. However, as the grating is two-dimensional, at each point not two but four modes
lase at the same frequency. In the case of a triangular lattice it can be even six modes. The first-
order X2 point is a special case: As displayed in Fig. 5.2(c), these modes receive feedback from
the third-nearest neighbor. The modes at Γ1 and Γ2 are the second-order DFB modes Γ − X − Γ
and Γ − M − Γ, respectively, who emit vertically. These modes are of special interest in view of
vertically-emitting lasers.



34 TiO2-enhanced structures

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
fr

eq
ue

nc
y

(c
/a

)

Γ

ΓΓ

X

X

M

M DOS

Γ1

Γ1

Γ1

Γ2

Γ2

Γ2

X1

X1

X2

X2

M1

M1

a)

b)

c)

d)

TE modes
TM modes

Figure 5.2: (a) 2D band diagram of the photonic crystal. TE modes are shown in red, TM modes
in blue. The modes that are of interest for vertical emission are indicated by the two boxes, the
modes that can exhibit in-plane lasing are encircled. The DOS shows peaks at the corresponding
frequencies. The inset shows the Brillouin zone for a rectangular lattice. (b) Z-component of the
magnetic field for five different high-symmetry points. Red indicates a positive field, blue a neg-
ative field. The contours of the photonic crystal are highlighted in black. (c) Laser feedback in
reciprocal space. (d) Emission directions shown as grey arrows: the first-order modes oscillate in
plane, the second-order modes also emit vertically.
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Enhanced feedback

We investigate the design of the organic laser structures based upon a photonic crystal in a high-
index layer and thus feature enhanced feedback. These structures have to obey the following four
criteria:

First, the high-index material has to be transparent, e.g., exhibit low losses, in the visible. Most
organic materials emit in this wavelength range. A material like silicon, which exhibits a very high
index, is only transparent for wavelengths above 1.2 μm and therefore not suitable.

The second criterion is that the light has to be confined mostly in the organic gain material.
This imposes a limit on the thickness of the high-index material because if the layer were too thick
it would confine too much of the light in the photonic crystal. Therefore, the effective index of the
lasing mode should be smaller than the index of the organic material so that the mode can extend
into the organic gain material.

The third criterion is that the lasing mode should not leak into the SiO2 substrate. Therefore,
the effective index of the lasing mode has to be larger than 1.46.

The fourth and last criterion requires that the resonance frequency of the underlying photonic
crystal match the spectral gain region of the organic material. This criterion can always be fulfilled
by choosing the right lattice constant a.

5.1.3 Implementation

The basis of an organic laser is its organic gain material. In the literature the polymer methyl-
substituted ladder-type poly(para-phenylene) (MeLPPP) has been extensively investigated, re-
vealing many interesting properties such as the exceptionally high gain of around 2000 cm−1

[Wegmann 99b]. MeLPPP has a index of approx. 1.75 and a gain maximum at 490 nm. As it is a
polymer that can be deposited using spin-coating, the upper surface of the device is flat as indicated
in Fig. 5.1 [Riechel 00b]. This is not the case with a layer of a material that has to be evaporated.
These layers usually reflect the underlying periodic pattern in the upper surface. In the following
discussion we assume MeLPPP to be the gain material.

A promising candidate for the high-index material is titanium dioxide (TiO2). TiO2 is trans-
parent in the visible, and its index is around 2.5 for a wavelength of 490 nm. Furthermore, TiO2

can be processed using widely available tools. It can be deposited using conventional depositing
techniques, such as sputtering, and etched using reactive-ion etching. By choosing TiO2 as the
material for the photonic crystal we have fulfilled the first design criterion stated above.

Estimation of the maximum TiO2 thickness

To fulfill the second and third criteria the maximum thickness of the TiO2 has to be determined.
The coupling of the laser modes will grow with the thickness of the TiO2 layer. However, if the
TiO2 layer is too thick, the light will be confined mainly in the TiO2 layer and the field energy in
the gain material will be too small for stimulated emission.

We obtain a first estimate of this maximum thickness by calculating the effective index of
the laser modes of a one-dimensional (1D) DFB structure with the same air-to-TiO2 ratio as the
photonic crystal. The calculation of the modes of a structure that is periodic in one direction is
much faster than that of a photonic crystal because we can use a 2D cross-section of the structure
instead of a full 3D calculation, as shown in the inset of Fig. 5.3.
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shows a sketch of the cross section investigated.

The effective index of the laser modes vs. the thickness of the TiO2 layer is plotted in Fig. 5.3.
The thickness of the organic layer is set to 0.6a. This thickness ensures the waveguide to accom-
modate a single mode, even if the effective index of the guided mode is increased by adding TiO2

to the layer package. An effective index of less than 1.75 means that the mode can extend into the
organic material. From Fig. 5.3 we see that if the thickness of the TiO2 layer exceeds 0.3a, the
effective index is larger than 1.75. The consequences of this larger refractive index are illustrated
in Fig. 5.4, where the electric field intensity in the DFB structure with a TiO2 thickness of 0.1a is
compared to the field intensity of the DFB structure with TiO2 thickness 0.5a. The former is well
below the effective index threshold, the latter is above. The field in Fig. 5.4(a) is mainly concen-
trated in the organic layer whereas in Fig. 5.4(b) the field is confined in the TiO2 layer. Due to the
geometry of the structure there is a field maximum in the polymer, too. To ensure that the light
is strongly confined in the organic material, we set the thickness of the TiO2 to 0.1a. For the 1D
DFB structure, this results in an effective index of approx. 1.64, which is still much higher than the
index of the substrate, which is 1.46. This means that using a TiO2 thickness of 0.1a fulfills both
the second and the third design criterion for the 1D DFB structure.

Determination of the lattice constant

Using a thickness of the organic layer of 0.6a and of the TiO2 layer of 0.1a, the 3D photonic band
diagram of the laser structure is calculated. The radius of the holes in the photonic crystal is chosen
to be 0.35a, as this can be easily achieved using conventional technology. The results are plotted
in Fig. 5.5.

The 3D band diagram shows the same basic features as the 2D band diagram in Fig. 5.2(a).
The modes indicated as ’even-like’ correspond to the TE modes in Fig. 5.2(a), the ’odd-like’ modes
correspond to the TM modes. We use this different classification because the system considered
in Fig. 5.5 is not 2D and therefore the modes are not 100% TE or TM. Furthermore, only modes
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Figure 5.4: Electric field intensity distribution in the DFB structures with two different TiO2 layer
thicknesses. The dielectric structure is outlined in black.

in a system that is symmetric with respect to the waveguide plane can be called purely ’even’ and
’odd’. As our system is asymmetric, our modes have to classified as ’even-like’ and ’ odd-like’
[Johnson 99a].

The modes that are not guided by the waveguide formed by the gain polymer and the TiO2 layer
have been filtered out by only considering modes that have more than one third of their energy in
the waveguide. Using the points of interest identified in Fig. 5.2, we see that the first-order modes
at X1 and M1 lie below the SiO2 light line. The SiO2 light line forms the limit above which the
modes can couple to modes in the SiO2. The modes below the SiO2 light line cannot couple into
the substrate and/or the air. The modes at Γ1 and Γ2, in contrast, exhibit an in-plane feedback of
second order and couple out light perpendicularly to the plane in the first order. The frequencies
in the band diagram are normalized to c/a, where c is the speed of light and a the lattice constant.
For a desired emission wavelength λ, the lattice constant can be calculated using the frequency ν
of the mode in units of c/a, by

a = νλ. (5.1)

The optimum lattice constant a is achieved when the wavelength of the laser mode, found using
Eq. (5.1), coincides with the gain maximum of the organic gain material.
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Figure 5.5: 3D band structures of the organic laser structure. The photonic crystal layer has a
thickness of 0.1a, the organic layer has a thickness of 0.6a.

In the band diagram, the effective index of a mode and the frequency ν are related by

neff =
k

ν
, (5.2)

where k is the wave vector in units of 2π/a and ν is in units of c/a. Certain modes are folded-back
modes, as in the case of the modes at the Γ1 point. When determining their effective index this has
to be taken into account by using the folded-back wave vector.

For the Γ1 point a frequency of 0.68c/a corresponds to an effective index of 1.46, which is the
lower limit mentioned in the criteria. A frequency of 0.57c/a corresponds to an effective index of
1.75, which is the upper limit. As it can be seen in Fig. 5.5(b), the modes at Γ1 fall within this
range. This confirms that the effective-index results obtained from the 1D DFB structure are a
good approximation for the photonic crystal structure. The same analysis can be performed for the
modes at X , M and Γ2, and they also fall within the boundaries.

We determine the laser parameters from the normalized frequencies and wave vectors of the
laser modes in Fig. 5.5. The lattice period a is obtained through Eq.5.1. For a first-order laser
intended to lase at a wavelength of 490 nm at the X1 point, the lattice constant has to be 154 nm.
This results in a thickness of 93 nm for the organic material layer and of 15 nm for the TiO2

layer. A second-order laser intended to emit at the Γ1 point will have to have a lattice constant a
of 289 nm. The organic material layer will therefore be 173 nm and the TiO2 layer 29 nm thick.
A suitable MeLPPP thickness for achieving lasing is approximately between 100 nm and 300 nm
[Bauer 02]. The values obtained with our modeling fit into this range.
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5.1.4 Coupling Constant Calculations

We now calculate the effect of the high-index photonic crystal on the coupling constant of the
vertically emitted radiation at the Γ1 point. We vary the index of the photonic crystal layer and
keep the index of the organic constant at 1.75. The amount of light that is coupled out of the
structure by the photonic crystal is described by the amplitude coupling constant h1 given by

h1 =
1

2vgE

dE

dt
, (5.3)

or one-half of the fractional change in power flux along the waveguide [Mekis 00]. Here E is
the energy in the waveguide layers and vg is the group velocity of the unperturbed waveguide.
The latter is defined by the zeroth-order component in the Fourier decomposition of the dielectric
constant. In practice this means that the organic-layer thickness is replaced by an effective organic-
layer thickness, which is obtained by adding the volume of the organic material in the holes to the
volume of the organic layer and then calculating the new thickness. The effective organic-layer
thickness is thus increased by π (R2/a2) t. The hole radius R is 0.35a and the photonic crystal
layer thickness t is 0.1a in this case. The effective thickness of the TiO2 layer is obtained by
subtracting the same quantity πr2t from the actual thickness. Here r = R/a, the radius in units of
a. Fig. 5.6 shows a horizontal and a vertical cross section of the structure, indicating r and t.

R

a

(a) horizontal

a

t

substrate

(b) vertical

Figure 5.6: Cross sections of a unit cell of the laser structure. The photonic crystal material is
displayed in black, the polymer material in gray and the substrate in white.

The 3D-FDTD code is used to determine the exponential decay due to the coupling by monitor-
ing the energy dissipation of the wave guiding layer. From the decay rate the coupling constant can
then be obtained. To ensure that the same mode is examined for each index, the center frequency
of the Gaussian excitation is adapted according to calculations of the band structure. The width
of the excitation is narrow enough to excite only the mode of interest and to prevent excitation of
other radiating modes.

In Fig. 5.7, we show the coupling constant of the vertically emitted radiation as a function of
the index of the photonic crystal layer. There are two regions of coupling constants, separated by
the index of the organic material of 1.75. Exactly at an index of 1.75, there is no mode coupling
because there is no index contrast between the photonic crystal layer and the organic material.

In the first region, i.e., for an index lower than 1.75, the coupling constant only increases
slightly with increasing index contrast. Devices that fall into this region have the advantage that the
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Figure 5.7: Coupling constant h1 as function of the index of the photonic crystal layer. The pho-
tonic crystal layer has a thickness of 0.1a; the organic coating has a thickness of 0.6a.

light is automatically confined in the organic material, which simplifies fabrication. Such devices
will work for all thicknesses of the photonic crystal layer.

In the second region, i.e., for an index larger than 1.75, the coupling constant also increases
with the index contrast. However, if the index of the photonic crystal layer is 2.5, it is almost 20
times larger than the maximum in the other region. Although devices that fall into this higher-index
region require more design criteria to be fulfilled, they can exhibit much higher coupling constants.
As the feedback provided by the structure is proportional to its coupling constant, the devices can
be proportionally smaller. The next section will discuss this in more detail.
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5.1.5 Gain Thresholds

An important property of a laser is its lasing threshold, i.e., the pump energy required to start
the lasing process. The lasing threshold depends on the gain provided by the laser medium and
the efficiency of the feedback mechanism. The gain (as a function of pump power) is a material
property and can be changed by changing the laser gain material. The efficiency of the feedback
mechanism, however, can be changed by designing the cavity or the feedback grating properties.
The efficiency of the feedback can be described using the gain threshold. The gain threshold is
the minimum gain a laser medium must be able to provide to enable lasing for the given feedback
mechanism.

This section discusses the calculation method for determining the gain threshold of a DFB
structure and the application of this method to the structures that are the topic of this thesis. It is
important to emphasize that the model described in this section has some limitations, whose causes
will be discussed further below. In short:

The model may only be used on rectangular lattice, second-order DFB photonic crystal lasers.

Calculation method for the gain threshold.

This section discusses the method for calculating the gain threshold of a laser from the out-of-
plane coupling constant h1 and the in-plane coupling constant h2. The modes affected by coupling
constants h1 and h2 are sketched in Fig. 5.8.

h1

h2

Figure 5.8: Coupling to out-of-plane modes, described by h1 and coupling to in-plane lasing
modes, described by h2.

First, we determine the coupling constants. In contrast to h1, coupling constant h2 cannot be
directly determined from a 3D-FDTD calculation, as it cannot be directly related to a quantifi-
able property like scattered radiation. It will therefore be calculated from the known out-of-plane
coupling constant h1 and the laser geometry. After both coupling constants are known, the gain
threshold can be calculated from h1 and h2. This will be discussed at the end of this section.

The out-of-plane coupling constant h1 of the DFB-like mode at Γ1 is calculated from the energy
decay, following Eq. 5.3:

h1 =
1

2vgE

dE

dt
. (5.4)

Eq. 5.4 is only valid for modes that behave like a second-order DFB mode, as they have a com-
ponent that is vertically coupled out of the waveguide. First-order modes do not have a radiating
component, which means there is no energy decay due to coupling. The in-plane coupling constant
h2 can be deduced from h1 using the following analysis:
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Figure 5.9: (a) Unit cell of a DFB laser, with period a and duty cycle b/a. (b) Unit cell of a photonic
crystal laser, with period a and hole radius r. The laser modes propagate in the x-direction.

In Fig. 5.9 the unit cells of a 1D DFB laser and the photonic crystal structure are shown. The
round shape of the holes in the photonic crystal can be approximated by a square in a slowly
varying envelope approximation. The dimensions of the hole and its representing square are linked
as:

bxby = πr2. (5.5)

The extensive theory published on DFB lasers can be used on these modes if we only con-
sider modes in the photonic crystal laser that correspond to conventional DFB modes (for instance
the modes at the Γ1 point). Those modes propagate purely in the x-direction, along the axis of
the periodicity of the photonic crystal, unlike some other laser modes in photonic crystal lasers.
This means we can describe these modes as 1D DFB modes if we take into account the different
effective index contrast in the photonic crystal structure.

As can be seen in Fig. 5.9, the index contrast in the 1D DFB laser, Δndfb, is larger than the
index contrast in the photonic crystal, as the structured surface of the DFB is larger. The index
contrast in the photonic crystal can be expressed as:

Δnpc =
by

a
Δndfb. (5.6)

The fact that the modes considered have to correspond to conventional 1D DFB modes and the
need for a vertical emitting component to determine h1 limit the validity of the model described in
this section to rectangular lattice, second-order DFB photonic-crystal lasers, as stated before.

Kazarinov, et. al., have determined the relation between h1 and h2 for 1D second-order DFB
lasers with a thin grating [Kazarinov 85]:

h1

h2

∼= 2tΔndfb

λ
tan

(
πbx

a

)
. (5.7)

Here t is the thickness of the corrugated layer as in the previous section and λ is the laser
wavelength. Duty cycle bx/a ranges from 0 to 0.5. In our structure, the grating layer is 0.1a thick
and the gain material layer 0.6a thick. This gives:

t

dpolymer

Δn

npolymer

� 1, (5.8)

which shows that, in spite of the high refractive index of the TiO2, the perturbation of the corru-
gated layer is still so small that it can be regarded thin. The values of the effective index and index
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contrast in Eq. 5.7 were approximated in [Kazarinov 85]. After removing those approximations
and re-inserting the original expression, Eq. 5.7 becomes:

h1

h2

∼= tΔn2
dfb

neffλ

∣∣∣∣tan

(
πbx

a

)∣∣∣∣ . (5.9)

Here neff is the effective index of the mode in an unperturbed waveguide. We take the absolute
value of the tangent to take into account the fact that the amplitude of the Fourier terms for a
grating with a duty cycle d larger than 0.5 are equal to those with duty cycle 1 − d. In a tangent,
this is simply a sign change.

For the photonic crystal, setting bx = by and using Eqns. 5.5 and 5.6, this is adapted to:

h1

h2

=
tΔn2

pc

neffλ

∣∣∣∣tan

(
πbx

a

)∣∣∣∣ (5.10)

=
tb2

yΔn2
dfb

a2neffλ

∣∣∣∣tan

(
πbx

a

)∣∣∣∣ (5.11)

=
tπr2Δn2

dfb

a2neffλ

∣∣∣∣tan

(
π
√

πr

a

)∣∣∣∣ . (5.12)

With the knowledge of h1 and h2, we proceed to calculating the gain threshold. The gain
threshold for the vertical emitting mode in 1D second-order DFB lasers is given by [Makino 88]:

gth = 2

(
π

|κ|L
)2

L−1 + 4h1. (5.13)

Here κ represents the total coupling constant, given by κ2 = h2
1 + h2

2. The interaction length of
the mode with the distributed feedback structure is given by L.

Equation 5.13 can be re-written to

gth =
2π2

(h2
1 + h2

2)L
3

+ 4h1, (5.14)

which gives us the gain threshold.
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Figure 5.10: Coupling constants h1, h2 and gain thresholds as a function of the thickness of the
TiO2 layer and interaction length L. The minima in the gain threshold curves have been accentuated
with horizontal lines.

Application on organic photonic crystal lasers.

We use the calculation method described in the previous section to calculate the influence of the
high-index TiO2 layer on the coupling constants and the gain threshold. The structure investigated
is nearly identical to the structure described in the previous section, i.e., the TiO2-layer thickness
is 0.1a, the polymer thickness is 0.6a and the substrate is quartz. However, we now included an
hole-depth of depth 0.1a into the quartz substrate, additional to the hole in the TiO2 layer. For a
TiO2 thickness of 0.1a, the photonic crystal holes thus have a depth of 0.2a. This enables us to
obtain finite coupling constant values for the laser device without TiO2 and compare these with
devices where a TiO2 layer is present. In Fig. 5.10, the coupling constants and the gain thresholds
are plotted as function of the thickness of the TiO2 layer.

The gain threshold not only depends on the vertical layer package of the laser, but also on
the interaction length that is available for coupling. This can be directly translated into the lateral
dimensions of the laser structure. Gain threshold curves have been plotted for several interaction
lengths L.

Starting at a TiO2 thickness of 0, i.e., a laser structure whose corrugation is etched directly into
the quartz, a decrease in the gain threshold can be observed for increasing TiO2 thickness. This is
caused by the enhanced feedback due to the larger index contrast stemming from the addition of
TiO2.

Then, the gain threshold curves in Fig. 5.10 show minima for certain TiO2 thicknesses. Minima
for shorter interaction lengths and thus smaller devices can be found for larger TiO2 thicknesses.
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This can be explained by the fact that smaller devices with shorter interaction lengths require
stronger coupling to achieve lasing. Larger devices can compensate weaker coupling with larger
interaction lengths. Therefore, a trade-off should be found between device size and gain threshold.
If the device can be sufficiently large, a very thin TiO2 layer will lead to the lowest threshold. For
smaller devices, the TiO2 layer thickness has to be increased.

When looking at TiO2 thicknesses larger than the thickness corresponding to minimal gain
thresholds, a trend towards higher gain thresholds can be observed. This is caused by the enhanced
coupling. Although the feedback is enhanced by the TiO2, the out-of-plane coupling is enhanced,
too. For large TiO2 thicknesses the out-of-plane coupling starts dominating the gain threshold. For
the lasing process, the out-of-plane radiation is lost and therefore raises the gain threshold.

TiO2 thicknesses larger than approx. 0.2a are not feasible for lasing due to the fact that the
effective index of the laser mode becomes larger than the index of the gain material, as described
in Section 5.1.3.

The simulation results presented in this section have been qualitatively verified in the work
described in Section 5.4.2. For quantitative verification data on the gain efficiency (gain vs. pump)
of the material is required. This measurement lies far beyond the scope of the work presented in
this thesis.
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5.2 Fabrication

The TiO2-enhanced laser devices are realized in five main processing steps, as illustrated on the
next page. The substrate for the lasers ideally is quartz (SiO2), as this material is transparent,
features low optical losses, and has a low refractive index. The latter property ensures the optical
mode is well confined to the laser structure situated on top of the substrate. A silicon wafer on
which a layer of SiO2 is deposited can be used if the oxide layer is thick enough to prevent losses
into the silicon. In practice, this means the oxide layer has to be thicker than approx. 700 nm. TiO2

is highly birefringent in a crystalline state. Since birefringence is not desired, the temperature of
the processes has to be low enough to first of all allow amorphous deposition and second prevent
re-crystallization after deposition. The re-crystallization temperature of TiO2 is approx. 300 ◦C.
Because the PMMA 950K (PMMA) used for the electron beam lithography cannot withstand the
Reactive Ion Etch (RIE) step required to etch the TiO2, a thin layer of chromium is used as etch
mask. As a final step, the gain material, MeLPPP in our case, is spin coated over the structures.
When using a ∼1.5% percent in weight solution of MeLPPP in toluene, layers of approx. 250 nm
thickness are obtained when spin-coating at 1800 RPM.

An advantage of the above fabrication method is that if the need arises to replace the gain
material, the MeLPPP can be removed using toluene without damaging the underlying structur-
ing. After a short oxygen plasma step to remove organic residues the structure can be re-coated.
Figures 5.11 to 5.16 show the fabrication process steps.
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Figure 5.11: On the quartz substrate a thin layer of TiO2 is
deposited using sputtering of titanium in an oxygen-rich envi-
ronment.

Figure 5.12: On the TiO2 30nm Cr is sputtered that will serve
as the etch mask for the RIE step.

Figure 5.13: PMMA is spin coated on top of the chromium
and structured using electron beam lithography.

Figure 5.14: The structures in the PMMA are transferred into
the chromium using Ar+ ion milling. The remains of the
PMMA are removed before the next step.

Figure 5.15: Using the chromium as etch mask, the structures
are etched into the TiO2 using RIE. The chromium is removed
afterwards using a wet etch.

Figure 5.16: The gain polymer is spin coated over the struc-
tured TiO2 to complete the laser.
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5.3 Experimental Setup

The experimental setup used to characterize the devices presented in this thesis is sketched in
Fig. 5.17. The sample resides in a vacuum chamber filled with an inert gas. The inert gas prevents
the photo oxidation of the organic material and therefore increases the life time of the organic gain
material. The sample is optically pumped through a quartz window in the vacuum chamber using
355 nm light from a pulsed frequency-tripled ND:YAG laser. The lasers used are discussed in more
detail in the next section.

The pump laser light is focused by means of a lens onto the structures on the sample. The
emitted light from the sample is collected, collimated and focused into an optical fiber by a set of
achromatic lenses. The fiber then guides the light to a spectrometer for analysis. A polarizer can
be inserted before the fiber to investigate the polarization of the emitted light.

sample

focussing lens

vacuum chamber

achromatic lenses emission fiber

spectrometer

polarizer

pump laser -
Nd:YAG at 355 nm

Figure 5.17: Overview of the experimental setup used.

Pump Laser System

A tripled Nd:YAG laser was used to characterize the devices. Important parameters for the laser
are wavelength, pulse length, maximum pulse energy and repetition rate. The wavelength has to
match with the absorption spectrum of the gain material under investigation. The laser used in this
research emits at 355 nm. Most organic gain material absorb well at this wavelength. Preferably, the
pulse length of the laser is shorter than the excitation lifetime of the molecules in the gain material.
A short pulse can be maximally absorbed as the pulse is over before the excited molecules return
to their ground states. If the pulse is longer, the excited molecules return to their ground states
before all the energy of the pulse is absorbed. Organic photo-luminescent gain materials typically
have an excitation lifetime of ∼1 ns. The energy of a pulse has to be large enough to achieve
population inversion in the gain material. The repetition rate of the laser determines the need for
time-triggering (if the repetition rate is low) or whether the power impinging on the sample is so
high that thermal effects start playing a role (notably at high repetition rates).

The laser used in this work is a flash lamp pumped Q-switched Quantel Brilliance B laser that
has a repetition rate of 10Hz and a maximum energy per pulse of 0.250 Joule. The pulse length is
around 6 ns, which means less than 17% of the pump light is actually available to be absorbed by
the gain material molecules, without even considering the absorbance efficiency of the material.
This laser provides more than enough energy to be able to characterize most organic laser samples.
The disadvantage of the pump system is that the pulse train shows a significant variation in pulse
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energies, requiring long integration times to reduce the error in pulse energy to an acceptable level.
Additionally, the detection setup has to be triggered with the repetition rate of the laser to ensure a
good signal-to-noise ratio.

Spectrometer Calibration

To obtain spectral resolution of the emitted light a spectrometer system is needed that not only
has a calibrated wavelength scale but also a calibrated intensity scale. The Ocean Optics USB2000
and HR4000 spectrometers used in this research were equipped with a wavelength calibration in
the factory. The intensity scale was linearized in the factory, but not calibrated. Calibrating the
intensity scale of the spectrometers requires two steps:

First, using a laser and a calibrated power meter the quantitative response of the spectrometer at
the laser wavelength is plotted as a function of the input power provided by the laser. This response
is linear, as mentioned above.

The second step is determining the relative spectral response of the spectrometer. As the com-
ponents of the spectrometer have a unknown spectral behavior, it is difficult to predict the response
of the spectrometer at a different wavelength than that of the laser used in the first step. Therefore,
we take a lamp with a known spectrum. After taking the spectrum of the lamp with the spectrom-
eter, we can determine the spectral response of the spectrometer by dividing the known spectrum
by the spectrum acquired using the spectrometer.

Using the quantitative response of the spectrometer at the laser wavelength and the relative
spectral response we can now determine the quantitative light emission at every wavelength the
spectrometer can detect.
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5.4 Characterization Results

This section discusses the characterization of second-order laser structures that consist of a SiO2

substrate, a high index TiO2 layer with a feedback structure etched into it and a coating of methyl-
substituted ladder-type poly(p-phenylene) (MeLPPP). MeLPPP, the gain material, is discussed in
detail in Section 2.2.1. The absorption and emission spectra of MeLPPP are given in Fig. 2.4,
repeated for convenience in Fig. 5.18.

The laser structures discussed in this section have been designed and fabricated in the course of
the work presented in Section 5.1. The experimental setup used for the characterization is reviewed
in Section 5.3 The characterization results of 1D structures are presented in Section 5.4.1, 2D
photonic crystal structures are discussed in Section 5.4.2.
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Figure 5.18: Absorption and emission spectra of MeLPPP.
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5.4.1 1D Grating DFB Structures∗

In this section, we discuss the characterization of second-order laser structures whose feedback is
provided by a 1D distributed feedback (DFB) grating, as shown in Fig. 5.19.

MeLPPP

TiO2

SiO2

Figure 5.19: Basic structure of the laser investigated: SiO2 substrate with a distributed feedback
grating etched in TiO2, coated with an organic light-emitting material, MeLPPP.

The gain material, MeLPPP, has an index of approx. 1.75 for light at a wavelength of 494 nm.
TiO2 has an index of approx. 2.5 at 494 nm and is transparent in the visible wavelength range. The
period of the grating is given by the Bragg condition:

mλ = 2neffa. (5.15)

Here λ is the emission wavelength, neff is the effective index of the mode in the waveguide
formed by the TiO2 and the MeLPPP, a is the grating period and m is the order of the grating.
In our case m = 2, which makes the grating second-order. This means that the structures have a
vertical emitting component [Mekis 00, Harbers 05]. To investigate the influence of the TiO2 on
the lasing threshold of the structures, we compared a structure featuring a grating etched in a layer
of 35 nm TiO2 with a structure whose grating is etched directly into the quartz substrate. The etch
depth of the structures in the latter device is approx. 50 nm.

The laser structures were optically pumped using a 10Hz Nd:YAG frequency tripled laser emit-
ting at 355 nm. The temporal pulse width is approx. 6 ns. Fig. 5.20(a) shows the emission spectra
taken at an unstructured site on the sample and at a site structured with a DFB grating. The emis-
sion from the structured site features significant spectral narrowing at the resonance wavelength of
the DFB structure. The Full Width at Half Maximum decreases from 18 nm to 2 nm.

The emission as function of the pump pulse energy is plotted in Fig. 5.20(b) for a device whose
grating is etched into TiO2 and a device lacking the TiO2 layer, i.e., whose grating is etched di-
rectly into the quartz. As can be seen in the figure, both devices show a lasing threshold. The
TiO2 based structure shows a lasing threshold at approx. 7 nJ per pulse. For a spot size of ap-
prox. 100×100 μm2, this corresponds to 70 μJ/cm2. This is almost twice as low as the threshold
for the other device without the TiO2 layer, which lies at approx. 12 nJ per pulse. Except for

∗A part of this section is based on: R. Harbers, P. Strasser, R. F. Mahrt, D. Erni, W. Bächtold, B. J. Offrein, and
U. Scherf, "Feedback enhancement in lasers with organic gain material," in Proc. SPIE, vol. 5837, May 9-11, 2005
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Figure 5.20: Spectrum and threshold behavior of the 1D grating structures.

the lower threshold the TiO2 enhanced devices also feature a much steeper slope in Fig. 5.20(b),
indicating stronger feedback and thus mode coupling.

When comparing these thresholds to thresholds published in literature, careful attention has
to be given to the laser used to pump the structures. Our laser structures were pumped using a
Nd:YAG laser at 355 nm, chosen because of its availability. The pulse length of the laser is approx.
6 ns, much longer than the excitation lifetime of MeLPPP, which is smaller than 1 ns. These two
properties of the pump laser are not optimal for achieving low thresholds.

The first issue is the fact that the excitation by a pump wavelength of 355 nm is far less efficient
than the excitation when pumped at approx. 445 nm. The absorption at 355 nm is much lower than
the absorption at 445 nm, as can be seen in Fig. 2.4.

Second, a pulse length of 6 ns is much longer than the excitation lifetime of MeLPPP, which is
less than 1ns, especially under excitation-inversion conditions [Wegmann 99b]. The difference in
efficiency of a pump laser whose pulse length is 20 ns, i.e., far larger than the lifetime of the gain
material and a pump laser that emits 150 fs pulses is approx. two orders of magnitude [Bauer 01].

Although our laser emits pulses that are three times shorter than 20 ns and is therefore more
efficient, this effect is negated by the absorption strength at the emitting wavelength, as explained
above. Therefore, we can expect the thresholds that we observe will be drastically lowered by
pumping at a wavelength of 445 nm with a pump laser that emits 150 fs pulses.

The thresholds we acquired are therefore very competitive compared to values from litera-
ture, which reports thresholds of approx. 1 nJ for DFB structures and 2D photonic crystal based
structures using MeLPPP as gain material and pumped by a femtosecond system [Riechel 00a].
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5.4.2 2D Photonic Crystal-based Structures∗

In this section, we discuss the characterization of second-order laser structures that are similar to
the structures described in the previous section. The difference lies in the feedback grating: Instead
of 1D gratings we now use a 2D photonic crystal, as shown in Fig. 5.21.

MeLPPP

TiO2

SiO2

Figure 5.21: Basic structure of the laser investigated: SiO2 substrate with a TiO2 photonic crystal
layer, coated with an organic light-emitting material, MeLPPP.

These structures correspond to the structures discussed in Section 5.1. Their fabrication process
is reviewed in Section 5.2. The periodic structure of the devices is designed to be of second order,
which results in a vertical emitting component [Mekis 00, Harbers 05].

A series of five devices is fabricated. The devices in the series are identical in terms of lattice
period, hole size and vertical layer stack. They differ only in the size of the square pad that is
structured with holes, i.e., the size of the photonic crystal laser. Square pads with side lengths of
100 μm, 75 μm, 50 μm, 25 μm and 15 μm have been fabricated and characterized. Additionally,
four similar series were fabricated on the same chip, these however each with a different lattice
constant to be able to test gain materials that emit in different wavelength ranges. The chip layout
and a SEM image of the smallest laser structure have been shown in Figs. 5.22(a) and 5.22(b).

For the three smallest devices proximity effect correction [Wüest 03] was used during the
electron-beam lithography to ensure the correct geometry of the structures. The other two de-
vices did not need this correction as their total area is much larger than the area needing correction
(the outer 3 μm).

It is of utmost importance to carefully choose the thickness of the TiO2 layer. The light will be
tightly confined in the TiO2, leaving little energy in the gain material if the layer is too thick. The
effective index of the laser mode should not exceed the refractive index of the gain material.

To investigate the influence of TiO2 on the lasing threshold of the structures, we fabricated
another series of devices like those described above, however without the TiO2 layer, i.e., the
photonic crystal structure is etched directly into the fused silica substrate.

∗A part of this section is based on: R. Harbers, P. Strasser, D. Caimi, R. F. Mahrt, N. Moll, D. Erni, W. Bächtold,
B. J. Offrein, and U. Scherf, "Enhanced feedback in organic photonic crystal lasers", in Appl. Phys. Lett. vol. 87, no.
15, p. 151121, Oct. 10, 2005
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(a) Series of lasers on the chip. The site indicated
with the circle is shown in Fig. 5.22(b).

(b) SEM image of the smallest laser structure, which
measures 15 × 15 μm. The structure is indicated in
Fig. 5.22(b).

Figure 5.22: Characterization chip layout.

We characterized the fabricated laser structures. The laser structures were optically pumped
using the 10 Hz Nd:YAG frequency-tripled laser emitting at 355 nm, which is described in Sec-
tion 5.3. The spot-size of the pump laser was adapted for each structure to ensure that it covered
the entire structure. The experimentally measured emission spectrum of the TiO2-based laser is
plotted in the Fig. 5.23(b) together with the band diagram in Fig. 5.23(a) using the same scale in
electron volt as well as nanometers to allow direct comparison. The modes in the band structure
are represented by dots whose diameters are proportional to the relative amount of energy they
have in the gain material and the TiO2 photonic crystal. Modes that have less than 50% energy in
the waveguide were omitted. The band diagrams were calculated using the MIT Photonic Bands
(MPB) software package, which is described in Section 3.1. The calculation unit cell used to cal-
culate the bands of the photonic crystal structure measures 6×1 periods of the photonic crystal
structure. Per period, 30 plane waves were used, leading to 180 plane waves in the entire unit cell.

The wavelength of the laser mode excellently matches the calculated second-order transverse-
magnetic (TM) mode from the band diagram. This TM mode has a lower effective index and,
therefore, a lower confinement than the corresponding transverse-electric (TE) mode. Still, we ob-
serve lasing of the TM mode because it has a lower lasing threshold as the gain at its photon energy
or wavelength is much higher than that at the photon energy of the TE mode [Wegmann 99b]. To
achieve lasing of the TE mode, an adaption of the lattice period of the photonic crystal is needed.

As can be seen in Fig. 5.24, lasing has been observed for the devices of both types with sizes
of 75 μm×75 μm and 50 μm×50 μm.
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Figure 5.23: (a) Band-structure calculations of the laser shown in Fig. 5.21(a). (b) Experimental
spectra of an unstructured and a structured site of the laser sample, pumped above laser threshold.

Lasing thresholds

The emission vs. pump pulse energy plots of the 100 μm×100 μm structures are not shown as
they reveal almost identical behavior to their 75 μm×75 μm counterparts. The lasing threshold
of the 75 μm×75 μm TiO2-based structures is approx. 10 nJ per pulse and therefore, four times
lower than that of the 75 μm×75 μm structures and approx. five times lower than that of the
50 μm×50 μm structures without TiO2. The 50 μm×50 μm TiO2-based structures exhibit approx-
imately the same lasing threshold as their 75 μm×75 μm counterparts. The 25 μm×25 μm struc-
tures could only be characterized for the TiO2-based structures. Their threshold is approx. 20 nJ
per pulse. The 15 μm×15 μm structures could not be characterized for the structures without TiO2

nor for the TiO2-based structures.

The higher threshold difference between the TiO2-based devices and the quartz-based devices
that occurs for the smaller devices results from the fact that the modes of a quartz-based device
require a longer coupling length to receive the required feedback for lasing. The larger devices
provide this length, which can be concluded from the fact that the same difference in threshold
between TiO2-based and quartz-based structures exists for 100 μm×100 μm and 75 μm×75 μm
devices. For the smaller devices with a size of 50 μm×50 μm, the threshold difference becomes
larger as the quartz devices no longer have the required coupling length whereas the TiO2-based
devices do. For the TiO2-based structures the coupling-length limit is crossed for devices with a
size of 25 μm×25 μm. For this device size, the TiO2-based devices exhibit an increase in lasing
threshold.
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ergy plots of TiO2-enhanced devices and devices without TiO2 are shown.

Comparison with the gain threshold simulations

The measured lasing thresholds (see Fig. 5.24) can be compared to the calculated gain thresholds
presented in Sec. 5.1.5, Fig. 5.10. For the relative difference in threshold between structures of
different sizes, calculations and experiments show a qualitative match, as can be seen in Table 5.1.

These differences will now be discussed in more detail. For a device with a TiO2-layer thick-
ness of 0.1a, like the devices characterized, simulations reveal a very small difference in the
gain threshold for the 100 μm×100 μm and 75 μm×75 μm devices. The difference between the
75 μm×75 μm and the 50 μm×50 μm devices is larger at ∼30%. The difference in gain thresh-
old between the 50 μm×50 μm and the 25 μm×25 μm devices is significant: almost a factor 3.5.
The experiments show very similar lasing thresholds for the 100 μm×100 μm, 75 μm×75 μm
and 50 μm×50 μm devices. The latter devices show a very slight tendency towards higher thresh-
olds, which agrees with the simulations. The 25 μm×25 μm devices exhibit a lasing threshold that
is more than twice as high as the threshold of the larger devices, which is in the same order of
magnitude as the difference in (calculated) gain threshold.

For the quartz-based devices a similar situation arises. For the 100 μm×100 μm and
75 μm×75 μm devices the difference in calculated gain threshold of a factor two does not show up
in the experiment, where similar lasing threshold values are obtained. However, the 75 μm×75 μm
and the 50 μm×50 μm devices show a larger difference in gain threshold (more than a factor three),
whose order of magnitude is reflected in the measured lasing threshold of experiment. The fact that
the 25 μm×25 μm device did not show lasing can be understood if one considers the huge jump
in gain threshold observed in the calculations. For a quantitative comparison the link between gain
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Compared structures Simulated difference factor Measured difference factor
(gain threshold) (lasing threshold)

TiO2-based structures:

100 μm×100 μm / 1.07 1
75 μm×75 μm

75 μm×75 μm / 1.31 ∼1.2
50 μm×50 μm

50 μm×50 μm / 3.47 ∼2
25 μm×25 μm

Quartz-based structures:

100 μm×100 μm / 2 1
75 μm×75 μm

75 μm×75 μm / 3 ∼1.5
50 μm×50 μm

50 μm×50 μm / 8 No Lasing for
25 μm×25 μm 25 μm×25 μm

Table 5.1: Threshold differences, simulated and experimental.

threshold and lasing threshold, i.e., the relation between pump power and gain provided by the
material has to be known, which is not the case.

As can be seen in Fig. 5.10, for devices without TiO2, i.e., with TiO2 thickness zero, the gain
threshold differences between the devices with different sizes is large. For the devices with a TiO2

layer thickness of 0.1a, as is the case with the devices characterized, a far smaller difference is
observed between the 75 μm×75 μm and the 50 μm×50 μm as between the 50 μm×50 μm devices
and the 25 μm×25 μm devices. This matches with the threshold curves displayed in Fig. 5.24.

As noted in the previous section, when comparing our thresholds with those published in liter-
ature, the difference in pump conditions should be considered. Like in the experiments presented
in the previous section, the laser structures were pumped at 355 nm and the pulse length of the
laser is approx. 6 ns. We can thus expect that our thresholds will be much lower when using a
pump laser that emits short pulses at a wavelength close to the absorption maximum.

Especially when considering our pump conditions, our thresholds compare therefore very well
with values found in the literature, where thresholds of approx. 1 nJ for DFB structures and 2D
photonic-crystal-based structures using MeLPPP as gain material and pumped by a femtosecond
laser system are reported [Riechel 00a].
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5.5 Summary

The mode coupling of an organic photonic crystal laser is enhanced by a thin layer of a high-index
material for the photonic crystal.

The additional requirements that arise when designing such lasers have been investigated, and
have been integrated into the design of an organic photonic crystal laser. This laser uses MeLPPP
as its gain material and TiO2 as material for the photonic crystal. Calculations of the out-of-plane
coupling constant show that the TiO2 photonic-crystal layer results in a coupling constant that is
almost twenty times higher than the coupling constant obtained with a photonic crystal etched in
glass. This results in proportionally smaller devices and lower thresholds.

Using the out-of-plane coupling constant the in-plane coupling constant and the gain thresholds
of organic photonic crystal lasers have been calculated. A trade-off exists between the required
thickness of the TiO2 layer and the area of the device. The smaller the device is, the thicker the
TiO2 has to be to achieve the minimum gain threshold.

Using the results of Section 5.1 as a guideline, we realized and characterized TiO2-enhanced
laser structures.

For the 1D grating based devices as presented in Sec. 5.4.1, the enhancement of the mode
coupling in these laser devices results in a laser threshold that is twice as low as the threshold
of devices lacking the TiO2. For the photonic crystal devices, we have found excellent spectral
agreement between simulation and experiment.

Furthermore, we have demonstrated that the TiO2-based photonic crystal laser structures have
approx. five times lower thresholds than lasers based on structures in quartz. The TiO2-based lasers
can be significantly smaller while retaining the same low threshold. The measured lasing thresh-
olds show a qualitative match with the calculated gain thresholds.



Chapter 6

Interferometrically Defined Structures∗

As already mentioned in Section 2.2, two different gain materials have been used in the course
of the work presented in this thesis. TiO2-enhanced devices based on the first material, MeLPPP,
have been discussed in the previous chapter. Devices based on the second gain medium, a mixture
of the laser dyes Coumarin 6H and DCM, are discussed in this chapter.

These devices consist of a quartz substrate on which a photo-resist is spin-coated. The photo-
resist is doped with the gain medium. The resist/gain medium mixture has a refractive index of
approx. 1.55. The feedback in the latter structures is provided by a 2D photonic crystal structure
consisting of a rectangular lattice of holes with a depth of approx. one fourth of the resist layer.
The holes are created using direct structuring of the resist/gain material mixture in a laser inter-
ferometer, which greatly reduces the number of steps required for its fabrication. The resulting
structure, featuring a photonic crystal with an index contrast of ∼0.55, is sketched in Fig. 6.1.

Figure 6.1: Basic structure of the laser investigated: SiO2 substrate with a structured resist coating.
The gain medium is mixed into the resist.

This chapter is structured as follows. First, in Section 6.1 the design of the structures is con-
sidered. Then, the fabrication is discussed in Section 6.2. The characterization results follow in

∗A part of this section is based on: R. Harbers, J.A. Hoffnagle, W.D. Hinsberg, R.F. Mahrt, N. Moll, D. Erni,
W. Bächtold, “Lasing in interferometrically structured organic materials,” in Appl. Phys. Lett. vol. 87, no. 24, 2005
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Figure 6.2: 3D band-structure of the laser structure pictured in Fig. 6.1.

Section 6.3. Finally, a summary of the results is given.

6.1 Design

The design procedure of the interferometrically structured devices is very similar to that of the
TiO2-enhanced structures, presented in Section 5.1. The main tool is the band diagram. The ad-
ditional design considerations needed for the TiO2-enhanced structures due to the fact that TiO2

has a higher index than the gain material are not needed here, as the gain material has the highest
index of the layer package. The emission maximum of the Coumarin:DCM complex lies at ap-
prox. 580 nm, as can be seen in Fig. 2.7(b). For second order emission at the Γ1 point, the required
period a of the photonic crystal structure can be calculated using Eq. 6.1:

a = νλ. (6.1)

Here, like in Eq. 5.1, ν is the normalized frequency at Γ1 and λ is the desired emission wave-
length. Like in the previous chapter, frequency ν at Γ1 can be found in the 3D band diagram, which
for the structure pictured in Fig. 6.1 is given in Fig. 6.2.

The modes in the band diagram of Fig. 6.2 are represented by dots whose diameters are propor-
tional to the relative amount of energy they have in waveguide formed by the resist layer. Modes
that have less than 40% of their total energy in the waveguide were omitted.

From Fig. 6.2 and Eq. 6.1 follows that to achieve lasing of the modes at Γ1 at a wavelength
around 580 nm, a lattice period of 400 nm is required.

The normalized frequency from the band diagram not only gives the desired period of the
photonic crystal, it also points to a potential problem. We can calculate the effective index of a
laser mode using Eq. 5.2 (repeated in Eq. 6.2):

neff =
k

ν
. (6.2)

Here k is the wave vector of the laser mode, ν is its frequency. For the mode at Γ1, the effective
index is equal to the index of the quartz substrate, which is 1.46. Deviations in the fabrication
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process, like a hole radius that is too large or holes that are too deep, can lower the effective index
of the mode, resulting in losses due to coupling to the substrate.

6.2 Fabrication

The periodic structures in interferometrically defined devices are created by direct exposure of a
light-sensitive material, a photo-resist, on a quartz substrate.

The gain material was prepared by dissolving 0.2% (wt) each of Coumarin-6H and DCM in
the commercially available photo-resist UVII-HS [Conley 96]. This results in a dye concentration
of approximately 1% by weight after the casting solvent is removed by evaporation. The resulting
solution was diluted to 67% (wt) of its original concentration in propylene glycol methyl ether
acetate (PGMEA) to reduce its viscosity. The material was spin-coated at 3000 rpm, resulting
in a layer thickness of 400 nm, and post-apply baked at 130 ◦C for 60 s. The square lattice of
round holes was generated by two exposures in a two-beam interferometer (wavelength 257 nm)
separated by a 90 degree rotation. The total exposure dose was approximately 20 mJ/cm2, which
is nearly 10 times greater than would be required for pure UVII-HS. Other than this reduction in
sensitivity, the photo-resist does not appear to be affected by the addition of the fluorescent dyes.
After exposure, the samples were baked at 140 ◦C for 90 s, developed in Microposit CD-26, and
rinsed in deionized water.

The Coumarin-6H transfers its energy to DCM using a Förster transfer process, as explained
in Section 2.2.2. The light emitted by the device is thus light emitted by the DCM.

Figure 6.3: On the quartz or low-k substrate a layer of photo-
resist with mixed-in gain material is spin coated.

Figure 6.4: The photo-resist layer is exposed with interfering
laser beams, defining the photonic crystal in the layer. After
development the laser is finished.
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Figure 6.5: Emission spectra taken for three different pump pulse energies. The inset shows a
top-view SEM picture of the structure.

6.3 Characterization Results

A laser structure with a period of 400 nm is realized as described in the previous section. It is
characterized using the same 355 nm laser setup that is described in Chapter 5.3. As can be seen
in Fig. 2.7, the absorption of the Coumarin:DCM complex has a maximum at 355 nm, matching
the pump laser. Due to the fact that the gain medium is diluted in the photo-resist, however, the
absorption is still much less than in MeLPPP.

Fig. 6.5 shows three spectra of the laser structures, taken for three different pump intensities.
A sharp lasing peak can be observed for pump pulse energies (slightly) larger than 10 μJ, approx.
15 μJ. The exact pump pulse energy could not be determined as the maximum pulse energy of the
detector used is 10 μJ.

Fig. 6.6 shows a comparison of the measured spectrum with the band-structure from Sec-
tion 6.1. We find an excellent match between the spectral position of the laser peak and the laser
mode at Γ1. The lasing threshold lies between 10 μJ and approx. 15 μJ, which is approximately
three orders of magnitude higher than the thresholds observed for the TiO2-enhanced MeLPPP
lasers. This can be explained by the fact that the gain material used here is diluted, as mentioned
above, and that due to the much lower index of the waveguide material (1.55 instead of 2.5/1.75)
the confinement is much lower, too. The effective index of the lasing mode can be determined from
Fig. 6.6 using Eq. 6.2 and is determined to be 1.46, i.e., exactly equal to the theoretical index of
quartz. This means that the mode is very close to leaking into the substrate. The index contrast
in the corrugated layer is governed by the refractive index of the waveguide and that of air and is
therefore reasonably large, although still not as large as in the TiO2-enhanced structures.

The structure could be improved by using a gain material that is dissolved in higher concentra-
tions, thus leading to higher absorption. A second improvement can be made using a photo-resist
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Figure 6.6: (a) 3D band-structure and (b) measured spectrum of the laser structure pictured in
Fig. 6.1. The band structure and the spectrum have been normalized the same way to allow direct
comparison.

that features a higher refractive index. Except for preventing losses into the substrate, the stronger
confinement would also lead to stronger modulation by the corrugated layer and thus stronger
feedback.

The de-normalized 3D band diagram for the structure pictured in Fig. 6.1 is shown in
Fig. 6.7(a). The axis units have been de-normalized to allow direct comparison with the measured
dispersion relation plotted in Fig. 6.7(b).

The measured dispersion relations have been acquired by tilting the sample with respect to the
detector and acquiring the emission spectrum for different detection angles θ [Turnbull 01]. This
is analogue to scanning the in-plane k-vector k‖, as k‖ can be converted to detection angle θ using

sin(θ) =
k‖
k0

. (6.3)

When scanning θ and acquiring the emission spectrum for angles between θ = 0 ◦ and θ = 90 ◦,
we obtain the band diagram between the k-points Γ and X . Due to setup limitations we could scan
the angle only up to approx. 20 ◦. This means we do not quite reach X , but the obtained results
are enough to compare with the calculations. The experimental results and the even-like modes of
the calculated band diagram are shown in Fig. 6.7(b). The corresponding part of the entire band
diagram is indicated in Fig. 6.7(a).

We see an excellent agreement between the calculated dispersion relations and the experimen-
tally acquired spectra.
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Figure 6.7: Calculated and measured band diagrams of the structure pictured in Fig 6.1.

6.4 Summary

Lasing is observed in interferometrically structured laser devices. The spectral behavior of the
laser matches very well with the expectations from the simulations. Although the lasing threshold
is more than three orders of magnitude higher than the thresholds observed for the TiO2-enhanced
lasers, the ease of fabrication and the many possible improvements to the structure merits further
research in this type of lasers.



Chapter 7

Outlook

The focus of the work presented in this thesis is organic lasing. The work on optical resonator
structures presented in this thesis paves the way for two possible continuations in this field.

The first possible continuation is a structure that is optically pumped by a small LED. The
low lasing thresholds exhibited by the laser structures presented allow them to be pumped by a
relatively weak pump source like a LED. The laser can thus be seen as a transducer: the incoherent
light of the pump LED is converted to coherent laser light at a different wavelength that can be
freely chosen.

The second possibility is a next step towards the ’holy grail’ of organic lasing, an electrically
pumped organic laser. At the time this thesis is written, the electrically pumped organic laser has
still not been demonstrated. The causes can divided in two categories.

First, stimulated emission in organic materials under electrical excitation has not yet been
observed. Major issues are caused by, among other issues, the low carrier mobility in organic ma-
terials, the unfavorable ratio of triplet to singlet states and polaron absorption. Hopefully, advances
in materials science can solve this in the future as it is an absolute show-stopper for organic lasing.

Second, the structures that are currently used for organic light emitting diodes (OLEDs, pic-
tured in Fig. 7.1(a)) are not optimal for lasing structures due to the metallic contacts that are present
in the direct vicinity of the gain medium. Propagating waves like laser modes would suffer from
significant losses.

V light-emitting material

transparent electrode

reflecting electrode

(a) Simplified cross-section of a typical OLED
device.

light-emitting material

source electrode drain electrode

substrate / gate oxide

gate electrode

(b) Simplified cross-section of a typical OFET de-
vice.

Figure 7.1: Electrically excited organic light emitting devices.
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Likewise, the structures that are used for optically pumped organic lasers are not optimal for
OLEDs or other electrically excited structures: In contrast to conventional OLEDs as pictured in
Fig. 7.1(a), their substrates are mostly of isolating materials, requiring large voltages to be applied
as the distance between electrodes is enlarged by the thickness of the substrate. The better mode
confinement that is achieved when TiO2 is used in the layer package ameliorates this.

The Organic Field Effect Transistor (OFET, pictured in Fig. 7.1(b)), might prove a good com-
promise between the requirements of organic lasing and electrical excitation. Lasing in the OFET
structure requires a number of design conditions to be met:

First, the gate oxide between the gate electrode and the light-emitting (organic) layer has to
be thick enough, so the lasing mode will not suffer from losses due to the gate electrode. The
additional confinement resulting from the addition of TiO2 to the structure reduces the minimum
thickness required for the gate oxide and thus reduces the required gate voltage.

Second, if the coupling length needed by the lasing modes is small enough to fit between
the source and drain electrodes, no losses will occur due to those electrodes either. The TiO2-
enhanced structures reduce the coupling length needed by the laser modes and thus enable the
source and drain electrodes to be positioned closer to each other. This reduces the required source-
drain voltage.

Finally, the optical resonator structures have to be as efficient as possible to lower the gain
demands to the organic gain material. The TiO2-enhanced structures exhibit lasing thresholds that
are up to five times lower than similar structures without TiO2. For the OFET structure, this means
the material gain required can be five times lower.

As mentioned before, the main issue still open at this time is that there is no organic gain
material that exhibits gain under electrical excitation. However, the moment such a material is
found the TiO2-enhanced laser resonators are a very good candidate for the optical resonator in
electrically pumped organic laser devices.
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