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Zusammenfassung

Die vorliegende Arbeit beinhaltet eine umfassende Untersuchung diinner organischer
Halbleiterfilme hinsichtlich ihrer Einsatzmoglichkeiten in Festkorperlasern. Die einzigartige
Kombination ihrer elektrischen Eigenschaften, der hohen Lumineszenzausbeute sowie der
einfachen Verarbeitung erdffnet eine Vielzahl neuer Anwendungen in der Optoelektronik und
ermOglicht insbesondere die Erprobung innovativer Laserresonatoren. Im Rahmen dieser
Doktorarbeit wurden Laser mit rdumlich verteilter Riickkopplung hergestellt und untersucht
(engl.: distributed feedback, DFB). Sie bestehen aus einem diinnen organischen Halbleiterfilm
der auf ein vorstrukturiertes Substrat aufgebracht wird, so dass sich ein raumlich modulierter
Diinnschichtwellenleiter ausbildet. Die Lasertitigkeit wird durch Bestrahlung mit
Femtosekunden-Laserpulsen angeregt und mittels zeitaufgeloster sowie zeitintegrierender
Spektroskopietechniken analysiert.

Mit dem konjugierten Polymer MeLPPP und dem molekularen Verbundmaterial Alq;:DCM
kamen zwei aussichtsreiche elektrolumineszierende organische Halbleiter zum Einsatz. Thr
hoher Wirkungsquerschnitt fiir stimulierte Emission bewirkt eine effiziente optische
Verstirkung und resultiert in einem &ullerst niedrigen Schwellwert fiir die Beobachtung
verstirkter spontaner Emission in planaren Wellenleitern. Die Bragg-Beugung in einem
periodisch modulierten Wellenleiter kann ausgeniitzt werden, um spektral selektive
Riickkopplung zu erzielen. Unter Verwendung von geprdgten Plastiksubstraten mit ein-
dimensional periodischer Oberflichenmodulation wurden auf diese Weise sowohl kanten- als
auch oberflachenemittierende 1D-DFB Laser realisiert. Thre Lasertétigkeit wurde umfassend
charakterisiert und modelliert. Sofern keine weiteren Vorkehrungen zur Modenselektion
getroffen werden, ergibt sich ein kontinuierliches Spektrum lateraler Moden, das sich in
einem verbreiterten Emissionsspektrum und einer hohen Strahldivergenz niederschlégt.

Eine erhebliche Verbesserung der Abstrahlcharakteristik wurde durch den Einsatz 2D
periodisch modulierter Substrate erzielt. Die spezifischen Eigenheiten der Lichtausbreitung in
einem solchen 2D photonischen Kiristall filhren zu monomodiger Lasertitigkeit, die sich
durch eine reduzierte Laserschwelle, erhohte Effizienz und beugungsbegrenzte Abstrahlung
auszeichnet. Zudem ist die spektrale Linienbreite allein durch die Dauer des emittierten
Laserpulses begrenzt. Sowohl die Ursache der monomodigen Lasertitigkeit als auch die
photonische Bandstruktur bei hoher Anregung lassen sich durch ein Laue-Modell der
Riickkopplung in photonischen Kristall-Lasern erklaren.

Mit Hilfe einer Selbstorganisationstechnik wurden dariiber hinaus Wellenleiterstrukturen mit
stochastisch verteilten Streuzentren hergestellt. Lasertdtigkeit mit resonanter Riickkopplung
wird hierbei durch Vielfachstreuung innerhalb des Wellenleiters und die zufdllige Ausbildung
geschlossener optischer Pfade erreicht (Random Lasing).

Um das technologische Potential organischer Halbleiterlaser auszuloten, wurden zwei
Konzepte zur elektrischen Ansteuerung untersucht. In einem hybriden Ansatz dient der
organische Halbleiterlaser lediglich als durchstimmbare Festkorperstrahlquelle. Aufgrund der
geringen Laserschwelle 146t sich ein duBlerst kompakter Aufbau mit einem gepulsten
Mikrochip Pumplaser realisieren. Fiir die alternative Verwirklichung eines elektrisch
betriebenen organischen Diodenlasers ist die Entwicklung von Strukturen essentiell, die trotz
der geringen Ladungstrigerbeweglichkeit in ungeordneten organischen Halbleitern
gleichzeitig geringe Laserschwellen und hohe elektrische Stromdichten ermdglichen. Im
Rahmen dieser Arbeit konnte erstmalig Lasertdtigkeit in Strukturen nachgewiesen werden, die
fiir diese hohe elektrische Anregung geeignet sind.
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Summary

The work at hand presents a comprehensive investigation of solid-state lasers based on thin
films of a disordered organic semiconductors (OS). The high luminescence yield of OS
together with their conductivity and the ease of processing them into sub-micron thick films
on substrates of virtually any shape and size open vast opportunities both for the realization of
novel devices and for the exploration of innovative resonator geometries. Within the course of
this work optically pumped lasers with spatially distributed feedback were fabricated by
deposition of a thin film of an OS on a nanopatterned substrate. Upon optical excitation with
femtosecond laser pulses laser operation is observed. It is characterized using time-integrated
and time-resolved spectroscopy.

As active medium two of the most promising electroluminescent organic materials were
employed, namely the conjugated polymer MeLPPP and the composite molecular system
Alq;:DCM. Owing to their large gain coefficient low-threshold light-amplification by
stimulated emission can be observed from slab waveguides formed by a thin layer of the OS
on a planar substrate. In periodically modulated waveguides Bragg scattering gives rise to
distributed feedback. Utilizing UV-embossed plastic substrates with an appropriate one-
dimensional surface corrugation, edge- and surface-emitting lasers were fabricated. Excellent
agreement is found between the performance of these 1D-DFB lasers and the predictions of a
quantitative numerical modeling. Unless further precautions are taken these lasers operate on
a continuum of lateral modes, characterized by a broad emission spectrum and a large beam
divergence.

A significantly improved performance is achieved by application of a two-dimensional
corrugation. The specific properties of light-propagation in the resulting 2D photonic crystal
give rise to monomode laser operation, accompanied by a reduction of the laser threshold, an
increased differential efficiency, and by the emission of a circularly shaped, diffraction-
limited laser beam. It is demonstrated that the emission linewidth is (time-bandwidth)
transform limited by the duration of the laser pulse. The mechanism leading to monomode
operation at low excitation density as well as the photonic band structure at high excitation
density is revealed by a Laue model for the feedback in such a 2D photonic crystal laser.

By use of a self-assembly technique waveguide structures with stochastically distributed
scatter centers were fabricated. Lasing with resonant feedback is observed and attributed to
the formation of random closed loop cavities (random lasing). The underlying process of
recurrent light-scattering is made possible by the strong scattering, the reduced dimensionality
of the waveguide geometry, and the large gain of the organic semiconductor material.

In order to explore the technological potential of organic semiconductor lasers two alternative
concepts for electrical operation were examined. In a hybrid concept an OS DFB laser is
merely used as a tunable solid-state laser source. Thanks to the low laser threshold a very
compact setup can be realized utilizing a microchip pump laser with a repetition rate of
several kilohertz. In the approach of making an organic diode laser the low mobility of
disordered organic semiconductors imposes severe constraints on the device architecture.
Several structures were developed and fabricated that concurrently permit large current
densities and possess a low laser threshold. As a result, optically pumped lasing is for the first
time demonstrated in structures that are suitable for electrical excitation.



1 Introduction

In the year 2000, A. J. Heeger, A.G. MacDiarmid and H. Shirakawa were awarded the Nobel
Prize in Chemistry for “the discovery and development of conducting polymers” '. This
award traces back to 1977, when they discovered that the conductivity of conjugated
polymers can be varied over the full range from insulator to metal by chemical doping *~.

Since then, remarkable progress has been made in synthesizing conjugated polymers, in
understanding their properties, and in developing them for use in electronic and optical
devices. Metallic polymers have become an integrate part of a variety of products including
batteries, capacitors, and antistatic coatings. Besides, the class of semiconducting amorphous
organic materials has proven to be particularly useful. The photosensitive layer of xerography
systems and laser printers, for instance, is made from amorphous organic photoconductors.
These two widespread applications clearly demonstrate some of the unique properties of
disordered organic semiconductors that are not available from other materials: they do not
only perform well but can also be processed and patterned by inexpensive, large-area
techniques such as spincasting, ink jet printing *, screen printing °, photolithography, and
micromolding °. Moreover, they are compatible with almost any type of substrate, including
flexible ones . The very same features are exploited in further optoelectronic applications that
are currently pushed towards commercialization by academic and industrial research teams.
Whereas organic photodetectors ®, photovoltaic cells °, electrooptic modulators '°, and field-
effect transistors '° are still in the reasearch labs, organic light-emitting diodes (OLEDs) '
and displays have already entered the market '*. Since the demand for high-brilliance, full-
color displays is rising continuously, a turnover of 500 million US-$ in the year 2004 is
predicted for OLED displays '°.

Notably absent from the list of devices that can be made from disordered organic semi-
conductors is the diode laser, one of the most important devices for modern technology.
Appreciated for their large spectral tuning range, their high stimulated emission and their low
laser threshold, organic dye molecules are conveniently employed as active laser medium for
many years. Very recently, even electrically driven lasing was observed both in a liquid dye
solution (electrochemiluminescence) '° and in high-quality molecular crystals of tetracene .
These breakthroughs indicate the high potential of organic materials for innovative laser
sources. Even so, both of the above approaches lack the appealing inexpensive large-area
fabrication techniques, the possibility of integration into thin film devices, and the mechanical
flexibility of amorphous organic semiconductors.

Motivated by the rapid development of organic light-emitting diodes and their high
luminescence efficiency, the development of lasers made from disordered organic
semiconductors has become the focus of many investigations. To avoid complications that are
associated with current injection, charge transport and electrode incorporation, it is beneficial
to study stimulated emission and gain starting with excitation by photopumping. As a matter
of fact, stimulated emission was first observed in a polymer solution '®, and later also in
diluted "**° or undiluted ' solid films. The first attempt to achieve true lasing action from a

high gain organic semiconductor material was carried out using a microcavity resonator %,
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1 Introduction 5

Among the various laser resonators that were lateron realized with organic semiconductor
lasers, the concept of distributed feedback (DFB) lasers is particularly promising as it
combines a low laser threshold and the compatibility with the typical OLED architecture 2.
Concurrently, the possibility to fabricate the DFB resonator by soft-lithography provides a
very elegant way to make an all-organic laser, thus preserving the inherent mechanical
flexibility of the thin-film organic semiconductor >,

Dating back to the early 1970s *°, DFB lasers are a key ingredient of optical data

communication and meanwhile highly developed and fairly well understood. Their
outstanding importance originates from properties like a stable, tunable, single-frequency
output, an extremely fast modulation capability of gigabit/s, and a good manufacturability
3931 Technically, the term DFB implies a particular form of laser where feedback is induced
by a uniform one-dimensional periodic modulation of the optical constants. More generally,
however, it can also be used for any form of resonator leading to non-local, i.e. spatially
distributed, feedback. Modifications of the conventional design may result in significant
improvements of the laser performance. A more comprehensive control of the light-
propagation, for instance, is provided if the periodic modulation is extended to two or three
dimensions. The ability to tailor the propagation of light in these so-called photonic crystals
enables to suppress, enhance or route spontaneous and stimulated emission and can be applied
to numerous optical devices >7°. As an example it will be shown in this work that the
performance of a conventional DFB laser can be topped in a 2D-DFB laser, simply by the use
of a suitable two-dimensional periodic modulation.

Based on the examination of stimulated emission in conjugated polymers >~ and on the

initial demonstration of a flexible conjugated polymer laser **°, this work aims at a
comprehensive investigation of organic semiconductor DFB lasers, an exploration of their
potential for technological applications, and the examination of innovative resonator
geometries.

Chapter 2 reviews the fundamentals of organic semiconductors, organic semiconductor lasers
and DFB lasers with special emphasis on the structures utilized within the course of this work.
It is followed by a description of the experimental techniques in chapter 3. Section 4
summarizes the relevant electronic and optical properties of the employed materials. Their
gain spectrum and the process of stimulated emission in planar thin films is investigated.
Chapter 5 presents a detailed analysis of OS lasers with one-dimensional distributed feedback.
The specific material-related properties are illustrated. In Chapter 6 the superior performance
of 2D-DFB lasers is demonstrated and its origin revealed in the context of the peculiar
properties of photonic crystals. A complementary technique to induce non-local, resonant
feedback in random cavities is introduced in section 7. The following chapter 8 deals with the
dynamics of stimulated emission and lasing in plain and in composite organic
semiconductors. The prospects of disordered organic semiconductors for solid-state lasers are
explored in chapter 9. My thesis concludes with an outlook on the future challenges in the
quest for an organic injection laser.



2 Fundamentals of organic semiconductor lasers

In this chapter the fundamental electronic, optical and transport properties of
organic semiconductors are described. Furthermore the various approaches to
the realization of organic solid-state lasers are introduced, followed by a
description of the distributed feedback concept for thin film lasers.

2.1 Organic semiconductors

The term “semiconductor” is usually associated with crystalline inorganic semiconductors
such as Si, GaAs or InP. The enormous success of electronic and optoelectronic devices made
from these materials relies on the profound theoretical description of their physical properties
and its application to the various structures. In inorganic semiconductors covalent bonding
between the individual atoms leads to a periodic arrangement of the atoms in a crystalline
structure. As a consequence of the periodicity and the strongly overlapping orbitals, these
discrete atomic states evolve into a band structure with a well defined energy-momentum
dispersion relation for electrons in the conduction band and holes (defect electrons) in the
valence band. Owing to the periodicity all excitations -be they electrons, holes or
Coulombically bound excitons- can be described by Bloch waves that are delocalized over the
entire crystal. Controlled doping of the lattice with donor and acceptor atoms allows to
modify the occupation probabilities of the various bands and determines many of the optical
and transport properties of crystalline inorganic semiconductors. In strongly disordered
semiconductors, such as the hydrogenated amorphous silicon (a-Si:H), the disorder induces a
large number of spatially localized electron and hole states. Furthermore the scattering rate is
drastically increased and the momentum is not a good quantum number as in the crystal. As a
consequence, the charge mobility declines and the strength of optical transitions increases.

In an organic substance only the atoms within a molecule are covalently bound, whereas the
intermolecular interaction is governed by comparatively weak van der Waals forces and
hydrogen bonds. As a consequence, the overlap of the molecular orbitals is small, the
molecules retain their identity and the properties of an organic semiconductor solid-state film
are strongly influenced by the arrangement and concentration of functional groups within the
contained molecules *°. Hence, the occurrence of a macroscopic conductivity implies that the
molecules contain sub-units providing conductivity. Organic materials for organic
electroluminescent devices can be classified into three categories according to their molecular
structure: (1) organic dyes (no metal atom), (2) chelate metal complexes, and (3) conjugated
polymers *!. In all three categories the molecular conductivity is accomplished by conjugated
n-systems formed in hydrocarbons with alternating single and double bonds. In the solid state
the individual molecules can be arranged either in a crystalline or an amorphous phase.
Similar to inorganic semiconductors, well defined valence and conduction bands evolve in

6



2.1 Organic semiconductors 7

organic molecular crystals giving rise to a large charge mobility. In contrast, the band
transport is replaced by tunneling (hopping) from molecule to molecule in disordered organic
semiconductors. A common feature of all organic semiconductors is the weak dielectric
constant resulting from the small intermolecular coupling. Its consequence is a high exciton
binding energy of several hundred meV concurring with the formation of strongly bound,
Frenkel-type excitons.

Within the course of this work representatives of two of the main classes of disordered
organic semiconductors were used, namely the chelate metal complex tris-(8-hydoroxy-
quinoline)-aluminum! (Algs) and secondly the conjugated polymer MeLPPP which is a
comparatively large macromolecule. In both cases the molecules were randomly oriented in
non-crystalline films. Not surprisingly, such semiconductors differ from their inorganic
counterparts, some of the most obvious differences being the absence of an electronic band

structure and a substantially lower conductivity ***

. Nevertheless, disordered organic
semiconductors are at least competitive for several optoelectronic applications (see Chapter
1). In the following the electronic and optical properties of organic molecules as well as some

of the solid-state aspects leading to electrical conductivity will be discussed in more detail.

2.1.1 Electronic and optical properties of organic semiconductors

The conductivity of organic semiconductors are based on the presence of delocalized m-
electrons in unsaturated hydrocarbon molecules. One of the most prominent representatives of
this class is the benzene ring depicted in Fig. 2.1. Each carbon atom provides four valence
electrons, three of whom form so-called 6-bonds with neighboring carbon or hydrogen atoms,
thus defining the steric geometry of the molecule. The remaining 6 valence electrons of the 6
carbon atoms occupy p, orbitals, which are aligned perpendicular to the plane of the 6-bonds.

H H
N
c—C
V4 \
H—C  o—H
\
=K
HooN

Fig. 2.1: C¢Hg (benzene): (a) chemical structure formula, (b) spatial distribution of the c-orbitals
which are responsible for the steric configuration, (c) spatial distribution of the m-orbitals forming
a delocalized mt-system *.

1 Further nomenclatures include tris-(8-hydroxyquinolate)-aluminum, tris-(8-hydroxyquinolinate)-aluminum,
tris-(8-hydroxyquinolato)-aluminum, and tris-(8-hydroxyquinolinato)-aluminum.



8 2 Fundamentals of organic semiconductor lasers

The p, electrons from two neighboring carbons form an additional nt-bond, so that the benzene
ring consists of several alternating single and double bonds. In this so-called conjugated 7t-
system m-electrons can no longer be attributed to one specific C-C bond, instead, their
wavefunction is delocalized over the entire conjugated ring s,

Every organic semiconductor contains a more or less extended m-system. These delocalized 7-
electrons are relatively weakly bound and are responsible for the semiconducting properties.
Fig. 2.2 shows the chemical structure of some common materials. Whereas the chelate metal
complex Alqs is a relatively small molecule with limited extension of the conjugated system,
the conjugated polymers consist of many identical, conjugated repeat-units, called monomers.
In the idealized case of a distortion-free molecule the conjugated m-system extends over the
entire conjugated backbone of the polymer.

-y 10 10}

(a) Alg, (b) PDA (c) PPV (d) PPP

Fig. 2.2: chemical structure formula of several organic semiconductors. (a) Alqgs, (b)
polydiacetylene (PDA), (¢) poly(p-phenylenevinylene) (PPV), (d) poly(p-phenylene) (PPP)

2.1.1.1 Models for organic semiconductors

Due to the complexity of the problem, quantum-chemical ab initio calculations of the energy-
eigenstates require exceptionally high computational effort and are only possible for small
molecules like Algs ** or oligomers with a limited size, typically less than 12 monomers *.
Therefore several semi-empirical models were developed using simplified Hamiltonians for
the m-electron system. These Hamiltonians differ in the number of interactions and degrees of
freedom taken into account. An introduction to the nomenclature and the various methods of
quantum-chemical calculations can be found in *°, recent reviews concentrating on conjugated
polymers are given by Brédas *” and Sutherland **.

Of particular historic importance for the class conjugated polymers are the Hamiltonians
introduced by Su-Schrieffer-Heeger (SSH), a one-electron theory accounting only for the
electron lattice coupling, and the Hamiltonian by Pariser-Parr-Pople (PPP) **°  who
explicitly consider the electron-electron correlation. Both theories predict the evolution of
valence and conduction bands on single extended polymer chains. The occurence of such
bands could indeed be shown by the observation of Franz-Keldysh oscillations in a molecular
crystal of polydiacetylene where the polymer strands are perfectly stretched °'. Some

remaining insufficiencies concerning the ordering of excited states, such as the energetic
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position of triplet excitations, could be removed in a model by Abe, which includes electron-

lattice as well as long-range Coulomb interaction **~".

Despite the success in the description of highly ordered polymers, the applicability of these
models to conjugated polymers in a solid film is limited by defects. Incorporated defect atoms
or distortions and kinks of the polymer chain interrupt the conjugation and cause a separation
of the delocalized m-system into conjugated segments of finite length, behaving like
individual chromophores. The distribution of the site length >* and the orientational disorder
>>37 translate into a variation of the excitation energies of the segments and thus contributes to
an inhomogeneous broadening of the transition. Hence, the behavior of conjugated polymers
resembles the one of separate -yet interacting- molecules with equivalent energy distribution

(see Section 2.1.2).

2.1.1.2 Electronic states and excitations

A very common description of organic semiconductors is given by one-electron models
neglecting electron-electron correlations. Such calculations yield molecular states which are
consecutively filled with electrons. The optical properties of the molecules can be derived
from the electronic structure by the use of selection rules. In the lowest electronic excitation
one electron is lifted from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO)2. This T « T transition corresponds to a transition
from the valence to the conduction band in inorganic semiconductors. It can be optically
induced, typically with a photon energy E, in the visible spectral range.

The Coulomb interaction between an electron in the LUMO and a hole in the HOMO leads to
the formation of strongly bound excitons, either singlets or triplets depending on the relative
spin of electron and hole. The relevant many-particle states are usually labeled according to
their spin and symmetry into nMAg and n“B,, where n is a counter for respective state,
M=25+1 is the multiplicity derived from the total spin S, and A, or B, denote the symmetry
class and parity of the wavefunction (gerade, ungerade). Fig. 2.3 (b) sketches the energy
levels of neutral excitations *°. In most cases the ground state is a singlet with even symmetry,
denoted llAg. Due to the exchange correlation the binding energy Ej’ of triplet excitons is
higher than E, in singlet excitons, so that the triplet 1°B, is the lowest neutral excited state.
The relative energetic position of the lowest two excited singlet states is of major importance
for the optical properties of a molecule. Since the emission of a photon requires a change of
parity (e.g. llAge 1'B,), strong fluorescence is only observed if the state 1'B, is located
below 21Ag. In a simplified notation the wavefuction symmetry is neglected and only singlet,
S,, and triplet states, T, are distinguished.

% In the strict notation HOMO and LUMO refer to the energy of unfilled electronic levels excluding Coulomb
interaction. Especially in the context of LEDs the terms HOMO and LUMO are often used as synonyms for the
valence and conduction “band”. Their energetic difference is then referred to the gap detected in optical
experiments, deriving from excitons, i.e. states including Coulomb interaction.
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(a) Charged manifold (b) Neutral manifold
P’ P Singlet Triplet
free e-h pair
LUMO I E, L E,’7  (unrelaxed)
A i 1 P +P i
1 A 1'B 2A,
T I'B,
P,
E,
4 4] Y
Al ' 14 P, v I'A,
HOMO —T7 Ground State

Fig. 2.3: Energy level of various excitations in organic molecules in the charged (a) and neutral (b)

manifold. Adapted from ** and *.
Besides neutral excitations also negatively and positively charged excitations determine the
properties of organic semiconductors. An excess electron on a molecule or on a polymer-
segment causes a localized structural relaxation. As a consequence an anion radical is formed
having two energy levels within the HOMO-LUMO gap of the neutral molecule. The lower
level is filled with two electrons brought up from the HOMO, the upper level contains the
excess electron (see Fig. 2.3 (a)). A similar description holds for a radical cation. In the style
of inorganic semiconductors radicals on conjugated polymer chains are often referred to as
polarons (P” and P"). The presence of polarons in a molecular system is accompanied by sub-
gap (P><E,) optical transitions between the localized polaron states. Although its energy
levels are in the gap, a polaron can move freely on its own chain, its lattice distortion moving
with it. If a negative and a positive polaron meet they can form an unbound, neutral polaron
pair, which, in turn, can recombine to a Coulombically bound exciton.

2.1.1.3 Electronic transitions in organic molecules

Whenever an electronic transition occurs in a molecule the nuclei are subjected to a change in
Coulombic force as a result of the redistribution of electronic charge that accompanies the
transition. As a consequence, electronic transitions are strongly coupled to the vibrational
modes of the molecule. In the absorption (fluorescence) spectrum these vibronic transitions
cause characteristic side-bands above (below) the purely electronic transition.

Fig. 2.4 (a) sketches the molecular potential energy as a function of a generalized nuclear
coordinate R for the ground state Sy and an electronically excited singlet state S;. The
respective vibronic states are denoted by v and v'. Since the energy associated with a vibronic
excitation is usually much higher than the thermal energy at room temperature, a molecule in
thermal equilibrium occupies the state Sy,v=0.
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Fig. 2.4: Molecular potential energy as a function of the atomic distance. Vibronic eigenstates are
denoted by v and v’. The arrows indicate vibronic transitions associated with (a) absorption and (b)
emission of a photon. The corresponding absorption and luminescence spectra are sketched in (c).

Absorption of a photon of suitable energy causes a transition S,,v’ <— Sy,v . It is followed by a
cascade of radiative and radiationless transitions. The most important transitions are
summarized in Fig. 2.5. Following an excitation into a vibronically excited state S; a
molecule quickly relaxes to the vibronic groundstate v’=0 by internal conversion. In a
radiative transition the molecule returns to Sy,v accompanied by spontaneous (or stimulated)
emission of a photon. The resulting absorption and fluorescence spectra are sketched in Fig.
2.4 (c). In solid-state samples the vibronic structure can often not be resolved due to
homogeneous and inhomogeneous broadening of the transitions. The apparent Stokes-shift
between the absorption and emission maxima of the purely electronic transition is caused by
intramolecular structural relaxation and intermolecular energetic dissipation (see section
2.1.2.1).

The intensity of the radiative transitions can be derived from the transition rate k; between an
initial state |i) and a final state (/| as given by Fermi’s golden rule (pyis the density of final
electronic states, D(w) is the density of photon states at the energy ®, and H’ is the Hamilton
operator describing the interaction).

by =0p, D) (v [ty )| 1)

In application of the Born-Oppenheimer approximation the motion of electrons and nuclei can
be separated, so that a vibronic state |£v> is described by the wavefunction v, (r; Ry, (R),
where r and R denote the electronic and nuclear coordinates collectively. For an optical
transition like one-photon absorption or emission H' is the dipole operator H'=er so that

equation (2-1) yields

Keveer o< (WorsR) er [y, (e R)) | [(w, (R)|w, )| =p, [(w, R)w, R)” (2-2)
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Equation (2-2) can be used to determine the strength of radiative transitions. According to the
Franck-Condon principle, radiative transitions occur ‘vertically’, i.e. within a stationary
nuclear framework, and the dipole transition moment g is constant. The relative intensities
ky v of the vibronic transitions are therefore given by the Franck-Condon factors, being the
overlap integral between the vibrational wavefunctions of the nuclei in their respective

electronic state: k :KWV'(R)WV (R)>‘2

Evaluation of pg. yields that optical transitions require conservation of spin (singlet<>singlet;
triplet¢>triplet) and a change of parity (gerade<>ungerade). Spin-orbit coupling can
additionally cause radiative singlet<>triplet transitions, however their transition rate is
typically much lower than in spin-conserving transitions.

Vs, —1—=
[y
£¢ k5 )
S S O °
! ! -l
""""" =
S+ T
e e P

Absorption
Fluorescence

f— — — — — — — 4

Phosphorescence

Absorption

bt} - —————— — — ]

iy

Fig. 2.5: Jablonski diagram of a typical molecule with singlet and triplet systems. Every electronic
state is drawn with a number of associated vibronic states. Intersystem crossing and radiative
transitions between the two systems (absorption, phosphorescence) are more or less forbidden.
Internal conversion and intersystem crossing are radiationless transitions **.

2.1.2 Transport phenomena in disordered organic semiconductors

It has been suggested above that a band model with coherent transport of electrons and holes
is inadequate for the description of transport phenomena in disordered organic
semiconductors. Instead neutral and charged excitations are localized to molecules or
segments of a conjugated polymer chain, collectively referred to as sites. Due to a variation of
conjugation lengths and differing surroundings the energy of equivalent eigenstates on
different sites is subject to some distribution p(E) and electronic transitions are
inhomogeneously broadened. Furthermore the sites are randomly oriented, unevenly spaced,
and have only a small overlap of their wavefunctions.
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The transfer of excitations in such a system can be modeled with coupled rate equations
which, in turn, can be solved by numerical techniques °“®*. The temporal evolution of the
probability z;(¢) to find an excitation on a site i is described by

dn,.(t):z(Wn (6)-w n 1)+ Gl.(t)—n"—(t) - (2-3)

dr /i Jiti T

j rec

Here Gi(f) denotes the external generation rate (e.g. by absorption of a photon), and Ty gives
the site-independent recombination rate (e.g. radiative lifetime). The dynamics of the transfer
from a site 7 to any other site j is described by the transfer rate W), n; and is determined by the
form of interaction. The hopping rate W; is separated into an intersite-distance dependency
and a Boltzmann factor for jumps upward in energy

1 :Ej<El.

Wi :F(rij)' ( E. —El) . (2-4)
exp| — :

J

kyT

This form of energy dependence implies that the only activation energy for an upward jump is
the difference of site energies. The energy for the jump is delivered by a coupling of the sites
to a heat bath requiring no exact matching of the energy difference to a particular molecular
vibration. The distance dependent factor F(r;) in (2-4) accounts for the interaction mechanism
mediating the transfer process and is therefore different for neutral (dipolar) and charged
(monopolar) excitations.

2.1.2.1 Energy transfer

In the transport of neutral excitations only energy, but no mass, is transferred from one site to
another. The process relies on the dipole-dipole interaction of an excited donor site, an
exciton or a polaron pair, with acceptor sites in its surrounding. The transfer rate for this
transition depends strongly on the distance between donor and acceptor and the overlap of the

donor fluorescence with the acceptor absorption. Forster found that the transfer rate is given
by ©

i

F<n,>=i[ﬁ] :ii( 3¢ (@)o,(@) dmj. 0-5)

6| 4 ) 4,4
7, Tp 1y \ AW gn'®

Here fp(®) and o4(®) denote the normalized donor fluorescence spectrum and acceptor
absorption spectrum respectively. If the distance between donor and acceptor is smaller than
the effective Forster radius R, determined by the overlap between fluorescence and emission,
then the rate of dipole-dipole transfer will exceed the rate of spontaneous emission T, of the
donor.

In organic materials the overlap of absorption and emission is usually very large and, hence,
the dipole-dipole interaction results in an energy relaxation within the density of states on a



14 2 Fundamentals of organic semiconductor lasers

picosecond time-scale ®*. Accordingly, fluorescence is predominantly observed from the
lowest sites in the DOS °'. Furthermore the energy can be efficiently transferred from donor
to acceptor molecules in blended systems consisting of two or more different types of
molecules such as Alq;:DCM 65,

2.1.2.2 Charge transport

The polarization energy that a charged excitation induces in its surrounding follows an
Epol
of neutral states implies that also the charged excitations will have some energetic

oc r;‘ dependence % Therefore the presence of disorder and the energy-distribution p(E)

distribution. In contrast to the case of neutral excitations the transfer of charges is
accompanied by a transport of both energy and mass. Since the wavefunction overlap of
donor and acceptor is small, the distance dependence of the transfer rate is determined by
phonon assisted tunneling and can be approximated by an exponential, hence

F (f:-j )=/, exp(— %fej j ; (2-6)

where o is the mean localization length and fj is a constant. Note that here the application of
an electric field /7 modifies the energetic barrier £;-E; and can thereby enhance the transition
rate W;.

An evaluation of the charge carrier mobility p based on the hopping rate W) shows a
characteristic dependence on the temperature and an electric field. The exact form depends on
the energy distribution p(E). Good agreement with experimental data was shown assuming a

60,67,68

Gaussian distribution of energetic () and structural (X) disorder , yielding

WF,T)=p. exp —(;GTJ +C[(%J —EZJ\E : 2-7)

As seen in equation (2-7) the field dependence of the mobility is of Poole-Frenkel form

w(F)= [T exp(ﬁx/f ) Hence, the maximum unipolar current density that can be achieved

when a voltage V' is applied to a sample of thickness d is given by the trap free-space charge
limited current (SCLC) multiplied with the Poole-Frenkel field dependence

, 9 v?

S =5 ey s expl089BVF] C-8)
Present disordered organic semiconductors achieve room-temperature mobilities in the order
of wy= 1072 em*V's™ for holes and p.= 10° em?V's™ for electrons, respectively. Once more
it should be noted that the comparatively low mobility is a consequence of disorder: whereas
regiorandom polythiophenes show mobilities of 10* em*V™'s™, ordered regioregular poly(3-

alkyl thiophene) possess a mobility of 0.1 cm*V™'s™ and can even be superconducting at low
temperatures .
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2.1.2.3 Organic light-emitting diodes

The working principle of an organic light-emitting diode (OLED) is illustrated in the
schematic band diagram of Fig. 2.6. Generation of light by electroluminescence requires the
injection of both electrons and holes (1), their transport into the emission zone under the
influence of an electric field (2), their recombination (3), and the radiative decay of the
excitation generated upon electron-hole recombination (4) "°. Besides these processes a large
number of rivaling electronic interactions go hand in hand with the presence and transport of
neutral and charged excitations and lead to a reduced luminescence efficiency in the solid

59,70-72

state (see e.g. ). To fulfil the requirements of efficient organic light emitting diodes

(OLEDs) and lasers careful optimization is required at every stage.

W, aeme T A
________ Vg™ @,
i Fig. 2.6:
P, P EA Schematic band diagram of a
%N\Od/ t\ AE Single layer OLED under forward
A <+ © C bias using indium tin-oxide (ITO)
e as a hole and Ca as an electron
I V-V, injector. Assuming that no band-
VAN A e bending occurs due to accumu-
lation of space charges the electric
r field is determined by the applied
HoMO voltage (corrected for the built-in
M voltage Vy,;) and the film thickness,
h

typically 100 - 200 nm. According
to .

Organic
Anode Semiconductor ~ Cathode

(1) The injection of carriers from an electrode into the HOMO or LUMO of an organic
semiconductor can be described by Fowler-Nordheim tunneling through the energetic barrier
caused by the mismatch (AE;, AE,) between the work function (®) of the electrode and the
ionization potential (/P) or electron affinity (£A4) of the organic material. In order to achieve
the maximum space-charge limited current, ohmic contacts must be formed, i.e. the electrodes
must be able to supply more carriers per unit time than can be transported through the
dielectric. In practice, this is only possible if the height of the injection barriers does not
exceed some tenths of an eV "°. The charge injection and, hence, the conductivity can also be

73,74

increased by doping, either chemically or via field effect electrodes .

(2) Following the injection from electrodes, charged excitations move under the influence of
an applied electric field. If the contacts are ohmic, the unipolar current is limited by screening
of the applied field through space charges (equation 2-8). In this case the current does not
depend on the density of injected carriers but only on the charge mobility. In bipolar devices
electrons and holes are present simultaneously, leading to charge neutralization, a reduced
field screening, and, consequently, a distinctly higher space charge limited current ”°.
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(3) The recombination of electrons and holes to Coulombically bound excitons is a
bimolecular Langevin-type process. Effective recombination requires a balanced injection of
electrons and holes combined with a long dwell-time of the charge carriers in the
recombination zone '®. Since the limiting process is the diffusion of the carriers towards each
other in their mutual Coulombic potential, the optimum recombination efficiency is reached if
electron and hole current are both space charge limited. Otherwise a typical low mobility
device contains significantly more polarons than excitons ’’. Due to spin-statistics and the
higher multiplicity of triplets, it is generally assumed that potentially emissive singlet states
are generated in no more than 25% of the recombination events. Nevertheless, it has very
recently been shown for a number of conjugated polymers that the ratio of singlet to triplet
states can actually be distinctly larger 7

(4) As soon as an exciton is created it may undergo intramolecular transitions as outlined in
Section 2.1.1.3. Furthermore it can propagate diffusively, associated with a gradual energetic
relaxation within the density of states and will, eventually, emit a photon. However the
fluorescence yield, i.e. the fraction of singlet states that decay radiatively, is often not larger
than 30%. The major source of excited state quenching is charge transfer from a chromophore
to an impurity state, such as oxidation products with low lying LUMO state. At the high
excitation densities required for laser operation, significant quenching occurs due to
bimolecular exciton-exciton >’ or exciton-polaron "’ interaction. Furthermore excitons may re-
dissociate and form non-emitting intra- or interchain polaron pairs, a process that is enhanced
by the presence of an electric field *°. Last but not least, the radiationless transfer of excitation
to electrodes must be taken into account. The interaction radius of these parasitic processes is
enhanced by exciton diffusion.

The properties of OLEDs can be significantly improved if multilayer devices are used,
allowing to optimize charge injection and transport separately for both carrier types °'.
Furthermore energetic barriers can be introduced which prevent excess carriers from passing
through the device to the counterelectrode without recombining. This increases the dwell time
of the carriers inside the recombination zone and, hence, the Langevin recombination rate.
Moreover, heterostructures serve to shift the recombination zone away from the electrodes
into the middle of the device and thus reduce the nonradiative quenching of excitons at the
electrodes *2. Using such a double layer device made from PPV, Tessler et al. demonstrated
current densities up to 1 kA cm™ under pulsed electrical excitation *. At these high current
densities the mobility increased drastically. Exciton densities in the order of 10'* cm™ were
obtained. Current heating was one of the most important factors limiting the efficiency of
these devices ™.



2.2 Lasing in organic semiconductors 17

2.2 Lasing in organic semiconductors

2.2.1 Stimulated emission

A prerequisite for lasing is the presence of stimulated emission, quantified by the wavelength
dependent cross-section for stimulated emission Gsg(A). Conjugated polymers and dyes
typically show strong stimulated emission for the transition from the singlet state S;,v=0 to
vibronic sublevels of the ground state Sy,v. Due to the fast relaxation out of the vibronic levels
the ground state of the optical transition is usually unpopulated, resulting in a four-level
system. As light travels through an amplifying medium its intensity grows exponentially
according to

I=1,expl(gt)-a)L] , (2-9)

where /) is the initial intensity, g is the (power) gain coefficient, o is the loss coefficient and L
is the distance traveled in the gain medium. In a four-level system the gain is related to the
volume density of excited states Nexe via g(A) = Osg(A) Nexe. The wavelength dependence of
Ose 1n most cases resembles the photoluminescence spectrum and is given by

o, (;L)_M

= 2-10
8nn’ct,, (2-10)

where f(A) is the normalized spectral distribution of the photoluminescence, n is the refractive
index of the material ¢ is the vacuum speed of light and 7T is the radiative lifetime of the
involved optical transition. Several conjugated polymers have a large cross-section for
stimulated emission of some 10™'°cm?” and can be used to fabricate optically pumped solid-
state lasers with remarkably low threshold excitation densities in the range of 10"ecm™ (see
e.g. * and references therein).

In general, the following important criteria have to be fulfilled for active materials in laser
applications:

1. high luminescence efficiency

2. no spectral overlap between stimulated emission and residual or excited state absorption
(neutral or charged species).

3. high mobility of electrons and holes (injection lasers only)

Regarding point 1 many conjugated polymers and dyes fulfil this criterion. If the defect
density is low enough and aggregation of individual chains can be avoided PL efficiencies up
to 80% can be achieved in the solid state *2. Regarding point 2 only a few basic structures
seem to show the necessary spectral separation of photoinduced absorption and stimulated
emission, namely some derivatives of poly(p-phenylene vinylene) (PPV), poly(p-phenylene)
(PPP) and polyfluorene (PF). For future injection lasers the choice of materials is further
reduced as many materials exhibit charge-induced absorption bands in the optical bandgap.
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An additional degree of freedom is provided by composite guest-host systems, where the
functions of charge transport and emission are undertaken by different species.

2.2.2 Amplified spontaneous emission

A good technique to characterize an organic substance as a laser material is to photopump a
slab waveguide, made by deposition of a thin film of the material on a low refractive index
substrate. If the pump intensity is high enough for the gain to exceed the scattering losses then
spontaneously emitted photons are exponentially amplified as they travel through the
waveguide (equation 2-9). Since predominantly those photons are amplified whose energy
coincides with the spectral position of maximum gain the overall emission spectrum changes.
A collapse of the emission spectrum, called gain narrowing, is observed as amplified
spontaneous emission becomes the dominant deactivation pathway. This happens if the
exponent in equation 2-9 exceeds unity, (g(A)— o)L >1.

Gain narrowing in a solid conjugated polymer was first observed in 1996 in a film of MEH-
PPV *® containing strongly scattering TiO, particles. In the following gain narrowing was
found for a large number of pure conjugated polymers, mostly derivatives of PPV, PPP or

polythiophene (see e.g. ®

and references therein), as well as in films of spiro-type organic
molecules *’. Owing to their small Stokes shift and the large residual self-absorption the
stimulated emission is hampered in some strongly luminescent molecules. The Stokes shift
can be drastically increased if the emitting species is blended into a matrix with a higher
bandgap. As described above, Forster-type energy transfer leads to red-shifted optical
transitions accompanied by a substantially reduced residual absorption. Using this technique
gain narrowing was found for a number of strongly fluorescent dyes embedded in a
conducting matrix ** or in blends of different conjugated polymers ¥. The threshold for gain

narrowing occurs at excitation densities of typically 10'-10'" cm™

corresponding to
excitation energy densities of ~1-10 pJ cm™ in pulsed optical excitation. These values are
comparatively low as a result of the high stimulated emission cross-section of organic
molecules.

Subsequent to the initial observation of spectral narrowing it was proposed that the underlying

90,91

mechanism was superfluorescence or biexcitonic emission . But in the meantime

detailed investigations of the emission together with quantitative modeling of the emission

process have identified the mechanism to be amplified spontaneous emission (ASE) *7*-1%.

ASE in waveguide structures is sometimes called “mirrorless” lasing as it can have many
properties of a laser such as a distinct threshold in the input-output characteristics and the
emission of a concentrated, polarized, and nearly monochromatic beam. Nonetheless, the
absence of resonant modes and the incoherent output distinguishes ASE from lasing.
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2.2.3 Resonant laser structures

The large variety of resonator geometries that can be realized with organic materials opens a
wide field of research opportunities. Fig. 2.7 features the geometries that have been explored
in the past years using optical excitation. The first attempts to achieve true lasing action from
a high gain organic semiconductor material inside a resonator providing positive feedback
were carried out using a microcavity resonator 2, Microcavity lasers (Fig. 2.7 (a)) have
several attractive advantages: they are easy to fabricate, their architecture is similar to organic
LEDs and they emit perpendicular to the substrate. On the other hand, the distance traveled by
light on each pass through the gain region is small which results in a low roundtrip gain and
relatively high threshold values '°' unless highly reflective dielectric mirrors are used on both

sides of the cavity '*1%,

d) e) f)

Fig. 2.7: Scheme of various resonator structures for optically pumped organic semiconductor

lasers. (a) Microcavity, (b) planar waveguide with corrugated substrate (distributed Bragg reflector

or distributed feedback), (c) tunable external cavity, (d) microring, (e)microdisk, (f) microdroplet

(Taken from '%).
The problem of the small gain length and the associated low roundtrip gain can be
circumvented if planar waveguides are used. A major advantage of the waveguide approach is
its compatibility with the diode architecture required for electrical excitation. The simplest
way to make a resonator is to break the organic film giving rise to reflections at the facets
106107 "Contrary to inorganic semiconductor lasers, however, breaking does not produce facets
of either high quality or high reflectivity. Superior performance is achieved when the
feedback is incorporated via a periodic perturbation of the waveguide (see Fig. 2.7 (b)) giving

23-28

rise to Bragg scattering . The working principle of these lasers with distributed feedback

is discussed in more detail in Section 2.3.

Other interesting geometries use the whispering-gallery-modes due to total internal reflection

in ring-like structures comprising microdisk, microdroplet and microring lasers (d-f) '*'"3.
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The large spectral width of the optical gain and the resulting tunability of organic lasers was
exploited by placing the organic material inside a conventional dye laser cavity suitable for

transverse pumping. A grating acts as high reflector and allows for wavelength tuning (c) ''*

"8 In the meantime the large number of publications on organic semiconductor lasers has

85,105,119-123

been reviewed separately for polymer lasers and lasers made from small molecules

28,107,124-127

2.3 Distributed feedback lasers

The concept of distributed feedback (DFB) lasers was introduced in the early 1970s by
Kogelnik et al., who realized that laser operation can be achieved if a periodic structure is
integrated within the gain region '**. The major difference to a conventional device is that
feedback is not established by local reflectors but by Bragg scattering due to periodically
distributed optical inhomogeneities. Soon it was found that distributed feedback provides
efficient means for narrow bandwidth, tunable laser emission *°. Since then the concept has

129 distributed Bragg reflection (DBR), two-
131

been extended to thin film waveguides
dimensional DFB "*° and, more recently, photonic bandgap lasers '*'. Subsequently the
concept of distributed feedback has been applied in a vast number of diode lasers meeting
virtually any demand for high-throughput optical data communication *°. In the following the
fundamentals of distributed feedback will be presented with special emphasis on thin film

waveguide geometries.

2.3.1 Slab waveguides

Fig. 2.8 shows the schematic setup of a dielectric three-layer slab waveguide consisting of a
thin film with thickness dy that is sandwiched between substrate and cover having refractive
indices of ny, n, and n., respectively. Mathematically, the propagation of light in dielectric
medium is described by the Helmholtz equation for the electric field E(r,?)

n*(r) 0E(r,1)

V?E(r,t)- oo =0 (2-11)

whose solution is of the form E(r,t)zEOexp[i (n(r)k, -r—wt)] with the wavevector
ko=2m/A. A determination of the waveguide modes requires solving equation 2-11 with
appropriate boundary conditions.

From a simple ray model it is seen that a plane wave propagating in the film under some angle
0 can be guided, provided that O is larger than the critical angle of total internal reflection at
both boundaries, implying that n,> n; >n.. The second condition for waveguiding is that a
standing wave pattern is formed by constructive interference of the incident wave with itself

after reflection at both boundaries, yielding '*

2kyn,d,cos®, —2¢.(0,)-20,(6,)=m-2n ,  where m=0,1,2,...  (2-12)
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Fig. 2.8: Schematic drawing of a three layer slab waveguide. Plane waves propagating under an

angle 0 in the film are totally internally reflected at both boundaries. For TM waves the H-vector

is in the waveguide plane (in x-direction), for TE waves it is the E-vector. The white-filled area

sketches a typical intensity distribution in an asymmetric waveguide.
Since the phase jump (2¢,) associated with the reflection at the boundary to the adjacent layer
a (a=c,s) depends on the polarization of the electromagnetic wave two cases have to be
distinguished: TE (transversal electric) waves with the electric field vector E in the
waveguide plane and TM (transversal magnetic) waves with the magnetic field vector H
parallel to the waveguide plane. The phase jump is given by

2 . 2 2 . 2
\/nf sin’ 0 —n, n,’ \/nf sin’ 0 —n,
' > tan ¢, =— '
2
nfcose n nfcose

a

(2-13)

tan ¢ =

According to equation 2-12 guided waves can only exist for discrete modes depending on the
angle 0,,. Their intensity distribution in the y-direction results from the superposition of the
plane wave propagating at angle 0,, with the reflected wave propagating at angle (180°-6,,). In
the cladding layers evanescent waves are formed whose intensity falls to zero within
approximately one wavelength, depending on the refractive index contrast between film and
cladding layers.

The propagation of the guided wave in z-direction is entirely determined by the wavevector
component® k_ =n,sin®, k, =n, k,. Therefore the guided wave propagates in z-direction
like a plane wave in a bulk material with refractive index n.; This is reflected in the
Helmholtz equation which, apart from the constant variation E(x,y), simplifies to a scalar
equation
0°E(z,1)

2

+kE(z,t)=0 with a solution E(z,t)= E, exp[z'(kz z— wt)]. (2-14)
z

All the relevant properties of guided wave propagation are therefore linked to the effective
refractive index, which varies between the refractive index of the substrate and the film n. <
ny<neg<ns . In Fig. 2.9 (a) ney is plotted as a function of film thickness for a given
wavelength in a typical organic film deposited on a glass substrate. It is seen that no guided
wave 1s supported below a cutoff thickness and that n.s is higher for TE than for T™M

3 In the context of thin film lasers k. is often called the propagation constant B.
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polarization, indicating a stronger optical confinement of TE waves inside the organic film.
TE waves therefore interact stronger with the gain medium, suffer less surface loss and, thus,
usually have a lower laser threshold. For a given film thickness the dispersion relation (k)
and the group velocity v, :d%kz = % o of the guided wave can be determined (Fig.

2.9 (b)).
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Fig. 2.9: (a) Effective refractive index as a function of film thickness d, for a wavelength of
A =630nm in a typical organic film (n,=1.7) deposited on a planar glass substrate (n,=1.5).
Below the cutoff thickness no guided waves are supported. (b) group refractive index of the first
two TE and TM modes for a given film thickness of d;=300 nm (assuming n, were independent
of A). No guided waves are supported above a certain cutoff wavelength.

2.3.2 One-dimensional distributed feedback lasers

23.2.1 Bragg scattering

Distributed feedback relies on Bragg scattering due to a periodic modulation of the complex
refractive index, either in its real (n) or in its imaginary part ()). In the special case of thin
film lasers this is manifested in a modulation of the effective refractive index,
ny(z)=n,(z+A), or the gain coefficient, g(z)=g(z+A), with the periodicity A. A
periodic modulation of the waveguide thickness, as sketched in Fig. 2.10, perturbs the
propagation of guided waves and induces coupling between otherwise independent waves.
Waves propagating in the positive z-direction are partially reflected and thus coupled to
waves propagating in the negative z-direction. Coupling becomes particularly strong if the
reflected waves interfere constructively, which is specified by the Bragg condition. Assuming
that the perturbation of n.;is small the Bragg condition reads.

A
nﬁAsz?ﬁ; m=12,.. (2-15)
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Fig. 2.10 (a) shows the situation for first order distributed feedback (m =1). If the Bragg
condition is fulfilled with m =2 then the lower Bragg orders will be scattered out of the
waveguide. As an example a 2" order DFB laser (m =2) is sketched in Fig. 2.10 (b). It emits
radiation perpendicular to the surface.

(a) 1" order DFB laser (b) 2" order DFB laser
m=1 ?
............. mTI m=\2
i ‘Ly
Substrate Substrate X
’ >
(©) k-space (d) k-space
G (m=2)
G (m=1)
G N _»/ 3 Ak
~ 2> ~ 2 *
° Mi ° ° M‘ P S >
I b Lo k

-TU/A 0 /A 2n/A 0 2n/A

Fig. 2.10: Scheme of a DFB laser with feedback in first (a) and second (b) Bragg order. The

corresponding reciprocal space is sketched in (c) and (d). The reciprocal lattice points are indicated

by the black dots, the dashed lines denote the Bragg planes. Also shown is one pair of k-vectors

fulfilling the Laue condition.
A more general formulation of the Bragg scattering process can be given in the reciprocal
space (k-space). In k-space the wavelength A is replaced by the wavevector k. The
modulation of the waveguide is represented by a reciprocal lattice of evenly spaced lattice
points, defined by the lattice vectors G.

The fact that the propagation of guided waves is confined to the x-z waveguide plane is
reflected in a two-dimensional extension of the reciprocal space. In this 2D k-space a plane

wave is described by k = (ll?j’ where |k| =N, - 27t/A . The reciprocal lattice corresponding to

z

the waveguide modulation of Fig. 2.10 (a) and (b) is shown in Fig. 2.10 (c¢) and (d),
respectively. The periodic waveguide modulation in z-direction generates reciprocal lattice

points at G=mG, =m(2n(} A)' With this notation the Bragg condition 2-15 rewrites
2k

-.Bragg = |G| . In analogy to the scattering of X-rays in an atomic crystal the Bragg condition

can be generalized to the Laue condition '*°.

2k-G =[G|” . (2-16)
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This formulation of the feedback condition says that Bragg scattering can occur if the photon
k-vector is located on a Bragg plane?, being the perpendicular bisector of the line connecting
the origin with the reciprocal lattice point G. In Fig. 2.10 (¢) and (d) these Bragg planes are
indicated by dashed lines. A wave whose k-vector is located on a Bragg plane is scattered to
k' and vice versa. The wavevectors of the scattered and incident wave are related via
k'=k —G . Note that the Laue condition is fulfilled for a continuous spectrum of plane waves
all having a well defined value of &, but continuously varying k,. Unless further precautions
are taken, a 1D-DFB laser will therefore operate simultaneously on many lateral modes.

In surface emitting lasers the output coupling is also governed by Bragg scattering. For the ond
order DFB laser sketched in Fig. 2.10 (d) the relevant process is first order Bragg scattering
(m = 1). The propagation direction of the radiated wave (angle ¢ with respect to the surface
normal) is determined by phase-matching of the radiated wave and the scattered wave at the
surface of the waveguide. It is governed by the relation

kysing =k -G . (2-17)

2.3.2.2  Coupled wave theory

For a more detailed investigation of distributed feedback the Helmholtz equation 2-11 has to
be solved in the presence of the periodic modulation. Several numerical methods have been
developed, illuminating different aspects of the distributed feedback (see Section 5.5). A good
qualitative understanding of DFB laser operation is provided by the coupled wave theory '**.
It allows to calculate the laser threshold and the dispersion relation w(k;) of the photonic band
structure assuming a weak® harmonic perturbation of the propagation constant k.(z). The

perturbation can affect the refractive index as well as the gain and is expressed as
k(z) = [neﬁ +An cos(|G0| z)]ko +i (y+ Aycos(|Go| z)) , (2-18)

where y=g/2 is the field gain coefficient of the active medium. Bragg scattering is
unimportant unless the Bragg condition is fulfilled. The description can therefore be restricted
to k-values close to kg, In Other words to the edges of the Brillouin zones. In the vicinity of
ksragg the solution of the Helmholtz equation is approximated by a superposition of a right and
left running wave with propagation constant k... (equation 2-19). These waves grow because
of the presence of gain and they feed energy into each other due to Bragg scattering. All
deviations from the exact Bragg condition as well as the growth and coupling are accounted
by the prefactors R(z) and L(z) of the right- and left-running wave.

4 The Bragg plane is a x-y plane. In the two-dimensional k-space the Bragg plane reduces to a line.

2 Weak means here that Ay << n oG and An<<n;.
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E(z): R(z)exp[—ikBmgg zJ+ L(z)exp[i kB,,agg zJ (2-19)
R(z)= n exp(—iPz)+ 7 exp(iPz)
L(z)=1,exp(~iBz)+1, exp(iB z)

The propagation of the right and left running waves are determined by the complex offset
propagation constant P. Its real part, Re B = k-kp,qqq, is the offset from the Bragg value, its
imaginary part leads to an exponential rise or decay of the right/left running wave’s
amplitude.

With these assumptions the Helmholtz equation yields an implicit form of the photon
dispersion relation (k)

B2 =(8+iy) -« , with (2-20)
N,
6 = Tﬁ<0‘)_ O)Bragg ) 2
K= ’Z’L 0| An+%l Ay

Equation 2-20 allows to determine the offset propagation constant B for given values of (1)
the detuning from the Bragg frequency, 0, (2) the field gain, y, and (3) the coupling
coefficient, K, being related to the modulation of the effective refractive index and of the gain.
Depending on the choice of these parameters, B can be either purely real, purely imaginary or
complex. Accordingly, three situations have to be distinguished which lead to significantly
different laser properties: index coupling if x is real (An #0; Ay=0), gain coupling with
imaginary ¥ (An =0; Ay#0), and complex coupling if An#0; Ay#0. The difference
between these three regimes is manifested in different values of 9, B, and the threshold gain
Yin- Two transcendental equations relate these parameters

k =+ B/sinh(-iBL) (2-21)
Yo =—iB coth(—=iBL)+id . (2-22)

Fig. 2.11 shows the dispersion relation for a DFB laser with pure index and pure gain
coupling in the limit of vanishing average gain 7. In the case of pure index coupling there is a
range of frequencies around the Bragg frequency ®g,g, for which B is purely imaginary.
Since the corresponding waves cannot propagate in the waveguide this band of forbidden
propagation is called stopband. An index coupled DFB laser will oscillate simultaneously in
two modes at both sides of the stopband, at the highest density of states D((D)oc dk/do and
the lowest threshold gain. The laser threshold is given by

T

mL{EJ - (2-23)
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In contrast, all frequencies are allowed in a purely gain coupled DFB laser, yet, there is a
range of forbidden propagation constants around kg..g,. The lowest laser threshold is found at
the Bragg frequency with a value of Ay, =m/L.

th

Whether the behavior of a complex coupled DFB laser resembles an index or a gain coupled
device depends on the relative strength and sign of the real and imaginary part of the coupling
constant. Generally, it can be said that the presence of gain coupling will always lift the

degeneracy of the modes and thus favor monomode operation '*°.

(a) index coupling (b) gain coupling
T T " Je—Aa
(’OBragg - ’ mBragg S
kBragg kBragg
Propagation constant k, ——» Propagation constant k, ——»

Fig. 2.11: Dispersion relation for a DFB laser with pure index modulation (a) and pure gain
modulation (b). The effect of the average gain is in both cases neglected'**.

2" order DFB lasers

The above description is valid for feedback in the 1% Bragg order. For feedback in Bragg
orders m =2, the lower orders will be scattered out of the waveguide. This effect does not
only cause a constant loss for the propagating waves but also induces an additional periodic
modulation of the loss. Therefore the 2™ order index grating has a similar effect like a 1%
order loss modulation '*°. Consequently pure index coupling is impossible for 2" order DFB
lasers and the mode degeneracy of an “index coupled” DFB lasers is lifted. Only the mode at

the long wavelength side of the stopband evolves 273

. In order to include the intensity
losses due to surface emission, Oy,s, the threshold condition needs to be rewritten for ond

order DFB lasers ">’

2
g, L= 2(@) +o,, L. (2-24)

Non-harmonic perturbations

As mentioned above, the coupled wave theory assumes harmonic, sinusoidal perturbations of
the refractive index or gain. The Fourier spectrum of the perturbation therefore contains only
one single spatial frequency 2m/A. In the case of a purely harmonic perturbation the
reciprocal space should therefore contain only one grating vector Gy. In contrast, the



2.3 Distributed feedback lasers 27

reciprocal lattice introduced above consists of an infinite number of reciprocal lattice points,
each corresponding to a different higher harmonic m 2m/A of the modulation. Any real lattice
1s somewhere in between these two extremes and the waveguide perturbation contains a
number of spatial harmonics. The relative strength of the corresponding Bragg scattering
process scales with the respective Fourier component of the modulation. It is quantified by the
corresponding coupling coefficient.

2.3.3 Two-dimensional distributed feedback lasers

2.3.3.1 Bragg scattering

The concept of distributed feedback can be extended to lasers containing a two-dimensional

periodic modulation '*°

, named 2D-DFB lasers. Fig. 2.12 sketches a two-dimensional periodic
structure and its reciprocal lattice. For a rectangular lattice with ¢ =90° the reciprocal lattice

is also rectangular with G, =m2m/A, and G, =n2m/A_ . Just as in the one-dimensional

case, the condition for distributed feedback is described by the Laue condition (2-16) with the

reciprocal lattice vectors G, = ((G;Z) :

X

(a) spatial lattice (b) reciprocal lattice
e ° °
° * o ° Gy =28
A ° ' °
X _ 27[
° n ° PY Gz = A
A [ ° ‘e ®

Fig. 2.12: (a) A two-dimensional rectangular lattice in real space. (b) The corresponding reciprocal
lattice.

In first experiments with 2D-DFB lasers it was found that the divergence of the laser radiation
could be significantly reduced with respect to 1D-DFB lasers but it was still far beyond the

diffraction limit **'*'. Despite these early, promising results there have only been very few

1 130,140,141 1 142-144

experimenta and theoretica investigations until the recent renewed interest

within the context of photonic crystal lasers. The first experimental demonstrations of 2D-
photonic crystal lasers based on organic or inorganic materials were published more or less

simultaneously with the work of the author '*'%.



28 2 Fundamentals of organic semiconductor lasers

2.3.3.2  Coupled mode analysis

The first quantitative theoretical investigations of 2D-DFB lasers were presented in a coupled

14214 These calculations neglect interactions due to

mode analysis for rectangular gratings
higher spatial harmonics of the modulation as well as the interaction between guided and
radiation fields. It was predicted that simultaneous coupling of the guided waves to the x- and

z-grating could lead to monomode laser operation in first and second Bragg order, i.e. for the

wavevectors k = n/ A, or k= 271:/ A, . In contrast to 1D-DFB lasers no horizontal
/A, 2m/A

confinement would be required. In the case of second order distributed feedback the phase of
the radiation field is the same all over the surface. Hence, the divergence of the laser beam
should be diffraction-limited with respect to the extension of the excited area '**!'*°.
Nevertheless the proposed diffraction-limited surface emission had not been observed prior to
this work.

2.3.33 Photonic band structure analysis

A complementary method to analyze the behavior of 2D-DFB lasers is the computation of the
respective photonic band structure. For that purpose numerical techniques have been
developed that account for the contributions of all possible Bragg scattering processes. The
results are usually displayed as band structure diagrams w(k), like the one shown in Fig. 2.13
(a) for a 2D lattice consisting of dielectric columns *°. According to the Bloch theorem every
state of the infinitely extended reciprocal space (extended zone scheme) can be represented by
a k-vector within the first Brillouin zone by translation of a reciprocal lattice vector. States
originally located outside the first Brillouin zone are then attributed to a higher band of the

(a) (b)
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Fig. 2.13: Band structure of a two-dimensional square lattice of infinitely long dielectric
columns in air *°. The dispersion relation of TE waves is shown in gray, TM waves are plotted
black. (b) Reciprocal lattice (black dots) with the 1 Brillouin zone (square) and the irreducible
Brillouin zone (gray-shaded triangle) with its high symmetry points I', X, and M. Gray letters
indicate how some points outside the first Brillouin zone are related to the high symmetry points
of the irreducible Brillouin zone by application of the Bloch theorem.
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corresponding state inside the first Brillouin zone (reduced zone scheme). By means of
symmetry the 1* Brillouin zone can be further diminished to the irreducible Brillouin zone
shown by the shaded region in Fig. 2.13 (b).

Bragg scattering occurs if the Laue condition is fulfilled, which happens, by definition, for k-
vectors on the boundary of the Brillouin zones. In the case of 2D photonic crystals the border
of the irreducible Brillouin zone contains all relevant states. The strongest coupling is
typically expected exactly at the symmetry points. From the coupled wave analysis of 1D-
DFB lasers it is known that strong Bragg scattering results in an anti-crossing of bands and
the occurrence of a stopband whose width scales with the coupling strength. In the 2D
photonic crystal of Fig. 2.13 the formation of a bandgap can be seen for instance by the
splitting between the first and second TE and TM bands at the X-point.

It is possible to design structures having a complete photonic bandgap for all k and both
polarizations "'. In such structures it is possible to suppress the spontaneous emission and
modify the radiative lifetime >**°. The introduction of a properly designed defect state located
in the photonic bandgap is a promising way to achieve lasing with an extremely low threshold
and mode volume '*'3. On the other hand, the dielectric contrast that is needed for a
complete photonic bandgap is very high and can not be reached with organic materials alone.

2.3.4 Randomly distributed feedback

The distributed feedback lasers described in the former sections rely on constructive
interference of waves which are scattered at periodically arranged optical inhomogeneities. In
contrast thereto randomly distributed feedback relies on the constructive interference of waves
which are multiply scattered at a-periodic inhomogeneities. The resonator of such a laser is a
random closed loop as sketched in Fig. 2.14. The oscillation frequency is then determined
from the condition that the phase shift along the loop is a multiple of 2.

Fig. 2.14:

Schematic representation of a two-
dimensional system with embedded
scattering centers. If the mean free
path of photons is sufficiently short
recurrent light-scattering can occur
efficiently and lead to random closed
loop cavities.

The actual formation of such closed loops, however, requires that there is a certain probability
for recurrent light-scattering, which means that a photon returns to the infinitesimal
neighborhood of a place where it has been before. Although the concept is very easy it turns
out that the premises for recurrent light-scattering are very strict. Therefore it was not until
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134169 a5 well as laser speckles '"° were

recently that laser oscillation with discrete resonances
observed in various structures exhibiting strong scattering. In some of these cases it was,
however, not clear whether the observed resonances are truly due to random closed loops or
rather to other forms of feedback, such as reflections at the boundaries of the active medium.
Before attributing resonances in the emission spectrum to random lasing it is important to
check if the behavior of the laser is in accordance with the expectations for light-propagation

in strongly scattering medium.

2341 Light propagation in strongly scattering media without gain

In a non-amplifying medium system three regimes of light-propagation have to be
distinguished, depending on the wavelength and the photon’s mean free path between two
consecutive scattering events, /* '

e [k[*>>1: in the regime of weak scattering light propagates diffusively. The phase of the
light wave and interference effects can be neglected.

e Lkl*=1: in the presence of moderate scattering interference effects become important. If
coherent light falls on such a medium, waves traveling the same path through the
scattering medium, yet in the opposite direction, interfere constructively in the
backscattering direction. Therefore the intensity of the backscattered light is enhanced.

The photons start to be localized (regime of weak photon localization) '7*'7*.

e Lkl*<1: when scattering is so strong that the mean free path of light becomes smaller

than a single cycle of the light wave light transport comes to a complete stop "', A
localized state is formed by interference of the trapped electromagnetic wave with itself
(regime of Anderson localization®). The extension of the state is given by the localization

length £, =~ (2—-4).1* ",

In a non-amplifying, infinite three-dimensional system the probability for recurrent light-
scattering vanishes unless k/*<1. Therefore random closed loops can only be formed in an
extremely strong scattering medium. For a system with reduced dimensionality the conditions
for the formation of random closed loops are less strict.

In an infinite, purely two-dimensional, system recurrent light-scattering can be observed
irrespective of the mean free path '”’. In terms of random lasers it is therefore especially
interesting to investigate planar waveguides which confine the light to two dimensions.
Admittedly, a perfectly two-dimensional system cannot be realized since some fraction of the
light will always be scattered out of the waveguide. Anyway, a closed loop can still be formed
by that fraction of light which remains confined in the waveguide. As a consequence, in a 2D
system light can be localized with a localization length that is much larger than the
wavelength.

¢ The search for Anderson localization was also a driving force in the development of photonic crystals which
can localize light if additional disorder is introduced **.
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2.34.2 Light propagation in strongly scattering media with gain

The interplay of localization and amplification is an old and interesting topic in physical
research '’®. Tt is well known that optical absorption destroys photon localization because it
suppresses the interference of scattered light. Contrarily, the presence of optical gain enhances

17 and it reduces the localization length & to a value that is

coherent backscattering
considerably lower than & 176 As a consequence, localized states can be formed in the
presence of high optical gain although they are absent in the passive system '*’. An important
implication is that random closed loops are more likely formed in active than in passive
structures. Varying the mean free path /* a transition from resonant to non-resonant feedback

was observed at a value of /* being much larger than the wavelength '>°.

In summary, two different regimes are identified, depending on the ratio of the gain length, L
to the localization length & '*:

o [L<&: ifthe scattering is weak the localization length is larger than the extension of
the gain region. In this regime scattering does not provide resonant feedback. Scattering
merely increases the light path inside the material and, hence, reduces the threshold for
amplified spontaneous emission. Discrete laser modes are not formed '*'. This is the
classical situation of light diffusion with gain studied theoretically by Letokhov 30 years

ago '8

e [>&: for either strong disorder, a large gain, or a long gain length discrete laser
peaks can be observed in the spectrum due to resonant feedback in random closed loop
cavities. These random cavities are localized at a certain position so that several, spatially
separated, closed loops can exist simultaneously. For increasing excitation area or gain the
number of discrete laser modes increases. However, there is a maximum number of modes
that can be established depending on the shape and size of the excitation area '*°. In
systems with reduced dimensionality, like e.g. optical waveguides, the localization length
can be considerably larger than the wavelength of light and extended closed loop cavities

156,165,166
d ,1609,

can be forme . For these extended, yet localized, modes the laser threshold

decreases when the excitation area is increased, now covering a larger part of the loop

area. The difference between resonant and non-resonant feedback is also indicated by a

155,162,164,182,183 163

differing photon statistics or an anisotropic emission .



3 Experimental techniques

This chapter discusses the various preparation and characterization techniques
used within the course of this work. Thin films of organic semiconductors are
deposited on nanopatterned substrates by casting from solution or by sublimation
in high vacuum. Atomic force microscopy and transmission spectroscopy serve for
the basic characterization of the film thickness and surface morphology. The
properties of distributed feedback lasers are characterized according to their
emission under intense optical excitation. The techniques for the transient
investigation of the nonlinear optical properties of organic materials include
differential transmission spectroscopy and luminescence upconversion with sub-
picosecond time-resolution.

3.1 Sample preparation and characterization

All samples studied within the course of this work use a thin solid film of an organic
semiconductor as active medium. The film thickness is varied in the range between 50 —
500 nm. A key issue for the optimization of the properties of organic optoelectronic devices is
a well controlled film preparation and the successive fabrication of multilayers consisting of
several materials with especially adapted properties. One of the major degradation
mechanisms in conjugated organic materials is the cracking of double-bonds by oxidation.
Therefore it is crucial to prepare organic films in dry and oxygen-free atmosphere, i.e. either
in vacuum or in a glove-box filled with an inert nitrogen atmosphere.

Films of soluble conjugated polymers were prepared by the spincasting technique which is
standardly used to deposit photoresists for lithography. As displayed in Fig. 3.1 (a) the
substrate is covered with a solution containing the dissolved polymer. Upon revolving the
sample the surplus solution is cast away with a homogeneous film remaining. The persistent
solvent evaporates when the sample is stored under vacuum at elevated temperatures. The
resulting film thickness depends on the molecular weight M [g/mol] of the polymer, the

concentration ¢ [mg/ml] of the solution, and the spin-frequency @ according to '**

d, < M"w"c. (3-1)

For many polymers high-quality films can be achieved if appropriate solvents are used. The
conjugated polymer MeLPPP used in this work was obtained from the group of Prof. Dr. U.
Scherf, presently at the University of Potsdam. It is soluble in toluene up to 60 mg/ml,
allowing to fabricate homogeneous films with a thickness up to 500 nm. However, the
fabrication of heterostructures is limited by the demand for orthogonal solvents, i.e. a layer
that is soluble in an unpolar solvent like toluene can only be deposited on a material that is

32
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soluble only in a polar solvent like water. Hence, the number of layers is very limited if
solution processing techniques are applied.

(a) (b) Thickness 'Eﬁﬁmple

Monitor i
X :
%) <« > T
Substrate % # Effusion/
Cell =

Fig. 3.1: Preparation of thin organic semiconductor films. (a) Soluble conjugated polymers are cast

from solution. The final film-thickness is adjusted by the concentration and the spin frequency. (b)

Setup for sublimation of small organic molecules. The film thickness is continuously monitored

during sublimation '¥.
Films consisting of small organic molecules like Alqs or DCM can be fabricated by
sublimation in ultra high vacuum (UHV) as sketched in Fig. 3.1(b). This technique is
especially well suited to fabricate heterostructures by subsequent deposition of different
materials. Furthermore it is possible deposit blends of two or more materials with a controlled
composition by co-sublimation. High quality films of Alg;:DCM were obtained
independently from two different groups, namely the group of Dr. W. Briitting at the
Universitdit Bayreuth and the group of Prof. Dr. W. Kowalsky at the Universitit
Braunschweig. The latter group also provided heterostructures as used in OLEDs.

Transmission, reflection and fluorescence spectra of the samples were taken using
commercial spectrometers’. According to Beer’s law the film thickness can be conveniently
determined from the transmission spectrum via T =1, /I, = exp|- o d /.J using the absorption
coefficients o. Errors due to surface reflection are eliminated accounting for the measured
reflection spectrum. The surface morphology was determined with a commercial atomic force
microscope (AFM) from Digital Instruments (DI Nanoscope I11a).

3.2 Optical experiments at high excitation density

The observation of light amplification in a device of length L requires a substantial intensity
gain g, so that g L = Ggg(A) Nexc L 2 1. Given a typical cross-section for stimulated emission
of order 1076 cmz, it is readily seen that excitation densities N exceeding 10" cm™ are
needed. To achieve such high densities in optical experiments a laser beam is focused to a
small spot. To prevent accumulated thermal heating a pulsed laser is used.

I Varian Cary 50 UV-VIS Spectrometer, Varian Cary Eclipse Fluorescence Spectrometer
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3.2.1 Determination of the excitation density

When using a femtosecond laser to excite a sample, the initial excitation density can be
calculated from the absorbed pump pulse energy. Although the excitation density usually has
an inhomogeneous distribution, a volume-averaged value is sufficient for most purposes.

The absorbed energy is calculated from the incident energy correcting for reflection and the
residual transmission as measured at low excitation densities. A potential saturation of the
absorption is thereby neglected, which is reasonable as long as the excitation density is
substantially lower than the chromophore density. In a 300 nm thick film of MeLPPP ~ 80%
of the incident light is absorbed. The exponential decrease of the excitation density within the
sample is neglected. Instead, the averaged value is used. In the case of multilayers only the
fraction absorbed in the active layer is taken into account.

The excitation volume is calculated from the film thickness and the area of the excited spot.
In most experiments the laser beam is focused using a spherical lens resulting in a nearly
circular spot with a typical diameter of 150 um. The spot diameter is measured by moving a
razor blade, located at the position of the sample, through the laser beam. Usually the
intensity distribution is nearly Gaussian, with a spot diameter defined by 4. The excitation
density is approximated by the constant, averaged value.

3.2.2 Regeneratively amplified fs-laser system

The pulsed laser source used in most experiments is a commercial regeneratively amplified
Ti:sapphire laser emitting pulses of up to 1 mJ with a duration of less than 150 fs (FWHM) at
a 1 kHz repetition rate and a center wavelength of A =800 nm. Its setup is displayed in Fig.
3.2. A frequency doubled, diode pumped solid state laser (Millenia) is used to pump a Kerr-

A=800nm
Energy /Pulse
E,=10nJ

N
en
=
& Ti:Sapphire
(Tsunami)

532nm
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A=400nm
E,=50u
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800mW, A

A=800nm
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Regen. Amplified 1kHz
Ti:Sapphire
(Spitfire)
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\ 4
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Fig. 3.2: Setup of the Spectra Physics femtosecond laser system. The core element is a
regeneratively amplified Ti:sapphire laser with 1 mJ pulse energy. Its output can be used to
generate the second harmonic at 400 nm and/or a white-light continuum in the visible.
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lens mode-locked Ti:sapphire oscillator emitting pulses with 80 fs duration (FWHM) at a
repetition rate of 82 MHz and a pulse energy Ep = 10 nJ. Its wavelength can be tuned from
approx. 750 to 850 nm. If necessary, pulses of significantly higher energy can be generated in
an amplification stage, where single pulses of the oscillator are amplified by a factor of 10°
within 15-20 passes through the cavity of a regenerative amplifier (Spitfire). The core of this
amplifier is another Ti:sapphire crystal which is highly pumped by a Nd:YLF laser at 1 kHz
repetition rate.

The high pulse energy of up to 1 mJ is compressed in ~150 fs long pulses and can be used to
generate femtosecond pulses in a very broad spectral range (spanning from 266 nm to 3 pm)
through nonlinear optical effects. To excite organic semiconductors the second harmonic with
a wavelength of 400 nm is used. Furthermore a small fraction of the beam can be used to
generate a white-light continuum for differential transmission spectroscopy (see below).

3.2.3 Time-integrated emission

The emission of photoexcited organic semiconductors can be spectrally resolved using the
setup of Fig. 3.3. As excitation source the frequency doubled output of the regeneratively
amplified Ti:sapphire laser is used. The beam profile is shaped through adjustable diaphragms
and the incident power is adjusted with a variable neutral density filter. The spot size on the
sample can be adapted choosing an appropriate focusing lens. In order to prevent degradation
due to photo-oxidation the samples are placed in a vacuum chamber and held under a
dynamical vacuum of 10™ mbar.

The emitted light is collected with achromatic doublets and focused onto the entrance slit of a
30 cm monochromator® with an attached Peltier-cooled CCD-array detector. Depending on
the pitch of the used grating, spectral resolutions up to ~0.2 nm can be achieved with the
described system.

Sample

Diffusor
Plate

Luminescence  Cryostate

Monochromator

Fig. 3.3: Experimental setup for the measurement of time-integrated emission spectra.

8 SpectraSource Instruments, model Teleris KAS0400
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For the interpretation of the emission spectra it is important to know that the emission is
collected perpendicular to the substrate within a cone of numerical aperture N.A. = 0.26. To
achieve a high spectral resolution it is inevitable to illuminate the entire grating of the
monochromator homogeneously. Anisotropic emission, in contrast, may cause a
misinterpretation of the observed spectra. However, the emission wavelength of our surface
emitting DFB lasers shows a distinct dependence on the angle relative to the surface normal.
In order to determine the spectrum correctly an intermediate image of the excitation spot on
the sample is created and the rough surface of a scattering plate is placed exactly at the
position of the intermediate image. This acts as a point source with drastically reduced
anisotropy.

3.2.4 Temporally resolved emission with sub-ps resolution

Luminescence upconversion is a powerful technique to study the temporal evolution of
emission processes with a time resolution well below 1 ps. This high resolution relies on the
sum-frequency generation between a femtosecond gate pulse and the luminescence light in a
nonlinear optical crystal as sketched in Fig. 3.4 and Fig. 3.5. The femtosecond laser beam of
the regenerative amplifier is split into two beams. A partial fraction is used to create the
second harmonic and excite the sample. The resulting luminescence is focused onto a
nonlinear crystal (BBO) together with the rest of the fundamental laser beam (gate beam). If
the fluorescence and the gate beam overlap in space and time, the sum frequency of gate and

A \ A=800nm 400nm \

Chopper I Delaytime © Excitation Pulse
A=800nm \ 4 Gate-Pulse
>
Bandpass
Filter

Grating

I-— Photomultiplier

Lock-In / \

Amplifier Nonlinear .
Sum Frequency Crystal Luminescence  Cryostate

Monochromator

Fig. 3.4: Experimental setup for the investigation of the transient emission using the upconversion
technique.
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luminescence is generated. The upconverted light beam is funneled through a monochromator
onto a photomultiplier tube, whereas the luminescence and the gate beam are blocked by a
suitable UV-bandpass filter

The intensity of the sum frequency is determined by the convolution of the luminescence and
the gate beam given by

Lo (©) e [11,(t+7) 15, () dt. (3-2)
The quantity 7 is the time equivalent of the length difference between the optical paths of gate
and signal. For a sufficiently short gate pulse, mathematically for a &-peak in time, the
intensity of the sum frequency obeys I, (t)e< I, .(t=1). As illustrated in Fig. 3.5 (a) the
upconversion intensity measured at a time delay T is proportional to the intensity of the
luminescence at the time ¢ = T after the excitation. The highest achievable time resolution of
upconversion is determined by the duration of the gate pulse. Due to path length differences
the actual time resolution achieved in experiments is lower. An estimate is given by the full
width at half maximum of the cross correlation between the gate pulse and the excitation
pulse, which is scattered from the sample surface (Fig. 3.5 (b)). A time resolution of ~ 800 fs
(FWHM) is achieved, the shortest resolved exponential decay time is ~ 0.4 ps.
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Fig. 3.5: (a) Principle of upconversion: as long as the gate beam and luminescence overlap in

space and time, their sum-frequency is generated. (b) Upconversion transient of the cross

correlation between the gate beam and the scattered excitation beam. A time-resolution of 800fs

(FWHM) is determined.
From equation 3-2 it can be seen that the upconversion intensity is proportional to both
luminescence and gate beam intensity. A large conversion efficiency even for weak signals
can therefore be achieved using high gate intensities. A further condition for highly efficient
conversion is a proper phase matching of luminescence and gate, so that the converted signal
interferes constructively throughout the entire nonlinear crystal. Depending on the wavelength
of the luminescence and the angle between gate and signal, phase matching can be
accomplished by rotation of the crystal. Further improvement of the signal to noise ratio is a
result of the widely used modulation technique, where every other gate pulse is blocked and
the upconverted signal is evaluated using a lock-in amplifier that is synchronized at half the
repetition frequency.



38 3 Experimental techniques

3.2.5 Differential transmission spectroscopy

The excited state population, and thus the gain of an active organic medium, can be examined
using differential transmission spectroscopy. As shown in Fig. 3.6 the sample is excited by a
femtosecond pump pulse. The transmission of the sample is probed by a second pulse which
is delayed by a time t. In order to record only transmission changes induced by the pump
beam, the transmission is recorded alternately with and without pump pulse.

¢ Delaytime 1
Shutter

Excitation

Pulse Cryostate

White-Light
Pulse

Monochromator

Fig. 3.6: Experimental setup for differential transmission spectroscopy.

Using Beer’s law the transmission change AT(A,T)can be related to changes Aa(),T) of the
absorption coefficient o(A) of the sample by

AT(X,T) B exp(— (oc + Aoc) d, )— exp(— od, )

T()) exp(—ocdf)

= —l+exp(- Ao, 1) d, ). (33

A negative value of AT is easily attributed to photoinduced absorption. To see, whether a
positive value of AT is due to an amplification of the incident light by stimulated emission or
is merely due to the reduced ground-state absorption (bleaching), it is necessary to compute
the gain factor g(k, 17) by correction for the initial absorption

AT(A,7)
() “j
d

(3-4)

ln(
g(h.t)=~(o+ Aa(2,1))=—ad) +
!
Since the gain is typically 1-2 orders of magnitude lower than the maximum absorption even
comparatively low systematic errors in the measurement of o are detrimental to the
determination of g(, 7).

In the experiments the probe beam is the white-light continuum (420-750 nm) generated by
self-phase-modulation when focusing a small fraction of the output of the regenerative
amplifier onto a sapphire plate. If it is only of interest to determine the response of the sample
at one specific wavelength, the wavelength is set with an interference filter. The transmission
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can then be recorded with a simple photodiode. However, if it is required to determine the
response of the sample over a wide spectral range, no spectral filtering is applied. The
transmission spectrum is then measured with a spectrometer and CCD detector as described
above. In this case, however, it is necessary to account for the relative time delay (chirp)
between the red and blue components in the white-light. At the position of the sample their
relative time delay accounts for several picoseconds. To eliminate the chirp, a large number of
differential transmission spectra is recorded with different time delay. The chirp is lateron
corrected numerically.

2 By self-phase-modulation red shifted components are generated at the leading edge of the femtosecond pulse
whereas the blue shifted components are produced at the falling edge '™.



4 Materials for organic solid-state lasers

The relevant electronic, optical and transport properties are presented for the two
materials employed within the course of this work. Their suitability for lasers is
demonstrated by a large cross-section for stimulated emission and the observation

of low threshold amplified spontaneous emission.
4.1 The conjugated polymer MeLPPP

4.1.1 Electronic, optical and transport properties of MeLPPP

The methyl substituted ladder-type poly(para-phenylene), brief MeLPPP, is a very attractive
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n-conjugated polymer for blue-light emitting diodes and lasers® due to its high

luminescence quantum yield in the solid state (~ 30%), strong stimulated emission 37 and its

large carrier mobility '**

. Fig. 4.1 shows the structural formula of MeLPPP, its absorption and
photoluminescence spectrum, and the optical constants of a solid film of MeLPPP. The
absorption spectrum is dominated by the fundamental electronic transition S1,v’=0 < S¢,v=0
centered at a wavelength of 456 nm and its vibronic progressions at shorter wavelengths. The
photoluminescence spectrum is more or less symmetrical to the absorption exhibiting only a

very small Stokes shift.

Many of the valuable properties of MeLPPP are caused by the high intra-chain order. It is
reached by a stabilization of the PPP backbone against torsional displacement of the phenyl
rings through covalent bridging of neighboring phenyl rings. The stiff backbone explains why
the Stokes shift due to structural relaxation is negligible. At the same time the synthesis via
polycondensation results in a very narrow conjugation length distribution '¥. Only because of
this weak inhomogeneous broadening it is possible to observe the prominent vibronic
sidebands in absorption and emission. The average conjugation of m-electrons in MeLPPP
extends over 14.5 + 1.5 phenylene units (~7 monomers), corresponding to an effective
conjugation length of Ley=6.5+0.6nm '*°. Given that the average molecular weight of
MeLPPP is in the order of 28,000, an average polymer chain contains 35 monomer units and,
hence, consists of 5 fully conjugated sites. The methyl (CHj3) substitution increases the
average interchain distance to 0.6 nm and prevents interchain aggregation. This is important
for a high luminescence yield. Further side chains lead to a good solubility of the polymer in
unpolar solvents such as toluene.

40
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Fig. 4.1: (a) Spectrum of the absorption coefficient o and the photoluminescence of an MeLPPP
film. (b) Imaginary part, y=0A/(47), and real part, n, of the complex refractive index for a TE

mode in a solid film of MeLPPP "', Inset: structural formula of MeLPPP (x: CH; R: CjoHyy, R":

C6H13 )
Fig. 4.2 summarizes the experimentally determined energy levels for various excited states of
an average MeLPPP-chain %. The fundamental electronic transition from the ground state to
the singlet state 1'B, is located at 2.72 ¢V (456 nm). Depending on the purity of the film,
quantum yields up to 30% and excited state lifetimes around 200 ps were observed. The
purely electronic transition is superimposed by a vibronic progression due to a skeletal C=C
stretch-mode at an energy of ~180 meV '** which causes the characteristic sidebands seen in
Fig. 4.1. The exciton binding energy, defined by the energetic distance between the lowest
singlet state and the transition to the continuum states of a free electron hole pair (without
lattice relaxation), is in the order of 0.6-0.8 ¢V '**. However, despite the fact that MeLPPP is

a molecule with exceptionally low disorder, intrachain band-like transport could not be
observed '

Several bands of excited state absorption have been observed and attributed to transitions
between the various excited states and their vibronic progressions. Nonetheless, the radiative
transition from llBu,v’ZO to llAg,v:l, located at 2.52 eV (493 nm), does not show spectral
overlap with any of the observed excited state absorption bands, neither in the charged nor in
the neutral manifold. Stimulated emission can be expected to occur in this spectral range.

19 Within the first 10 ps after an excitation, spectral relaxation within the density of states occurs. Therefore the
states which are observed in luminescence appear lower in energy by approx. 30-40 meV '*'*%,
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Fig. 4.2: Energy levels of various excited states of MeLPPP in the charged (a) and neutral (b)
manifold. Data summarized from '** (singlet, triplet), '°° (polarons), and '*° (two-photon states).
Detailed investigations of the photophysics on a femtosecond timescale revealed an
instantaneous onset of the fluorescence even if higher vibronic levels are excited. The loss of
phase coherence and the vibronic relaxation therefore occur within 100 fs **. The vibronic
relaxation may also be accompanied by an ultrafast on-chain dissociation of the exciton

197,198
LA

(formation of geminate pairs) small spectral red-shift of the fluorescence occurs

within 10 ps due to exciton diffusion! accompanied by energetic relaxation within the density

of states 112,

Another feature of the rigid backbone is a relatively high mobility of electrons and holes.
From time of flight measurements a hole mobility of py=1-10" cm?V~'s" was determined at an
electric field of 6-10* V/em . This value is two orders of magnitude higher than in PPV.
Very unusual is the fact that the interchain hopping mobility is not significantly increased for
higher electric fields. Although the interpretation is still vague this might be an indication that
the large conjugation length in MeLPPP is actually counterproductive for the rate of
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interchain hopping **°. The electron mobility of p.<10° cm?V's? is typical for a m-

conjugated polymer.

4.1.2 Stimulated emission in MeLPPP

Fig. 4.3 (a) shows emission spectra of a 300 nm thick film of MeLPPP on a glass substrate for
various excitation densities. All the spectra are normalized at a wavelength of 459 nm, the
spectral position of the maximum photoluminescence intensity. At the lowest shown
excitation density the typical photoluminescence spectrum of MeLPPP is observed. When the
excitation density is gradually increased a qualitative change of the emission spectrum is
observed, dominated by an increasing relative intensity in the spectral range of the
So,v=1 <= S;,v’=0 transition. The spectral narrowing is caused by amplified spontaneous

1 The exciton diffusion length was determined to be 14 nm '*.
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emission (ASE) as discussed in Section 2.2.2. Photons emitted from the MeLPPP are coupled
into the waveguide formed by the film of MeLPPP on the glass substrate. As these photons
cross the photoexcited region they can be scattered out of the waveguide, be reabsorbed or
cause stimulated emission. If the pump intensity is high enough for the gain to exceed the
scattering losses then spontaneously emitted photons are exponentially amplified as they
travel through the waveguide. Since predominantly those photons are amplified whose energy
coincides with the spectral position of maximum gain the overall emission spectrum changes.

The magnitude of stimulated emission can be quantified in a differential transmission
experiment. The sample is excited by an intense femtosecond pump pulse and the resulting
transmission changes are monitored with a spectrally broad, time-delayed probe pulse. The
gain spectrum is extracted from the differential transmission spectrum by correction for the
absorption (see Section 3.2.5). Fig. 4.3 (b) shows the spectral dependence of the gain
coefficient of an MeLPPP film immediately after the excitation >*. The magnitude of the
positive contribution at 460 nm is not unquestionable since the substantial residual absorption
in this spectral region implies large error bars in the determination of g(A) according to
equation 3-4. Anyway, strong stimulated emission is observed between 485-500 nm
coincident with the Syp,v=1 < S;,v’=0 transition. The maximum stimulated emission cross-
section (672~ 1.5 10'° cm?) is observed at a wavelength of 490 nm.
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Fig. 4.3: (a) Emission spectra of a film of MeLPPP for increasing excitation density. All spectra
are normalized at the wavelength where the peak of the emission spectrum occurs at low excitation
density. The excitation beam is focused to a circular spot of ~ 200 um diameter. (b) Gain spectrum
of MeLPPP measured after pulsed optical excitation at A, =400 nm **.
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4.2 The composite molecular system Alq;:DCM

4.2.1 Electronic, optical and transport properties of Alq;:DCM

The guest-host system consisting of the chelate metal complex tris-(8-hydoroxyquinoline)-
aluminum (Alqgs;) molecularly doped with the laser dye 4-dicyanmethylene-2-methyl-6-(p-
dimethylaminostyryl)-4H-pyran (DCM) is one of the most promising materials for OLED
applications ® and was also among the first organic electroluminescent materials that were

used as the active material for optically pumped organic solid state lasers 2>'°%2!.

In an OLED the Alqs gives rise to the transport of charge carriers; in optical experiments
photons with a wavelength around 400 nm are efficiently absorbed by Alqgs;. DCM dissolved
in various liquid organic solvents acts as a four-level system and is a commonly used laser
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dye having a high photostability and a large tuning range due to its broad gain spectrum
the composite system neutral excitations are rapidly funneled from Alq; to the DCM-
molecules (exhibiting red-shifted optical transitions) by diffusion within the Algq; manifold
and a subsequent resonant energy transfer (Fig. 4.4 (b)). Thus the advantages of a conducting
matrix -showing a rather poor luminescence- can be combined with the high luminosity of a

guest dopant.

Fig. 4.4 (a) shows the absorption and fluorescence spectra of Alqs and DCM, respectively. As
described in equation 2-5 the strong overlap of the Alqs emission with the DCM absorption
enables an efficient Forster-type energy transfer from Alqgs to DCM in a composite system.
This is demonstrated in Fig. 4.4 (c). Although predominantly Alqs molecules are optically
excited at a wavelength of 400 nm the major emission originates from DCM, whereas little
emission is observed from Alqgs. The high efficiency of this process indicates that the energy
transfer occurs on a time-scale considerably shorter than the radiative lifetime of excited
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states in Alqs . Both the maximum of the emission wavelength and the photoluminescence

efficiency vary with the dopant concentration 63,107

, reaching a maximum efficiency around
40% for a concentration of approx. 2% DCM. Due to the large Stokes shift a large part of the
emission is located in the transparent spectral region making Alq;:DCM a nearly ideal four
level laser system for optically pumped solid-state applications. Fig. 4.4 (d) shows the spectral
dependence of the real and imaginary part of the refractive index of an Alq;:DCM film with a
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typical DCM concentration “. In the spectral range of DCM emission the refractive index

varies between 1.7 and 1.74.

Many of the optical and charge transport properties of Alqs can be derived from its structural
and electronic properties in the charged and neutral states, which, in turn, can be modeled
using semi-empirical **>*% or ab initio calculations ***°"?%_ In Alq; the central AI’* ion has a
distorted octahedral coordination to three quinoline ligands. Alq; exists in two geometrically
different configurations, whereby the meridianal isomer shown in the inset of Fig. 4.5 (a) is
more stable and is generally the major constituent of thin films. Anyway, the coexistence of
two isomers clearly favors the stability of an amorphous state, as it hinders re-crystallization.
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Fig. 4.4: (a) Absorption and fluorescence spectra of a solid film of Alq; and DCM, respectively.

The overlap of the Alq; emission with the DCM absorption (gray shaded) results in a Forster-type

energy transfer as schematically shown in (b). (c) Absorption and emission spectra of a composite

Alq;:DCM film with a DCM concentration of ~2% by weight. (d) Real (#) and imaginary part ()

of the refractive index of an Alg;:DCM film **,
The HOMO and LUMO states have a strong dipole moment and are localized on the ligands.
Since the ligands are physically not equivalent HOMO and LUMO both split into three
closely spaced states, each localized predominantly on one of the ligands **. The HOMOs are
localized on the phenoxide ring (O) of the quinoline, whereas the LUMOs are principally on
the pyridyl side (N). Therefore the nine lowest transitions occur between the three phenoxide-
like occupied orbitals and the three unoccupied pyridyl-like orbitals. The AI’" ion does not
contribute to the transitions. A substantial structural and energetic relaxation accompanies
HOMO-LUMO transitions as well as the generation of radical anions (110 meV) or cations
(90 meV).

Fig. 4.5 (b) compares the calculated transition energies and oscillator strengths with the
absorption of an Alqs film. Good agreement between calculations and experiment is found,
given that the relatively broad spectrum is explained by the large inhomogeneous broadening
(125 meV) associated with the orientational disorder and the large dipole moment 28 The
relatively low fluorescence yield of 8% and the long excited state lifetime of 16 ns ® might
originate from the week oscillator strength of the lowest singlet transition. The large Stokes
shift (0.4-0.7 meV) between absorption and emission (see Fig. 4.4) is caused by structural
relaxations.
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Fig. 4.5: (a) Inset: meridianal isomer of Alq;. The darker circles about the central Al represent
oxygen atoms. Only one of the oxygens is opposed to a nitrogen atom, whereas in the facial
isomer (not shown) all oxygens have an opposite N-atom. Main part: absorption spectrum of a
solid-state film of Alqs;. The arrows represent the calculated energies and oscillator strengths. (b)
Experimentally determined energy diagram for metal contacts relative to the single particle energy
gap (HOMO-LUMO) of Algs. Taken from %,
In Fig. 4.5 (b) the experimentally determined HOMO-LUMO gap is shown together with the
energy levels of several contact metals. Due to the low energy barrier for injection of

electrons into the LUMO and its comparatively high room temperature electron mobility Alqs
is a good electron transporting material (ue =8-1077 exp(3-10_3w/F cm V! )csz_ls'l). The
hole mobility is considerably lower (uh =6-107" exp(9 107 Fem V™! )cmz\/*ls'l) o8,

4.2.2 Stimulated emission in Alq;:DCM

Fig. 4.6 shows emission spectra of a 200 nm thick film of Alg;:DCM?*2 for various excitation
fluences, whereby the pump beam was focused to a circular spot of ~ 160 um diameter. The
concentration of the laser dye was adjusted to ~2% by weight. For low excitation conditions
(pump fluence Epymy <52 wl/em?) a broad emission spectrum is observed spanning from
530 nm beyond 700 nm. It can be attributed to the radiative deactivation of excited DCM
molecules. Increasing the pump level to higher values (Epymy > 52puJ/cm?) results in a gradual
spectral narrowing of the emission band from 90 nm (FWHM) to a rather narrow band with a
halfwidth of 16.5 nm centered at 628 nm. The dependence of the spectral width on the
excitation energy is shown in the inset of Fig. 4.6. As in the case of conjugated polymers this
narrowing of the emission spectrum can be attributed to ASE: spontaneously emitted photons
propagate through the optically excited region and stimulate the collective radiative decay of
further excitations. Spectral gain narrowing can be observed if ASE becomes the dominant

deactivation pathway *%.

2 The samples were fabricated by S. Berleb, Lehrstuhl Experimentalphysik II, Universitit Bayreuth.
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Fig. 4.6: Emission spectra of Alq3:DCM for various excitation fluences *°. The inset shows the

linewidth as a function of excitation fluence. Gain narrowing is observed above a fluence of 52

pl/em?.
To determine the spectral bandwidth of optical gain in Alq;:DCM time dependent optical gain
spectra g(A,t) were determined using differential transmission spectroscopy (see Section
3.2.5). In these measurements ASE is an unwanted effect because it leads to an ultrafast
depletion of excitated states. However, it has been shown that ASE is suppressed when the
organic film is deposited on a glass substrate that is coated with indium tin oxide (ITO) *’.
Therefore an Alq;:DCM film on an ITO-coated substrate is used. As shown by equation 3-4
the gain spectrum can be extracted from the differential transmission spectrum AT(A,71)/T())
by correcting for the absorption of the unexcited film. Special care is required for the proper
determination of the absorption coefficient o: owing to the low DCM concentration the
maximum gain arising from DCM is typically 1 to 2 orders of magnitude lower than the
maximum absorption of Alq;:DCM. Therefore even comparatively low systematic errors in
the determination of the absorption coefficient can have a large effect on the calculated gain
spectrum.

Fig. 4.7 shows the spectral dependence of the gain coefficient in an Alq;:DCM film with a
DCM concentration of 2% by weight corresponding to a volume density Npcy = 5-10" cm™
of DCM molecules in the film. The film is excited at a wavelength of 400 nm, where the
predominant absorption arises from Alqs. With a value of 2-10%° cm™ the excitation density is
four times higher than the density of DCM. It is therefore reasonable to assume that all DCM
molecules will be excited after a sufficient time delay. After a time delay of T=30ps a
maximum gain coefficient of 700 cm™ was found at a wavelength of A = 623 nm. The spectral
range of gain spans over 100 nm from 585 nm to 685 nm. From Npcy, and the maximum gain
coefficient a stimulated emission cross-section of Gz = 1.3-10cm? is calculated, which is in

good agreement with the value reported for DCM in liquid solution *'°,



48 4 Materials for organic solid-state lasers

600

400

gain (cm'1)

200

L [ Ll I Ll 1 L I Ll Ll I Ll Ll I Ll L
575 600 625 650 675

Wavelength (nm)

Fig. 4.7: Spectrum of the gain coefficient of an Alq;:DCM film with a DCM concentration of ~2%

by weight, measured at an excitation density of 2:10* ¢cm™ in Alg; and a pump-probe time delay

of 30 ps.
A comparison between gain- and photoluminescence spectra indicates that the gain spectrum
more or less coincides with the photoluminescence at the long wavelength side. At the short
wavelength side the gain spectrum is clipped by the tail of the residual absorption. At this
spectral position the gain spectrum is therefore very sensitive to minor changes of the
absorption coefficient. At a very high excitation density all DCM molecules are excited and
the absorption can be attributed to the Alqs molecules alone. At lower excitation densities,
however, not all DCM molecules are excited, the residual absorption is increased, and the
gain spectrum is further clipped at its short wavelength side. Differences in the DCM
concentrations will lead to further modifications from sample to sample. Nevertheless, the
broad extension of the gain spectrum and the high absolute amount of gain demonstrate that
the excellent laser properties of DCM are conserved in a solid matrix of Algs.



5 Lasers with one-dimensional distributed feedback

In this chapter the results concerning organic solid-state lasers with one-
dimensional distributed feedback are discussed, beginning with their fabrication,
their elementary characterization and an investigation of the laser modes. The
fourth section demonstrates the possibility of wavelength tuning over a broad
spectral range. Finally, the feedback mechanism in our structures is investigated
in detail by comparison of the experimental results with the predictions of a
quantitative numerical model.

5.1 Fabrication of mechanically flexible organic DFB lasers

As described in Section 2.3 thin film distributed feedback can be achieved when the effective
refractive index, governing the propagation of light in waveguide structures, is periodically
modulated. Such modulations, which can affect either the real or the imaginary part of ney,
can be easily incorporated using corrugated substrates with a periodic height modulation. Of
particular interest for organic solid-state lasers are substrates that retain the inherent
advantages of organic materials like mechanical flexibility or large-area low-cost fabrication
schemes. Accordingly, techniques like electron beam lithography, although approved in the
fabrication of crystalline inorganic semiconductor lasers, are not desirable in case of organic
semiconductor lasers. Soft-lithography techniques like embossing, imprinting or replica
molding are much more attractive and have successfully been used to make surface relief

substrates for organic DFB lasers **!!1%,

(a) (b)
| Nickel shim -
—— Photopolymer )
—— PET substrate , / ,

UV - radiation //I .

Fig. 5.1: (a) UV embossing of DFB substrates. (b) AFM image of the corrugated DFB substrate.

The templates used for DFB lasers were originally developed for antireflection coatings in

solar cells at Fraunhofer Institute for Solar Energy Systems . In a holographic setup a

conventional photoresist is illuminated with a periodic intensity profile of ultra-violet light.

Upon development this pattern is transformed into a surface relief grating whose profile can

be fine-tuned from sinusoidal to nearly square shape *'*. By electroforming the pattern is then

transferred to a nickel shim serving as master stamp for the soft-lithographic fabrication of
49
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replicas. For that purpose a mechanically flexible sheet of poly (ethylen terephtalate) (PET) is
covered with a transparent photopolymer and pressed onto the nickel shim. The photopolymer
is cured by illumination with UV light during contact with the shim. Concurrently, the
negative of the original surface relief is durably transferred onto the polyester foil (Fig. 5.1).
With this technique areas as large as (20 cm)® were patterned uniformly with periodicities
ranging from 200 nm to several microns.

The laser is completed by depositing a thin film (thickness < 500 nm) of the active material
on top of the corrugated substrate. The active layer has a higher refractive index (ny~ 1.7)
than the surrounding substrate (7, ~ 1.45) and air (n,, = 1). Thus a slab waveguide is formed.
The modulation of n.;—and hence the resulting feedback— strongly depends on the texture of
the waveguide interfaces and thereby on the deposition process. Fig. 5.2 (a) displays the
surface profile of a bare DFB substrate showing a modulation periodicity of A =400 nm and a
modulation depth of /2 =90nm. If a 275 nm thick film of Alq;:DCM is deposited by co-
evaporation of DCM and Alqs onto the substrate the film surface (Fig. 5.2 (b)) is essentially a
replication of the underlying substrate. On the other hand the corrugation is almost completely
leveled off through spincasting of a 250 nm thick film of MeLPPP onto the surface (Fig. 5.2
(c)).

nM

() DFB substrate

100
|

VVVVVV VA

-100
1

0 1.00 2,00  3.00 4,00 _
JiL] Flg. 5.2:

nm DCM:Alg, (a) AFM-height profile of a flexible

corrugated PET substrate. The DFB-

) grating has a periodicity of A = 400 nm.

DFB-substrate AFM height profiles after sublimation of

° a 275 nm thick Alg;:DCM film (b) and

\/ \/ v \/ \/ \/ v ) spincasting of a 250 nm LPPP film (c)

are shown. The sample cross-section is
sketched in the corresponding inset.

(b)

100
)

-100
h

T
0 1.00 2.00 3.00 4.00
1]

© _om LPPP

100
|

DFB-substrate

-100
h

T
0 1.00 2.00 3.00 4.00
pM



5.2 Characterization of the laser operation 51

5.2 Characterization of the laser operation

Distributed feedback lasers were fabricated by sublimation of Alg;:DCM onto corrugated
substrates®. Depending on the modulation periodicity, A, the feedback condition
2n,,A=mA\
spectra below and above the laser threshold are shown in Fig. 5.3 for a first order (a) and a
second order (b) DFB laser.

srage ©aN be fulfilled for the first, second, or a higher Bragg order m. Emission

The first order DFB laser is based on a substrate with A =205 nm and a modulation depth of
180 nm. The Alq;:DCM film is 125 nm thick, with the DCM concentration adjusted to ~2%.
In the case of the second order DFB laser a substrate with A =400 nm, a modulation depth of
90 nm and a film thickness of 180 nm are chosen. The films are thin enough to support only
the lowest TE and TM modes. The samples are excited by the femtosecond pulses of the
frequency doubled regenerative amplifier, focused to a circular spot of 145 um diameter. As
described above the emission is collected perpendicular to the surface and consists of a
superposition of direct luminescence and waveguided light that is subsequently scattered.

Alg,;DCM 1% order DFB laser I_ Alq:DCM 2" order DF B laser I_

(a) | (b)
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Fig. 5.3: Emission spectra of Alq;:DCM lasers with distributed feedback in first (a) or second

order (b) below (gray) and closely above the respective laser threshold. A drastic spectral

narrowing is observed. Excitation power is given in units of the absorbed energy density (fluence).
At an excitation fluence of 13 pJ/cm? the emission of the first order DFB laser gives a typical
photoluminescence spectrum of Alqs;:DCM, spanning over more than 150 nm (Fig. 5.3 (a)).
No effect of the DFB grating is seen. However, the spectrum changes drastically at a fluence
of 19 uJ/cm2 (Nexe =3.1 10'8 cm'3), where a narrow line emerges at a wavelength of ~630 nm
having a width of less than 0.5 nm. At 34 pJ/cm” this laser line dominates the spectrum, even
though only that fraction of laser light is recorded which is scattered out of the waveguide
(see Fig. 2.10). Fig. 5.4 displays the evolution of the intensity emitted at the laser wavelength

1 Samples obtained from T. Benstem, Institut fiir Hochfrequenztechnik, TU Braunschweig.
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as a function of the pump fluence. As expected for a laser, the intensity rises linearly under
low excitation, whereas a roughly exponential increase is observed closely above threshold.

Alg,: DCM 1" order DFB laser
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Fig. 5.4: Input-output characteristics of an Alq;:DCM laser with 1¥ order distributed feedback.

Above the threshold fluence (19puJ/cm?) the intensity at the laser wavelength rises exponentially.

Well above threshold the increase of intensity becomes linear again, due to gain saturation. The

dashed lines are only guides to the eye.
Fig. 5.3 (b) shows the corresponding emission spectra for a DFB laser with feedback in the
2" Bragg order. Even at low excitation densities the spectrum differs substantially from a
mere photoluminescence spectrum in that there are two well pronounced dips. The stronger
one, with a width of ~ 6 nm, is located at a wavelength of 626 nm, the second dip is centered
at 617 nm. Keeping in mind that in a 2" order DFB laser a substantial fraction of the
waveguided light is coupled out of the surface into the detector, each dip can be attributed to a
stopband, a range of wavelengths for which propagation in the waveguide is suppressed by
the DFB grating. In accordance with the predictions of Section 2.3.1 the dip at the higher
wavelength (A = 626 nm) corresponds to the stopband for guided TE-polarized waves, the dip
at A=617 nm is the stopband for TM polarized waves. When the excitation density is
increased above 16 pJ/cm® (Npe=1.8 10" cm™, g= 19 cm™) the spectrum collapses to a
narrow peak located at the long wavelength side of the stopband.

Passing over the laser threshold not only the spectrum but also the far-field emission changes
drastically. Fig. 5.5 sketches the fan-like beam caustic observed for a 2" order DFB laser well
above the laser threshold. It is characterized by a small divergence in the direction
perpendicular to the grating (z-direction) and a large divergence angle ¢ parallel to the grating
grooves (x-direrction). The physical origin of this peculiar emission pattern is investigated in
Section 5.3.

It is further found that the surface emitting laser beam is strongly TE polarized, i.e. the E-field
is aligned in the waveguide plane. Although TM polarized laser modes could be observed
under very high excitation they are absent under normal operation conditions. Because of
their weaker confinement TM-modes exhibit a a much higher threshold. Moreover, they
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couple very weakly to surface emission if dielectric gratings are used 2'>2'®. Qualitatively
similar results on 2™ order DFB lasers are obtained using spin-cast films of MeLPPP ***°.

Fig. 5.5: left: Schematic picture of the fan-like beam caustic observed in a 2™ order surface
emitting DFB laser well above threshold. The divergence in the direction parallel to the grooves is
large whereas a low divergence is observed perpendicular to the grating. right: Scheme of the
wavevector components of the laser modes in a DFB laser

5.3 Lateral laser modes

The circular shape of the excitation spot and the absence of lateral confinement lead to a
situation where distributed feedback is not only provided for guided waves that propagate
perpendicular to the grating but also for waves propagating at an angle 0 relative to the
grating vector. The right hand side of Fig. 5.5 depicts the corresponding scheme. The laser
modes can be characterized by their wavevector components parallel (k) and perpendicular
(k.) to the grooves. The dispersion relation reads:

_E_ hic

—|k|=—|, +k._ _ e K
A, n

o n, €osO

z

E

: (5-1)

where £k, is determined by the Laue condition 2-16.

In the absence of lateral confinement a broad spectrum of lateral modes with continuously
varying k, for a fixed k; is supported. This mode structure can be directly observed in the
emission pattern of the 2" order DFB-lasers. As mentioned above the laser radiation is
coupled out of the waveguide by 1* order Bragg diffraction at an angle ¢ relative to the
surface normal. The angle ¢ in the far-field is related to the in-plane propagation angle 6 by
the phase matching condition at the surface (equation 2-17). Combining 2-17 and 5-1 predicts
the following angular dependence of the laser wavelength:

(53-2)

The dependence of the emission spectrum on the output angle ¢ was measured for a 2" order
DFB laser. For that purpose a small fraction of the far-field laser emission is collected with a
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Fig. 5.6: Dependence of the emission wavelength on the far-field angle ¢ for a 2" order DFB laser

with a 130 nm thick Alq;:DCM film. The full squares are the measured peak wavelengths, the solid

gray line is a fit based on equation 5-2 with the fitparameter 7.
multimode fiber (core diameter 400 um) and analyzed by a subsequent spectrometer. The
fiber is placed at a distance of ~23.5 cm from the sample surface and is scanned along the
laser fan in x-direction. In Fig. 5.6 the spectral position of the laser peak is plotted as a
function of @. As expected the laser wavelength decreases with increasing output angle. The
solid gray line is a fit using equation 5-2, showing excellent agreement between the
experimentally found dependence and the modeling for an effective refractive index of
ner=1.585.

The simultaneous oscillation of many lateral modes results in a spectral broadening of the
laser line. The more lateral modes are excited at increasing pump fluence, the larger the effect
should be. The angle dependency of the emission wavelength in 2" order DFB lasers
complicates a quantitative investigation of the spectral broadening. It is convenient to
circumvent these experimental complications by monitoring the isotropic stray-light of a 1%
order DFB laser (~ 130 nm thick Alg;:DCM, A =205 nm). Fig. 5.7 (a) shows the evolution of
the normalized laser spectra for various excitation pulse energies above the laser threshold.
Closely above threshold the laser spectrum is relatively narrow with a linewidth below 0.5 nm
(FWHM). For increasing excitation density a gradually increasing number of lateral modes
appear, evidenced by a gradually increasing intensity at the low-wavelength edge of the
spectrum. Even more clearly this can be seen in Fig. 5.7 (b), where the spectral linewidth at
four relative intensity levels is plotted against the excitation density. Whereas the full width at
half maximum (FWHM) is more or less constant, the linewidth at 5% of the maximum
intensity increases drastically with increasing excitation density. Obviously, the higher lateral
modes exhibit higher laser thresholds and thus do not acquire the same intensity as the
fundamental mode, but in sum they contribute significantly to the overall laser emission at
high excitation densities.
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Fig. 5.7: (a) Normalized laser spectra of a 1* order Alq;:DCM DFB laser for increasing excitation-

pulse-energy, normalized to the laser threshold E,,. The increasing intensity at the low-wavelength

side is ascribed to the evolution of lateral modes. (b) Evolution of the spectral width of the

emission at various signal levels
These results show that the performance of our DFB lasers is intrinsically limited by the
presence of lateral modes. Lateral modes increase the spectral width of the laser line, they
increase the divergence of the output beam, and they limit each others efficiency since they all
compete dynamically for the same excitation density. For an improved performance a
selection of lateral modes is mandatory. In the field of inorganic DFB lasers this is
conventionally achieved via horizontal confinement in a ridge waveguide with a few microns’
width 2. A very elegant way of lateral mode selection without the need for additional
photolithographic steps is shown in Section 6.

5.4 Wavelength tuning by variation of the film thickness

The Bragg condition 2n, A =mA,, . suggests that tuning of the laser wavelength can be
reached by a variation of either the grating periodicity A or of the effective refractive index of
the waveguide. On the other hand it is well known that the effective refractive index of the
waveguide can be varied by adjusting the film thickness (see e.g. Fig. 2.9). In order to exploit
the broad optical gain spectrum of Alg;:DCM (Fig. 4.7) a number of DFB lasers were
fabricated varying the thickness of the Algqy:DCM film from 120nm to 435nm .
Nanopatterned substrates with a periodicity of 400 nm and a modulation depth of 90 nm were
utilized. Distributed feedback is provided by second order Bragg reflection, while the laser
light is coupled out perpendicular to the film via first order Bragg diffraction.

1 These samples were prepared by S. Berleb and A. G. Miickl, Lehrstuhl Experimentalphysik II, Universitit
Bayreuth.
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Fig. 5.8: Left: Laser spectra for a number of samples with varying thickness of the Alq;:DCM

layer. Right: Experimentally determined laser wavelengths for various film thicknesses. The solid

curves are calculated assuming a planar waveguide.
The different laser spectra shown in Fig. 5.8 demonstrate that the laser wavelength can be
tuned over a spectral range of A4;,~44 nm from A;,,=604 nm for a 120 nm thick film to
Aras=648 nm for a 435 nm thick film, respectively. The experimentally determined peak
positions of the laser emission are plotted versus the film thickness on the right hand side of
Fig. 5.8 (squares).

Assuming that the corrugation presents only a minor modification of the waveguide the
dependece of the laser wavelength on the film thickness can be calculated from equation 2-12
and 2-13. Additionally it is taken into account that the wavelength is linked to n.; via the
Bragg condition A, = ney -A. The solid black line shows the calculated wavelength
dependency for a TEy mode using n,=1.685 for the organic semiconductor and ns=1.507 for
the substrate. The experimental data points correspond very well with the calculated curve for
higher film thicknesses. Only for the thinnest films a small deviation is observed. The
deviations between the fit and the experimental data points are explained by the rather strong
perturbation of the planar waveguide in our structure and by the simplifications of the model,
neglecting the wavelength dependence of the refractive index and the shift between the laser
wavelength and the exact Bragg wavelength due to the stopband.

The range of laser wavelengths being accessible with one single grating is limited by the
range of film thicknesses for which laser operation is strongly favored for one single mode,
typically the lowest TE polarized mode, TE,. Whereas no guided waves are supported below
dr= 110 nm, a second allowed TE; mode can appear for dy= 500 nm. Waveguide modes with
TM polarization are supported above a film thicknesses of dy= 160 nm. However, no TM
laser modes are observed. This is explained by their weak dielectric confinement and the
resulting higher threshold. Anyway, the further the Bragg wavelength of the TE( mode shifts
away from the gain maximum at A = 630 nm, the more important higher waveguide modes
may become. Utilizing a second order DFB grating with a periodicity of 400 nm singlemode
operation was obtained for wavelengths between 604 and 648 nm. Other wavelength ranges

are accessible with a different grating periodicity *'®.
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5.5 Coupling mechanism in organic solid-state DFB lasers

The above discussion of the properties of organic semiconductor DFB lasers was based on
rather intuitive models and some severe simplifications. These models can qualitatively
explain the occurrence of lateral modes and the possibility of the tuning the emission
wavelength by variation of the film thickness. They fail, however, to explain more subtle
observations, such as the presence of a stopband clearly seen in the emission spectrum of a 2™
order DFB laser (Fig. 5.3 (b)) opposed to the absence of such a stopband in the respective 1*
order structure (Fig. 5.3 (a)). To explain such effects a more detailed analysis of the coupling
mechanism in organic DFB lasers is required. As a matter of fact, knowledge about the
coupling coefficient x is the starting point for the optimization of a DFB laser’s performance
since it determines many of its specific characteristics: whether the laser operates in a single
mode or not, the far-field divergence, the optimum device length and the corresponding
threshold gain, and even the laser dynamics is influenced by x.

Attributing to the exceptional importance of the coupling coefficient, calculations of k¥ will be
presented for the various structures used within the course of this work. Based on these
calculations the performance of the corresponding laser structure is predicted with the help of
the coupled mode theory presented in Section 2.3.2.2. The predicted performance is then
compared with experimental investigations.

5.5.1 Calculation of the coupling coefficient

The most common approaches for the calculation of the coupling coefficient in distributed

134

feedback lasers rely either on the original coupled mode theory ", applicable to harmonic

perturbations, or on a matrix formalism (see e.g. >

), applicable to square modulations. The
calculation of radiation modes, however, is a difficult task, except for very simple structures
and, hence, these theories fail to give the correct results. The matrix theory, for example,
predicts a large stopband for distributed feedback in uneven orders, yet vanishing stopbands
for even orders; clearly the opposite of the findings in Fig. 5.3. Therefore more elaborate
numerical methods have to be applied like e.g. finite-difference time-domain simulations **°

or a rigorous Floquet-matrix theory *'¢#2"-222,

The calculations presented here were performed by N. Finger at the Solid-State Electronics
Center, TU Wien, using a rigorous calculation of the Floquet modes including evanescent
modes. The structure is approximated by a juxtaposition of rectangular regions, so that an
analytic expression for the field can be given by a decomposition into discrete space
harmonics (Floquet-Bloch waves). Their amplitudes are adjusted to satisfy the grating
boundary conditions at the exact resonance condition. Starting from these exact solutions at
the resonance, the coupling coefficients can be calculated. Coupled mode theory can then be
used to determine the off-resonance laser behavior accurately for arbitrary refractive index
changes.
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The results of the calculation are presented in terms of the coupling coefficient
k=Re(x)+iIm(x)+i Ty, , (4-3)

where Re(x) and Im(x) represent the coupling constant in a passive structure without gain, the
last term gives the additional contribution of gain coupling in an active structure. The amount
of gain coupling scales with the field gain Y, and the confinement factor I" of the mode inside
the gain medium. The factor y’ is determined by the geometry of the DFB structure. Since the
dispersion relation of a DFB laser (equation 2-20) is sensitive to k%, only the relative sign of
the contributions is relevant. The sign convention is chosen such that Re(x) > 0. Therefore a
positive contribution y’ of the (positive) field gain y corresponds to an in-phase gain coupling,
where the maxima of gain (or minima of loss) coincide with the maxima of the effective
refractive index. In second order structures Im(x) has a large value deriving from the radiation
losses; its negative sign indicates loss coupling.

Apart from the refractive indices and the sample geometry no material specific parameters
were required in the calculations. Since the refractive indices are comparable for most organic
materials and the surface morphology depends rather on the fabrication process than on the
material itself. It is therefore straightforward to apply these results to future devices using a
similar structure yet different materials.

5.5.2 Coupling in 2" order DFB structures

Evaporated films

Fig. 5.9 displays the calculated Bragg wavelength and coupling constants for an evaporated
film of Alg;:DCM as a function of the film thickness. The corrugation of the substrate is
assumed to be nearly sinusoidal, having a periodicity of A = 400 nm, a modulation depth of
h =95 nm, and a refractive index of ng= 1.5. The surface modulation of the organic film is an
exact replica of the substrate. The refractive index of Alqz:DCM, ns=> 1.75, was taken from

literature '*’.

The qualitative dependence of the Bragg wavelength on the film thickness clearly resembles
the experimentally observed dependence and the simple calculation shown in Fig. 5.8.
However, the slope is considerably higher leading to a quantitative mismatch for thick films.
A lower value of n, would result in a better quantitative agreement. In retrospect, the value of
ny=1.75 reported by Kozlov is clearly too high for our samples, where ny= 1.7 seems to be a
better parameter (see Fig. 4.4).

For all film thicknesses the real part of the coupling constant, «, is in the order of several
hundreds per cm, which indicates a strong index coupling component. The surface emission
induces a substantial contribution of loss coupling, expressed by a negative imaginary
component of k. For films with dy> 300 nm it is found that Im(x)/Re(x) << 1, such that «
becomes essentially real. In the absence of gain the dispersion relation 2-20 then predicts a
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Fig. 5.9: Bragg wavelength (a) and coupling coefficients (b) for an Alq;:DCM 2" order DFB laser

as a function of the film thickness. The gray-shaded region indicates the extension of the stopband,

which is expected from Re(x). For films thinner than ~250 nm a strong contribution of loss

coupling by surface emission is expected. The inset shows a schematic cross-section of the device

and indicates the double-lobed surface emission expected for strong loss coupling.
purely imaginary propagation constant for a broad range of frequencies with
0-0 Bmgg| < Kc/ n,; . For the corresponding range of wavelengths the grating shows a strong
reflectivity and propagation in the waveguide is suppressed. Due to the high strength of the
coupling the stopband has a width of several nm and should be easily observable. Its position
is indicated by the gray-shaded region in Fig. 5.6 (a). If dr is decreased below 300 nm, the
absolute value of Im(x) increases strongly. Even in the absence of gain, the propagation
constant B now has a real component, corresponding to a considerable transmission of the
grating. Accordingly, the stopband becomes more and more obscured and, eventually,
vanishes completely. The additional contribution of gain modulation is -for reasonable values

of g in a photopumped structure- much lower than Im(x) and can therefore be neglected.

From the above discussion the laser characteristics can be predicted for Alqs;:DCM lasers with
different film thicknesses: a 2" order Alq;:DCM laser with dr> 300 nm should behave like an
index coupled DFB laser, showing a clear stopband and a single laser line on the long
wavelength side of the stopband. The wavevector of the lasing mode is located at Re(f3) =0,
that is exactly at Aruer = kprage- The far-field emission resulting from first order Bragg
scattering should therefore be single-lobed. For decreasing dy there is a gradual transition to
gain coupling and the laser wavelength is pulled towards the center of the stopband '*>. The
laser operates with a wavevector Re() # 0 and the far-field emission should be double-lobed.

Fig. 5.10 (a) and (b) shows the emission spectra of two 2™ order Alq;:DCM lasers with a film
thickness of 210 nm and 330 nm, recorded at the respective threshold. (c) and (d) display the
corresponding far-field intensity profiles of the same two samples measured with a CCD
detector array. The thicker sample shows the predicted index coupling characteristics: the
laser peak emerges at the long wavelength side of a well pronounced stopband. The
longitudinal far-field emission profile is single lobed with a half angle radius of 3.2 mrad.
This divergence corresponds to a diffraction-limited emission from a Gaussian spot with a
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Fig. 5.10: Emission spectra for two 2™ order Alq;:DCM lasers with a thickness of 210 nm (a) and

330 nm (b) at the respective threshold. The gray solid line indicates the form of the spectrum

without grating. In the thinner sample the laser mode is found in the center of the stopband,

whereas it is located on the long wavelength side of the stopband in the thicker sample. (c¢) and (d)

show far-field irradiance profiles of the same two samples as a function of the longitudinal far-

field emission angle (in z-direction, perpendicular to the grating grooves).
diameter of 125 um, similar to the diameter of the excitation spot. In the thinner film the
stopband is less pronounced and the laser peak emerges nearly in the center of the stopband.
The far-field is double-lobed as expected for a strong imaginary contribution to the coupling

coefficient.

In the experiments the laser threshold is obtained at an excitation densities in the order of
2:10" em™. According to the cross-section for stimulated emission found in Section 4.2.2
(0se = 1.35-10""" cm?) the intensity gain at the laser threshold is in the order of gy ~ 30 cm™.
On the basis of the calculated coupling constants and equation 2-24 a threshold gain of
65 cm™ is predicted for a 2" order DFB laser with a 330 nm thick Alqs3:DCM film and an
excitation spot diameter of 150 um. For this comparatively thick film good agreement
between experiment and modeling is found. According to the modeling the laser threshold
should increase for decreasing dr as the power loss due to outcoupling, o, :2|Im(1<)|,
increases. The experimentally observed increase of the laser threshold is less strong.

In summary, very good agreement between the modelling and the experimental observations
is found for lasers made with sublimed films of Alq;:DCM.
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Spincast films

Fig. 5.11 shows the calculated Bragg wavelength and the coupling coefficients for MeLPPP
DFB lasers as a function of the average film thickness of the spincast film. The substrate (n,=
1.475) has a 275 nm deep sinusoidal corrugation with a periodicity of A = 300 nm. The upper
surface of the polymer film (n¢= 1.7) is assumed to be flat so that the average film thickness

is simply d , =1/2(d , +d 1 )-
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Fig. 5.11: Bragg wavelength (a) and coupling coefficients (b) for a MeLPPP 2™ order DFB laser

as a function of the film thickness. For all film thicknesses the imaginary component of ¥ is an

order of magnitude lower than the real component. Therefore the device should show a clear

stopband indicated by the shaded gray region around the Bragg wavelength in (a). The inset shows

a schematic cross-section of the device and indicates an irradiance profile that is characteristic for

dominant index coupling.
Given the periodicity of the grating and the wavelength of maximum gain in MeLPPP, the
film thickness required for laser operation is between 350 nm and 500 nm. In this range Re(k)
is at least an order of magnitude larger than Im(x). As before the negative sign of Im(x)
indicates coupling due to the surface emission. The contribution of active gain coupling in is
negligible for all reasonable field gains g. DFB lasers based on MeLPPP should therefore
show a behavior typical for index coupling. Due to the enormous value of Re(k) the stopband
should be nearly 10 nm wide and, hence, span the entire gain spectrum of MeLPPP. Despite
its large extension the stopband will not be highly pronounced, a fact that is indicated by the
substantial value of [Im(x) = 30-40 cm™. Furthermore the surface emission induces cavity

losses, o, = 2|Im(1<)| , in the order of 60-80 cm.

Fig. 5.12 shows the spectra of a DFB laser (dy= 500 nm) below and well above threshold. The
film thickness is chosen in such a way that the laser line is located close to the maximum of
stimulated emission in MeLPPP. Due to the narrow emission peak of MeLPPP and the
simultaneous presence of TE and TM laser modes, it is difficult to identify the position of a
stopband unambiguously. To identify the stopband the spectrum below threshold is compared
with a smoothed photoluminescence spectrum of a MeLPPP film on a planar glass substrate.
This comparison reveals excellent agreement above a wavelength of 493 nm but significant
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Fig. 5.12: Normalized emission spectra of a MeLPPP 2" order DFB laser below (squares) and

above the laser threshold (solid line). The dashed line indicates the photoluminescence of a planar

MeLPPP film. The positions of the TE and TM stopbands are indicated.
deviations below that wavelength (gray-shaded area). These differences can be attributed to
two very wide, yet weakly pronounced, stopbands; one for the TE and TM polarization, each.
According to this interpretation the laser line is located at the long wavelength side of a 10 nm
wide TE stopband, just as predicted by the calculation. Further evidence for index coupling
comes from the single lobed far-field emission with a divergence of 2.4 mrad (similar to Fig.
6.3). When the excitation beam is focused to a circular spot with a diameter of 95 um a
threshold gain of g, = 100 cm’! (Nexe = 1.5 10'® cm'3) is determined. This is in excellent
agreement with the value of g, = 100-120 cm™ which is predicted from equation 2-24 using
the calculated parameters. Hence, the experimentally found behavior can be predicted very
well.

1St

5.5.3 Prediction of coupling mechanisms in 1°° order DFB structures

Fig. 5.13 shows the predicted coupling coefficients for 1% order structures of Alq;:DCM and
MeLPPP. The grating for Alq;:DCM has a periodicity of 205 nm and a modulation depth of
175 nm, for the MeLPPP grating A=150nm and #= 100 nm are assumed. All further
parameters are chosen as reported above. The most obvious difference to 2" order gratings is
the absence of Im(x) in a passive structure, which is simply due to the absence of surface
emission.

In the case of spincast films very strong index coupling is found, whereas gain coupling is
comparatively weak. For instance with a film thickness of 300 nm and a power gain of
100 cm™ Re(k)/Im(x)>1000 is found. First order DFB lasers using spincast films should
therefore be strongly index coupled. However, these predictions could not be checked
experimentally since no suitable 1* order DFB grating was available for MeLPPP.

In the case of evaporated films Re(x) is by a factor of 5 to 10 lower than in the other
considered structures. This is due to the fact that the local effective refractive index is
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Fig. 5.13: Calculated coupling coefficients for 1* order DFB structures with either a modulated

upper surface as in Alq;:DCM (left) or a flat upper surface as expected for a spincoated MeLPPP

film (right). The real part of the coupling coefficient is very weak in the Alq;:DCM structure,

resulting in a vanishing stopband width.
constant. In other words one could say that here the reflections from the upper and the lower
film surface nearly cancel each other. As a consequence of the low coupling coefficient the
extension of the stopband is expected to be only approx. 1 nm wide. Indeed, no stopband was
observed in the Alq3;:DCM 1* order DFB laser (Fig. 5.3 (a)). Due to the low value of Re(x)
the relative contribution of active gain coupling is the largest among the investigated
structures, yet still negligible: for dr= 350 nm the confinement is 84%; with a gain of 100 cm’
! one obtains Re(k)/Im(k)~30. Concomitantly the structure behaves like a weakly index
coupled laser.

5.5.4 Implications for the design of optimized DFB lasers

The coupling coefficients of various organic solid-state distributed feedback structures were
calculated using an adapted Floquet matrix theory. Starting from these calculations, coupled
mode theory is used to predict the performance of the various laser structures used within the
course of this work. One important result is that the different surface texture of sublimed and
evaporated structures gives rise to a different coupling mechanism. The transition from
complex coupling to index coupling which is observed in 2" order DFB lasers with
increasing thickness of the Alq;:DCM film, was successfully modeled. Furthermore the gain
required to reach threshold can be reliably estimated. In summary, very good agreement
between the predictions of the modeling and the experiments is found, even though some of
the relevant material constants were not precisely known at the time the calculations were
performed. Therefore these calculations are a powerful tool for the optimization of future
organic DFB lasers. An example is outlined below.

Under continuous wave operation a certain longitudinal intensity distribution establishes
inside the cavity of a DFB laser. This intensity distribution is a direct consequence of the



64 5 Lasers with one-dimensional distributed feedback

excitation profile and the coupling strength kL, being the product of the coupling coefficient
and the length of the device **. For optimum performance the optical intensity distribution
inside the cavity must be properly matched to the excitation distribution. Otherwise the
excitation density is locally depleted (spatial hole burning) and the output power of the device
exhibits strong fluctuations. If the excitation density is homogeneously distributed over the
entire length of the device, so should be the optical intensity. This condition is reached if the
value of &L is adjusted to 1.25 for an index coupled laser *** or 1.6 for gain coupled device ***,
respectively. On the other hand, the Gaussian excitation density distribution in optical
experiments demands for a higher & product, most likely in the order of 5-10 '**. Since an
infinite DFB structure does not have a well defined device length L it is the diameter of the
excitation spot which has to be adjusted.

Due to the large modulation depth of the present DFB gratings, large coupling coefficients in
the order of 500-1500 cm™ are obtained in most of the structures. For optical excitation with a
Gaussian excitation profile this implies an optimum spot diameter in the order of 100-200 um,
which is very convenient. In electrically driven devices, however, the distribution of
excitation density is homogeneous and the large coupling coefficient implies an optimum
device length in the order of only 10-20 um. Such a short device requires a very high
threshold gain (see equation 2-24). Therefore lower modulation depths are favorable for
future electrically driven devices resulting in a reduced coupling coefficient, an increased
optimum device lengths, and finally in a drastically reduced threshold gain. Due to the
absence of surface emission losses, first order structures are the most promising candidates.
Whereas up to now only dielectric gratings were considered, the Floquet-Bloch calculations

can be extended to structures including metallic contacts *'®*%,
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In this chapter it is shown that two-dimensional distributed feedback can give rise
to monomode laser operation with diffraction-limited surface emission. Excitation
high above threshold results in multimode operation and enables a direct
investigation of the two-dimensional photonic band structure.

Distributed feedback resonators based on nanopatterned substrates have shown to be a very
promising method to fabricate organic semiconductor thin film lasers. One of their major
drawbacks, however, is the presence of lateral modes leading to multimode laser operation.
As seen in the previous chapter multimode operation is unfavorable due to the associated
broadening of the laser spectrum and a large divergence. In order to concentrate the emission
to a spectrally narrow line and to control the emission properties, it is crucial to reduce the
number of lateral modes participating in the laser operation. The conventional way is the
photolithographic definition of a lateral waveguide with a width of several microns. A more
elegant method for mode selection is the use of two-dimensionally (2D) nanopatterned
substrates giving rise to a 2D distributed feedback (2D-DFB) or in other words a 2D photonic

140,141
band structure

. Despite the early, promising results, there have only been very few
experimental and theoretical '**'***** investigations until the recent renewed interest within

the context of photonic crystal lasers '*.

6.1 Fabrication

The fabrication of the 2D-DFB lasers is very similar to the fabrication of the 1D-DFB lasers.
As active laser material the conjugated polymer MeLPPP is used, which is spincast onto a
mechanically flexible, nanopatterned substrate. The major difference to the 1D-DFB laser is
in the form of the surface corrugation. Whereas a 1D sinusoidal corrugation with a periodicity
of A =300 nm and a depth of 2= 275 nm is used for 1D-DFB lasers, two perpendicular
sinusoidal corrugations with a periodicity of A,= Ax= 300nm and a depth of h.= h,=
160 nm form the grating for the 2D-DFB laser. The maximum modulation depth is therefore
similar for both structures, which is important when comparing the two structures. An AFM
image of the resulting corrugation is displayed in the schematic setup of Fig. 6.1. The superior
performance of our 2D-PBS lasers relies on phase locking of the modes established in the two
perpendicular resonators. A particularly high grating quality is therefore compulsory,
demanding that the deviation of the two periodicities A; and Ax must not exceed the laser
linewidth, a fraction of a nanometer.

65
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MeLPPP

PET with acrylic coating

Fig. 6.1: Schematic setup of a 2D-DFB laser. A film of MeLPPP is spincast onto a flexible,
nanopatterned substrate. The surface of the substrate has a two-dimensional periodic corrugation
shown by the AFM image. Laser emission is observed perpendicular to the substrate.
Gratings with sufficient quality can be fabricated by the soft lithography technique described
in Section 5.1. As mentioned before, the corrugation is ultimately defined by the intensity
pattern applied to a photoresist. Using a holographic exposure technique highly uniform 1D
sinusoidal intensity profiles can be generated. 2D patterns are achieved if the sample is
rotated between two subsequent exposures.

6.2 Characterization

Fig. 6.2 presents emission spectra for two different excitation conditions corresponding to
excitation densities below and well above threshold, respectively. The dashed line shows the
photoluminescence observed when the sample is excited below threshold. The first vibronic
transition has a slightly higher intensity than in the photoluminescence spectrum of an
MeLPPP-film on a planar glass substrate (Fig. 4.1). This difference is due to the effect of the
periodic modulation, which acts as a grating coupler and scatters waveguided light with a
wavelength around 490 nm into the direction of the detector. The emission behavior changes
drastically at a fluence of 5.6. pJ/cm?. At a wavelength of 491 nm a sharp laser peak evolves.
Upon further increasing the pump pulse energy the spectrum is completely dominated by the
laser peak. The solid line in Fig. 6.2 shows the emission spectrum at a fluence of 8.4 pJ/cm?.
The measured halfwidth is 0.25 nm, limited by the spectral resolution of the setup.

It is interesting to compare these results with the findings for a laser utilizing an MeLPPP-
film of the same thickness but a substrate with a purely one-dimensional periodic height
modulation of the same maximum amplitude as in the 2D-case. In the inset of Fig. 6.2 the
emission intensity at the laser wavelength, collected perpendicular to the substrate with a
numerical aperture of 0.26, is plotted as a function of the pump fluence for a 1D and a 2D-
DFB laser. The 2D-laser threshold is reduced by 30% and the differential efficiency is

increased.
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Fig. 6.2: Emission spectra of the 2D-DFB laser below (dashed line) and above the laser threshold
(solid line). The spectral half-width (FWHM) of the laser line is 0.25 nm. The inset shows the

radiated power at the laser wavelength —normalized to the threshold value- as a function of
excitation fluence. Direct comparison with a 1D-DFB laser shows an increase of efficiency and a

reduction of the laser threshold.

As the most intriguing feature the divergence of the emission is drastically reduced in the 2D
laser. While a strongly polarized emission with rather high divergence parallel to the grating
lines is observed in the case of 1D feedback (Fig. 5.5), highly directed unpolarized emission is
achieved with the 2D structure. The inset in Fig. 6.3 shows an image of the circularly shaped
far-field emission pattern of the 2D-DFB laser. The corresponding transverse irradiance
profile, depicted as solid squares in Fig. 6.3, can be fitted with a Lorentzian curve (solid line).
The value of 2.4 mrad for the angular radius of the far-field emission indicates diffraction-
limited emission from the entire area of the excited spot (D = 150 um). This clearly shows
that the laser oscillates in phase over the entire excited area, i.e. the laser operates in a single,
spatially extended, mode. In section 8.1.2.2 it will be shown that the emission from this

coherent oscillation is not only diffraction-limited but also (time-bandwidth) transform-
limited.

In contrast to the inherent multimode operation of a 1D-DFB laser without lateral
confinement one single lateral modes is selected a 2D-DFB laser. Compared to a 1D-DFB
laser with lateral mode selection in a ridge waveguide the horizontal extension of the 2D-DFB
laser mode is much larger resulting in a distinctly lower value of the diffraction-limited
divergence angle. When the diameter of the excitation spot is more and more increased
filamentation of the laser mode into several independent cavities might eventually set a lower

limit to the achievable divergence '**'*!. However, no such filamentation was observed in the
present experiments.
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Fig. 6.3: Inset: Image of the circularly shaped far-field emission of the 2D laser in monomode
operation (Ep= 8 pJ/cm®). The solid squares show the angular dependence of the corresponding
transverse irradiance profile.

As shown in Fig. 6.5 (b), additional features appear in the far-field emission pattern when the
excitation intensity is further increased. At approximately twice the threshold energy
(=10 pJ/ecm?) two perpendicular laser fans are superimposed to the central low divergence
spot (horizontal and vertical line in Fig. 6.5 (b)). Simultaneously the spectrum of the laser
broadens to ~1 nm FWHM (not shown). At pump pulse energies above 37.5 uJ/cm?, emission
fans tilted by 45 degrees are additionally superimposed (Fig. 6.5 (c)). The spectrum of these
features extends from 484 nm to 495 nm (Fig. 6.8), spanning the entire gain width of
MeLPPP. These experimental findings can be explained in terms of a Laue-formulation for
the feedback mechanism in the 2D photonic crystal.

(a) (b)

.*'

8 ul/cm? 15 uJ/em? 85 uJ/em?

Fig. 6.4: Evolution of the far-field emission pattern of the 2D-DFB laser with increasing excitation
fluence from (a) to (c) The images are (false-color) photographs of a screen placed in front of the
laser.
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6.3 Laser modes of 2D-DFB lasers

Since the refractive index contrast in organic 2D-DFB structures is comparatively weak, the
photon dispersion relation w(]k|)is nearly linear. Therefore the laser modes can be determined
in a Laue-type formulation of Bragg scattering of the 2D photonic crystal by application of
the following procedure:

Elastic Bragg scattering couples waves with wavevectors k, k' having the same energy E(k) =
E(K"). The resulting constructive interference of waves in an optically amplifying medium can
lead to positive feedback and the formation of a laser mode, which is characterized by its
effective propagation constant K =1/2 (k +k'). In a surface emitting DFB laser some fraction
of the laser light is coupled out of the surface via k,sin@ = |k —G|. Therefore every laser
mode can be identified in the far-field by its characteristic in-plane wavevector components.
When all possible laser modes have been determined, one can look for the mode(s) with the
lowest laser threshold.

To establish a laser mode at a given pump level, three conditions have to be fulfilled
simultaneously:

(i) The photon energy E(k) has to be located within the spectral region of gain.

(ii)  Positive feedback requires that k fulfills the Laue condition k-G, =1/ 2|Gmn 2, with

G, = (’T ;%ﬁz j being a reciprocal lattice vector. In other words k and k' = k-G,

have to be located on a Bragg plane of the reciprocal lattice (see e.g. '>°).

(iii)  The threshold gain for the specific mode has to be exceeded.

In Fig. 6.5 (a) the reciprocal lattice of the 2D-DFB structure is shown as black dots. Since the
refractive index contrast induced by the modulation is rather low, one can assume that the
photon dispersion is given by the E(k)-relation of an unperturbed planar waveguide. The
shaded gray ring indicates the k-vectors of photons having an energy in the spectral region of
optical gain in the MeLPPP-waveguide (condition (i)). The relevant Bragg planes (Bragg-
lines in 2D) for the square lattice are marked by the solid green, solid/dotted red lines
(condition (ii)). At the intersections of the gain region with the Bragg planes conditions (i)
and (ii) are fulfilled simultaneously. The corresponding plane waves form lasing modes,
provided that the modal gain is sufficiently high. The k-vectors of such waves are emphasized
by the thicker parts of the red and green lines.
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Fig. 6.5: (a) reciprocal lattice of a two-dimensional square lattice (black dots). The different lines
depict the Bragg lines, the various solutions of the Laue condition (equation 2-16). The shaded
area represents the k-vectors of waves which can be amplified during propagation in the MeLPPP
film (gain region). (b) Effective propagation vector of the modes formed by superposition of the
resonant waves. (c) In-plane components k,., k. of the radiated modes in the far-field. (d)
Experimentally observed far-field emission pattern of the 2D laser for excitation far above
threshold.

Accordingly, three contributions to in-plane positive feedback can be identified:

e Intersections of the gain region with the horizontal and vertical {2 0}, Bragg lines (solid
red line) corresponding to G,,, = {2 0},

e Intersections of the gain region with the {1 1}, Bragg-lines (solid green lines).
e Additionally, the {1 0}, Bragg-lines (dotted red lines) intersect with the gain region.

Laser modes are generally formed by the superposition of at least two coupled waves. For
each of the three above mentioned contributions the corresponding effective propagation
vector, given by K =1/2 (k+k'), is displayed in Fig. 6.5 (b). The significance of this picture
can be visualized as follows: A mode with K,=0, K,#0 forms a standing wave pattern in z-
direction which moves in x-direction with a speed determined by K,. The higher the value of
K
spatial extension fast moving modes have a comparatively short dwell time in the gain region.

, the faster the mode is moving in the z-x-plane. If the gain region has only a limited

Accordingly, the laser threshold will scale with |K| .

I3 A set of equivalent (rotation by 90°) reciprocal lattice points G,,, is collectively addressed as {m n}. The
corresponding Bragg-lines are denoted as {m n}|
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At K=0 the situation is more complicate. This is due to the fact that at the four equivalent
high symmetry points G,,, = {1 0} three Bragg lines intersect. All the corresponding waves
with k= {1 0} are coupled to each other by single and by multiple Bragg scattering. This
gives rise to a true two-dimensional optical feedback and results in an enhanced feedback for
the mode formed from these four waves. The observation of a non-polarized emission, the
reduced threshold and the increased efficiency are direct consequences of the true 2D laser
operation.

6.3.1 Far-field identification of laser modes

A partial fraction of the intensity contained in the resonator is continuously coupled out via an
additional Bragg scattering process that transfers energy from the 2D-waveguide modes to
radiation modes. Based on equation 2-17 the resulting far-field emission pattern can be used
to identify those lasing modes which oscillate for a given excitation condition. Considering
that the relevant grating vectors are G = {1 0} the in-plane components of the radiated waves
are represented by the pattern shown in Fig. 6.5 (¢). Indeed, the far-field emission at high
excitation conditions (Fig. 6.5 (d)) fits well to the pattern predicted by the analysis.

The various features of the far-field pattern can be attributed to the laser modes. In the order
of appearance with increasing excitation one finds:

e for a rather broad range of excitation fluences (5.6 pJ/cm? <E,<94 wJ/em?) a monomode
laser beam is emitted perpendicular to the substrate (k.= &y, = 0), resulting from the 2D
laser operation at k = {1 0} (see Fig. 6.4 (a)).

e the horizontal and vertical laser lines in the image of Fig. 6.4 (b) arise from waves on the
{2 0}, Bragg lines.

e the diagonal laser lines appearing in Fig. 6.4 (c) originate from waves on {l 1};. The
distinctly higher threshold indicates weaker coupling than for the {2 0}, Bragg lines.

e Jaser modes due to scattering at G = {1 0} are not observed. Because of their large value
of |K| a high laser threshold is expected for these modes and condition (iii) is not fulfilled.
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6.3.2 Factors favoring monomode operation

The diffraction-limited emission resulting from monomode operation is obviously a very
attractive property of 2D-DFB lasers. It is therefore interesting to analyze the factors leading
to monomode operation and to explore how the dynamic range of monomode emission can be
extended. Three factors favoring monomode operation can be identified:

6.3.2.1 Vanishing effective propagation constant

The analysis of the 2D-laser modes (Fig. 6.5 (b)) shows that in monomode operation a
standing wave pattern is formed which is stationary in space (K = 0). The energy contained in
the mode is therefore confined inside the excited region for a long time. In contrast, lateral
modes have a non-vanishing effective propagation vector K. Photons in these modes move
out of the excited region within a couple of roundtrips through the cavity. The maximum gain
length is therefore limited for lateral modes.

It is obvious that this criterion can not be responsible for mode selection in the given 2D-DFB
structure. Firstly, the same argument applies to the corresponding 1D-DFB lasers where no
lateral monomode operation was observed, not even at threshold. Secondly, the spectrum of
lateral modes is continuous and centered around K = 0. The effective propagation constant of
lateral modes can therefore be arbitrarily small resulting in a negligible difference of the gain
length. Thirdly, there is a substantial energy loss due to radiation. Radiation loss affects all
modes and may well exceed losses due to the mode walk-off by some orders of magnitude.
Although the effect of the vanishing effective propagation is not relevant in the present

structure, it is possible to design structures where its effect is very large '**.

6.3.2.2  Enhanced coupling

In the analysis of the laser modes it was found that four plane waves at k ={1 0} were coupled
to each other by single and by multiple Bragg scattering via G= {2 0} and G= {1 1}. The
coupling strength is therefore higher than it is in the comparable 1D structure where only
single Bragg scattering via G = {2 0} is possible. As a result the coupling coefficient, K, is
larger than in the 1D structure. According to equation 2-23 the threshold gain is inversely
proportional to k*. The enhanced coupling at the intersections of several Bragg lines therefore
translates into a reduced threshold for the corresponding mode, an enhanced efficiency for
this single mode, and a clear discrimination against concurring lateral modes.

The threshold reduction depends on the relative strength of the contributing Bragg scattering
mechanisms. In the present structure the predominant coupling is one-dimensional via
G = {2 0}. This is seen from the fact that the emission of the 2D laser is dominated by two
weakly coupled orthogonal resonators over a wide range of excitation densities (Fig. 6.4 (b)).
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Cross-coupling between these two resonators is induced by G= {1 1}. An increased cross-
coupling would enhance the discrimination of lateral modes.

Anyway, the sheer presence of Bragg scattering by G={1 1} is in contradiction to the

coupled mode analysis of Toda and Han '**'*

. They predicted that Bragg scattering by
G ={1 1} should not occur for TE waves in a square lattice. Two arguments are given: firstly
the incidence angle with respect to the scattering plane is 45°, which is very close to the
Brewster angle for low index contrast. Secondly, the scattered TE wave would have to
propagate exactly parallel to the direction in which the E-field of the incident wave oscillates.
Whereas this does not occur in conventional structures, quantum electrodynamics predicts
that it can happen in a photonic crystal **. A coupled mode analysis is obviously not
sufficient to describe the behavior of 2D-DFB lasers comprehensively. More advanced

simulations is the form of photonic band structure calculations are required (see Section 0).

Nevertheless, the arguments described above can help to optimize the performance of 2D-
DFB lasers: larger cross coupling and, hence, a larger discrimination of the lateral modes is
expected if the refractive index contrast of the modulation is enhanced. Alternatively one
could select a triangular grating, where three resonators, tilted by 60°, are coupled to each
other. In principle, the cross coupling contribution would also be higher in TM polarization,
however, it is difficult to design a structure where the threshold is lower for TM than for TE
modes.

6.3.2.3 Gain enhancement in photonic crystal lasers

The formation of photonic bandgaps in 1D- or 2D-DFB lasers is associated with a vanishing
group = dw/dk just outside the bandgap. In 1D-DFB lasers it has further been
shown that the modes near the bandgap have the lowest gain threshold. According to an

group velocity v

intuitive explanation these photons are multiply reflected, travel a very long optical path
through the active region and, hence, acquire a large gain ***. A more fundamental description
is given by cavity quantum electrodynamics: if the gain medium is not in free space its
spontaneous emission rate (equation 2-1) as well as its spectral shape will be modified by a
factor proportional to the local density of photon modes D((D) 227 A sharp peak in the density
of modes will therefore enhance the spontaneous emission rate and, according to equation

2-10, also enhance the gain (see e.g. **%).

In an infinite, purely 1D system the density of modes shows a van Hove singularity at all band
extrema. In a finite structure the singularities are directly related to the group velocity via
D(®)o< 1Y o 7 In contrast, D(®) does not diverge at the band extrema of a 2D periodic
structure but has a step-discontinuity. A vanishing group velocity is therefore not a sufficient
criterion for the observation of gain enhancement in 2D DFB-lasers. Instead, it was found for
a number of structures that strong gain enhancement can occur at saddle points of the

227,229-232

dispersion relation if the band becomes essentially flat . It is important to note that

gain-enhancement, used in these distributed feedback-like bandedge lasers, does not demand
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Fig. 6.6: (a) TM-band structure of a square-lattice photonic crystal, consisting of dielectric
cylinders surrounded by air. The third band in I'-X direction is exceptionally flat. (b) Direction
dependence of the gain enhancement for the third band in I'-X and I"-M direction. (Taken from 232
and 2%

for a high dielectric contrast, unlike the threshold reduction in defect-mode photonic bandgap

lasers (see Section 2.3.3.3).

For a square lattice an especially large gain enhancement for TE and TM modes was predicted
in the vicinity of the I'-point of the 3™ I'-X band *"***. Fig. 6.6 (a) shows the band structure
for a square lattice of dielectric cylinders in air. The third photonic band is very flat and,
consequently, a large gain enhancement is calculated. Fig. 6.6 (b) shows that the gain
enhancement is anisotropic favoring modes at the I'- and at the X-point.

Transferring the results of the band structure analysis, presented in the reduced zone scheme,
to the extended zone scheme of our analysis, one finds that the 3™ band in T'-X direction
corresponds to the {2 0}, Bragg line in the vicinity of k = {1 0}. Whereas the absolute amount
of gain enhancement in the 2D structure is not necessarily higher than in an equivalent 1D
structure, the directionality of the gain-enhancement is peculiar to 2D **%. Although the
structure considered by Susa has a much higher refractive index contrast, it is possible to
transfer the results to the 2D-DFB laser: gain-enhancement ows to the sheer presence of a
periodicity and not to the amount of the refractive index contrast.
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6.4 Photonic band structure analysis

As seen in the previous section a calculation of the photonic band structure is a very powerful
tool for the investigation of the behavior of 2D-DFB lasers. However, the incorporation of
gain is very difficult and even the calculation of passive 3-dimensional structures demands for
a high computational effort.

In a first approach the photonic band structure of our 2D-DFB lasers is calculated assuming a
passive, completely two-dimensional structure with infinite extension in y-direction. The
three-dimensional modulation of the waveguide is then represented by a spatial variation of
the effective refractive index. Since the variation of n.41s not precisely known an approximate
function has to be found. The Ansatz for n.; has to account for the relevant Bragg scattering
processes, namely Bragg scattering by G= {20} and G= {1 1}. The corresponding
modulation of n.yis a superposition of four modulations: one in x-direction, one in z-direction
plus two contributions tilted by 45°. It can be written as

ny (x,2)=n," + An""[cos(4mx/a) + cos(4n z/a)]
S 2721 x? + 27 cos(arctan(z/x) — m/4)
a (6-1)

2N2m 2 + y? sin(arctan(z/x) - m/4)

a

+Antt

+ sin

A physically reasonable form of n.4(x,z) should somehow resemble the real corrugation of the
waveguide. Varying the ratio between An®° and An"V it is found that a negative of the
substrate corrugation (Fig. 6.1) can be obtained for An?® =~ —10-An"". The absolute amount
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Fig. 6.7: (a) Bandstructure of the 2D photonic crystal assuming a sinusoidal variation of the
refractive index. (b) Close-up of the 2™ to 5™ band in the vicinity of the I'-point. In the chosen
normalization the X-point of the 1% band has the coordinates (x, 0.5).
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of An® =0.15 can be estimated from the coupling coefficient of a 1D-DFB laser via
equation 2-20.

Fig. 6.7 shows the calculated band structure for TE polarization'® assuming ne_[/,0 =1.63,
An% =0.05, An"" =-0.005, and @=600nm. In the calculation the values of An are

deliberately exaggerated by a factor of 2 to 5 in order to magnify the effect. As expected a
bandgap arises between the 3" and 4" band at the I and at the M-point. The close-up of the
band structure in the vicinity of the 2" to 5th band at the I'-point shows, that the 3" band in
I'-X direction is more or less flat, the prerequisite for gain-enhancement in a photonic crystal
laser. Furthermore it is seen that the slope is much steeper in the I'-M direction than in I'-X.

The fact that the 2D-DFB laser modes can be spatially separated in the far-field, can be used
to investigate the photonic band structure of a 2D photonic crystal. In Fig. 6.8 the photonic
band structure of a 2D-DFB laser is determined from spatially resolved far-field spectra. The
31 photonic band in I'-X direction and the 2" to 5™ band in T-M direction can be identified.
Their dispersion relation in the vicinity of I' can be measured with the technique introduced in
section 5.3. Good qualitative agreement between the experimental data (Fig. 6.8 (c)) and the
calculated bandstructure (Fig. 6.7) is observed. A more detailed analysis, however, requires a
more reliable ansatz of n,, (x,z) or a full three-dimensional treatment of the wave
propagation. Such an analysis is currently in progress.
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Fig. 6.8: The leaky modes of the 2D-photonic band structure can be investigated in the far-field
laser emission. For that purpose laser spectra are recorded as a function of the emission angle
relative to the surface normal. (a) Schematic setup for the investigation of the 3" band in I-X
direction, (b) 2™ to 5™ band in I'-M direction. (c) Peak position of the laser line as a function of the
emission angle. The addressable frequency range of the band structure is determined by the
spectral width of the polymer gain spectrum.

18 The calculation was performed with a program provided by Dr. K. Busch, Institute for Theory of Condensed
Matter, University of Karlsruhe, Germany. A plane wave expansion technique is used (see e. g. *°).
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Using a self-assembly technique colloidal monolayers are grown on glass substrates from
an aqueous solution of monodisperse polystyrene beads. Laser emission is observed from
a film of Alg;:DCM evaporated onto these templates. Investigation of the laser emission
reveals that resonant feedback occurs due to the formation of closed loop cavities in

strongly scattering waveguides.

In recent years, there have been substantial efforts to study disordered media that both scatter
and amplify light. When the scattering is weak, scatter centers embedded in the gain medium
enhance the path of light within the active medium and result in an efficient amplification of

181183234236 " Therefore it was not by chance that gain

spontaneously emitted photons (ASE)
narrowing from a solid conjugated polymer film was first demonstrated in a sample
containing TiO, particles **. Although these samples showed a well-defined threshold and
spectral narrowing, discrete laser lines indicating resonant feedback were missing. The
experiments could therefore be explained by light diffusion with gain, where interference
effects can be neglected and resonant feedback does not occur '""!78%724 Nevertheless the

172,173

demonstration of weak localization of light and, in 1997, also of Anderson localization

74175241 revealed that interference becomes important when the scattering strength is further
increased.

In the meantime it has been discovered that lasing with resonant feedback can occur in

165167 v a disorder close to the

scattering media exhibiting either exceptionally high gain
value required for Anderson localization °>'**. Sufficiently large scattering can be achieved,
for instance, in powdered laser crystals, in mixtures of dyes with colloids 184 or in colloidal

154,165-169 .
’ . In some of these cases it was, however, not clear

crystals soaked with laser dyes
whether the observed resonances are truly due to random closed loops or rather due to other

forms of feedback such as reflections at the boundaries of the active medium.

Although theoretical predictions indicate that geometries with reduced dimensionality should
allow to establish resonant feedback for a comparatively low amount of scattering (see
Section 2.3.4), only few experimental studies deal with appropriate thin film waveguide
structures 1157197 Iy the following random lasing in thin film waveguides containing
intentionally added scatter centers is demonstrated. Resonant feedback is observed although
the scattering mean free path is considerably larger than the light wavelength.

77
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7.1 Sample preparation and characterization

The random lasers used within the course of this work are formed by evaporation of a
~400 nm thick Alqs;:DCM film onto a glass substrate that is decorated with a monolayer of
polystyrene beads. A cross-section of the sample is sketched in Fig. 7.1 (b). The Alq;:DCM
film has a higher refractive index (n,~= 1.7) than the surrounding media consisting of glass
(ns= 1.45), polystyrene (nps= 1.57), and air so that a multilayer waveguide is formed which is
capable to guide the light emitted from Algq;:DCM under optical excitation. The polystyrene
beads embedded in the waveguide are densely packed and serve as scatter centers, due to the
refractive index contrast between polystyrene and Alqs;:DCM.

(a) Fabrication of colloidal monolayer (b) Cross section of a random laser

evaporation —~ 400nm

solid f Alg,:DCM
film f ? f dispersion / b

Substrate

Fig. 7.1: (a) Technique for the self-assembled growth of colloidal monolayers on a glass substrate.

Nucleation seeds develop at the meniscus of the drying solution due to attractive lateral capillary

immersion forces. The interplay of evaporation and attractive forces determines the growth of the

monolayer 242243 (b) The random laser is finished by evaporation of a thin film of Alq;:DCM onto

the colloidal monolayer.
Colloidal monolayers consisting of monodisperse, nanometer-sized polystyrene (PS) beads
were fabricated *** using the self assembly technique sketched in Fig. 7.1. The PS beads are
dispersed in an aqueous solution stabilized by negatively charged SO4™ groups attached to the
surface of the colloids. A drop of the solution containing 0.25 vol% of PS beads is spread
over a hydrophilic glass substrate’ and subsequently slowly evaporated at a controlled
temperature and moisture. The two-step process leading to the formation of a monolayer of
hexagonally arranged colloids was investigated by Nagayama with the help of a microscope

247298 1f the wetting of the sample is good and the sample is

and an attached video camera
tilted by an angle o. the solution forms a meniscus at the top edge of the sample **°. As soon
as the thickness of the remaining water film is in the order of the bead diameter attractive

forces establish, the so called lateral capillary immersion forces *****%*! and pull the beads

17 Self-assembly of colloids from an aqueous solution requires a hydrophilic surface. For that reason glass

substrates are placed for 60 minutes in a solution of NaOH:ethanol (1:9 by weight) ***, rinsed with Milli-Q H,O,

and subsequently tempered at 585 °C for 330 minutes **°.
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towards each other thus forming small aggregates of PS beads. In the following the interplay
of evaporation and capillary forces lead to a constant convective flow of solvent and particles
towards the meniscus. The particles are attached to the seeds, and a colloidal monolayer
Srows.

Fig. 7.2 (a) shows a photograph from a glass substrate covered with a thin polycrystalline
layer of colloids. Two extended areas with green and orange iridescence can be clearly
distinguished with a well defined interface between them. The green iridescence can be
identified as the Bragg reflection from a polycrystalline colloidal monolayer, the orange

iridescence stems from areas where a double-layer of colloids is formed *****.

After deposition of the Alqs:DCM film®® the surface is very rough so that the waveguide
formed by the multilayer exhibits strong losses. The area relevant for random lasing is at the
upper edge of the sample where many nucleation center started to grow simultaneously. Fig.
7.2 (b) shows an AFM image of a 20*20 pm? sized area. In the chosen color code the PS
beads appear bright yellow on a gold/brown substrate. It is clearly seen that the colloids
aggregate to small clusters, which are densely packed but well separated and randomly
oriented. In the middle of the sample, where the monolayer is closed, the light-scattering is so
strong that no amplified spontaneous emission was observed from the waveguide, not even at
the highest available excitation densities.

Fig. 7.2: (a) Photograph of a sample containing a colloidal monolayer that is illuminated with
white-light. The monolayer is indicated by green iridescence. (b) AFM image showing the area at
the top of the sample where the nucleation started. The monolayer is not (yet) closed, instead the
polystyrene beads are agglomerated to well separated, densely packed clusters.

18 The Algqs:DCM layers were made by A. G. Miickl, Lehrstuhl Experimentalphysik II, Universitit Bayreuth.
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7.2 Random laser operation

The fact that laser action occurs due to resonant feedback in random closed loops can be
shown unambiguously by the following facts (see section 2.3.4.2): (1) strong scattering is
observed. (2) Above a threshold excitation discrete peaks evolve in the emission spectrum,
their spectral width being significantly smaller than the linewidth observed in ASE
experiments. (3) These resonances can be attributed to localized laser modes with a well
defined resonator length. Since the modes are localized the mode pattern is different at every
point of the sample. From the determined length of the resonator length feedback mechanisms
other than random closed loops can be excluded. (4) The number of modes increases with
increasing gain or excitation area. (5) For a given excitation area there is a maximum number
of modes. (6) As long as the extension of the excitation area is in the order of the resonator
loop, the laser threshold decreases when the excitation area is increased.

In order to check that all of the above facts are valid in our samples emission spectra were
recorded for various excitation conditions. In the first set of experiments a circular spot with a
diameter of ~ 125 um was excited. The spot size and the location on the sample were held
constant whereas the pump fluence —and hence the gain- was varied (see Fig. 7.3 (a)). In the
second experiment a narrow stripe with a width of ~ 50 um was excited. Here the fluence was
held constant whereas the length of the stripe —and hence the excitation area- was varied (see
Fig. 7.3 (b)).

(a) wvariation of the excitation fluence (b) variation of the excited area

photoexcited area

Fig. 7.3: Excitation conditions for the investigation of random lasers. The black dots represent
randomly distributed scatter centers, the shaded area indicates the excitation area. Three possible
random closed loop cavities are indicated for (a) a variation of excitation fluence in a fixed
excitation spot and (b) a variation of the excitation area.
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7.2.1 Variation of the excitation density

Fig. 7.4 shows the evolution of the emission spectrum of a random laser for increasing
excitation density (from bottom to top). In this experiment the pump beam is focused to a
circular spot of 125 pm diameter. The dash-dotted line shows the smooth photoluminescence
of Alg3:DCM below threshold. Above an excitation fluence of ~ 1500 pJ/cm® narrow
emission lines emerge. The linewidth of these resonances is below 1 nm and is an order of
magnitude lower than the spectral half-width of amplified spontaneous emission (ASE) in
Alqs;:DCM (see Fig. 4.6). The narrow lines are therefore attributed to laser modes formed by
resonant feedback. At the wavelength of such a narrow line the emission intensity rises super-
linearly with increasing excitation density, just as expected for a laser. This effect is displayed
in the inset of Fig. 7.4, where the relative intensity at two wavelengths is compared for a
number of excitation fluences. Whereas the intensity ratio is constant at low excitation
fluences it rises steadily above a threshold value. When the excitation density is increased
further above threshold more and more peaks evolve as a gradually increasing number of laser
modes exceed threshold. Above a second threshold, however, the number of modes seems to
saturate. A further increase of the excitation density merely results in an increasing intensity
for a limited number of modes. At the same time the contrast between adjacent maxima and

minima increases steadily.
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Fig. 7.4: Emission of a random laser for increasing excitation density from bottom to top (1350 -
5700 pJ/cm®). The inset shows the relative intensity at two wavelengths (strongest laser mode at
A = 618 nm; no resonance at A = 606 nm ) as a function of the excitation fluence.
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Obviously, a limited number of resonant laser modes is sufficient to deplete the gain in the
entire photopumped area and to suppress all the competing stimulated emission processes. In
contrast, ASE or an infinitely growing number of modes would result in a smoothing of the
emission spectrum. Since the diffusion length of the electronic excitations is negligible on the
scale of the spot diameter such a behavior can only be explained if few resonant cavities cover
the entire excitation spot. The roundtrip path length Lzr will therefore be in the order of
several tens to hundred microns. From the fact that the threshold pump fluence is a factor of
100 higher than the threshold of a second order DFB laser it is immediately obvious that the
resonant cavities suffer from high losses.

As will be seen in 7.2.2, a qualitatively similar behavior is found at various positions along
the edge of the monolayer and also on several samples with a different thickness of the
Alg;:DCM layer. The mode pattern, however, is distinctive for each position or sample.
Therefore it can be concluded that the resonances are due to simultaneous operation of several
resonant cavities which are localized at distinct positions and extend over several microns.

A closer investigation of the emission spectra can reveal the path length of the resonant loops.
The condition for resonant feedback is given by the fact that the phase change in a single

roundtrip must be a multiple of 2x, or in other words 7,, L,, /A =m . A single resonator with

eff

an optical roundtrip length n_ L,  results in a number of evenly spaced resonance

frequencies ¢/A . Vice versa, the ‘Zptical path length of the various resonant loops contributing
to the random laser operation can be determined from a Fourier transform (FT) of the
emission spectrum. If the emission intensity is plotted against 1/A in units of um™ then the
conjugate variable is simply the optical pathlength in units of pm ***. A closed loop path with
a well defined value of n, L, should therefore be indicated by a peak in the FT. Well
pronounced resonances in the emission spectrum typically derive from low-loss cavities
where some fraction of the light travels several roundtrips through the cavity. Accordingly it

should be possible to identify higher harmonics of 7, L,, inthe FT.

eff

Fig. 7.5 shows the FT of the emission spectra belonging to the lowest and highest excitation
density shown in Fig. 7.4. The discrete spacing of the FT is 11.4 um, determined by the finite
width of the spectrum. The gray dash-dotted line is the FT of the Alg;:DCM
photoluminescence. Apart from the peak at DC (only positive counts in the spectrum) no
significant resonances are observed. In contrast, the FT at high excitation density contains
several resonances below a pathlength of 300 um. The strong resonances below 100 um can
not be resolved due to the coarse step width. Nevertheless, there is a well resolved peak at an

optical pathlength 7, L, =300um for which two higher harmonics at 600 mm and 900 pm

eff
can be identified. Using a typical value for n. the corresponding resonator length Lz is

~200 pm.

L Although the discrete step resolution of the FT could be improved measuring a wider spectrum, doing so adds
only redundant information. Due to the effect of the waveguide efficient amplification occurs only within a finite
spectral width; here between 610 nm and 630 nm. No resonances are observed outside this range.
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Fig. 7.5: Fourier transform of the emission spectra (plotted against 1/A ) for excitation below

(dash-dotted line: 1350pJ/cm?) and above the laser threshold (open circles: 5700uJ/cm?). A peak

in the FT indicates a resonant cavity with the corresponding optical path length.
Which feedback processes could lead to a resonator length of 200 um in our structures?
Fabry-Perot resonances can be excluded, since there are no reflecting surfaces separated by
100 um. As seen in the previous chapters on 1D-DFB lasers the effective resonator length of a
DFB laser is in the order of 100 um. In this case, however, resonant feedback due to a
photonic-crystal like collective reflection from the Bragg planes of a colloidal crystal can be
excluded. Firstly, the Laue condition can not be fulfilled for the given bead diameter and
emission wavelength, secondly, the single crystalline domains are much too small (<5 um) to
establish a resonator within a single domain.

The absence of conventional resonators suggests that feedback is indeed due to multiple
scattering at randomly distributed scatter centers. The formation of random closed loops
might be further supported by the presence of strong gain (see Section 2.3.4.2). The question
is whether scattering in the given structure is strong enough to support this explanation.
Unfortunately the typical experiment for the determination of the mean free path /*, namely
the measurement of the coherent backscattering cone under (nearly) normal incidence, fails in
the case of waveguides whose thickness is smaller than /*. Therefore a rough estimation is
needed.

From Mie theory the scattering cross-section and the angular distribution of the scattered
intensity can be calculated for a single PS bead surrounded by Alqs::DCM2. A scattering
cross-section of Ogeuser = 0.013 um2 is calculated. The scattering probability for a single bead
embedded in a waveguide is estimated to 0.055, determined by the ratio of Gscuner to the
corresponding waveguide cross-section of 0.236 pm?. Accordingly a light wave would on

2 The calculations were performed with a commercial program (MQMIE 2.3, Dr. Michael Quinten,
Wissenschaftlich-Technische Software ).
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average be scattered at every 18™ PS bead. Since the beads are not densely packed (Fig. 7.2)
the mean free path is certainly larger than the diameter of 18 PS beads, i.e. [*> 5.6 um =9 A.
This is still lower than the critical value for resonant feedback reported by Cao °. A
resonator loop of 200 pm would on average consist of 35 individual scattering events, similar
to the value estimated by '°°. Obviously every scattering event causes a loss of intensity,
either out of the loop or even out of the waveguide. Nevertheless, Mie calculations further
predict that the angular distribution of the scattered intensity is peaked around an angle of 0°
and, hence, a large fraction of the scattered light stays confined within the waveguide for a
considerable number of scattering events. Keeping in mind that the gain between two
consecutive, average spaced scattering events can be as large as explg aiggpem ! *)=1.5 it
appears reasonable that the scattering losses can be overcome.

In summary, it has been shown that our samples exhibit very strong scattering. Therefore
resonant closed loop cavities are formed by multiple light-scattering, resulting in the
evolution of discrete, narrow peaks in the emission spectrum at high excitation densities.
From a Fourier transform loop lengths of up to 200 um could be identified. Because of the
large extension of these loops only a limited number of resonant loops can be established
within a certain excitation area. To unambiguously attribute these findings to random lasing,
it remains to be shown that the emission spectrum varies across the sample. Furthermore an
increasing excitation area should lead to a decreasing laser threshold and an increasing
number of modes.

7.2.2 Variation of the excitation area

In a second experiment the excitation density is held at a constant value, whereas the
excitation area is varied (see Fig. 7.3 (b)). This is done by focusing the excitation beam to a
50 um wide stripe whose length is varied between 200 um and 1000 pm by razor blades. The
width of the stripe is slightly smaller than the diameter of a typical loop with a circumference
of 200 um. Furthermore special care is taken to verify that the excitation density does not
increase with increasing excitation area. In order to collect the emission from the entire spot,
these experiments were performed with a wider monochromator entrance slit resulting in a

lower spectral resolution than in the previous experiment.

Fig. 7.6 shows various emission spectra recorded at a pump fluence of 435 pJ/cm?”. Below a
stripe length of 300 um a smooth photoluminescence spectrum is observed. Increasing the
stripe length gradually above 300 um a steadily increasing number of modes develops. The
evolution of the mode pattern is, however, qualitatively different to the previous experiment.
If the excitation density is varied the same modes dominate all spectra, but if the excitation
area is increased each spectrum contains different modes. For a growing excitation area there
is no saturation in the number of modes. These observations are easily explained by the fact
that more and more closed loop paths are covered by the excitation spot and subsequently
exceed their laser threshold (see Fig. 7.3 (b)). For an infinitely extended spot the number of
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modes would be arbitrarily large resulting in a smooth spectrum whose substructure is

completely leveled out '®.
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Fig. 7.6: Emission of a random laser for constant excitation density but increasing excitation area.

The excited spot is a narrow stripe with 50 um width and a length of 310, 370, 490, and 1150 um

(from bottom to top). The pump fluence is 435uJ/cm”. The inset shows the dependence of the laser

threshold on the area of the excited spot.
The inset of Fig. 7.6 shows the variation of the laser threshold with increasing excitation area.
As long as the excitation area is comparable to a typical loop area the laser threshold is
comparatively high due to the fact that —by chance- only a fraction of a resonant loop is
excited. With increasing excitation area the threshold pump fluence decreases and finally
saturates if —again by chance- one random closed loop is entirely located inside the

photopumped area.



8 Emission dynamics

The dynamics of amplified spontaneous emission and lasing in disordered organic
semiconductors is investigated. Single-pulse transform-limited emission is
demonstrated for 2D-DFB lasers made from MeLPPP. The dynamics of the
composite system Alq;:DCM is dominated by gain switching oscillations due to
the interplay of energy transfer and stimulated emission. In planar waveguides
oscillations with a frequency up to 0.2 THz are observed. In the corresponding

DFB laser the oscillation frequency is reduced.

Despite the fact that organic semiconductor lasers have been investigated for several years,
107,201,255, Nevertheless, a detailed

understanding of the emission dynamics is important for the optimization of the laser

comparatively little is known about their emission dynamics

resonator itself. The mode selection in multimode lasers, for instance, is governed by the fact
that all partaking modes compete dynamically for the same gain on a ‘first come, first serve’

basis >°°.

The emission dynamics of a laser is, in nature, an interplay of the stimulated emission
provided by the organic semiconductor material with the feedback governed by the laser
resonator. To be able to distinguish between these two effects, first the emission dynamics of
the plain material is investigated before looking at the respective DFB lasers. Alq;:DCM is
taken as a representative of the composite material blends, whereas the conjugated polymer
MeLPPP stands for the genuine materials.

8.1 Polymer lasers

8.1.1 ASE in slab waveguides

Amplified spontaneous emission in thin films of a conjugated polymer has been intensively
studied in the past few years. The underlying process was revealed by detailed investigations
of the population and emission dynamics together with quantitative modeling of the emission

process 37,93-100

The most important findings in the context of lasers can be summarized as follows: after
excitation with a femtosecond laser pulse the population of the emitting state rises more or
less instantaneously, reaching its maximum within less than 1 ps *’. On a similar time-scale
also the polarization of the excitation pulse is lost '*’. Following the build-up of the
population density photons are emitted spontaneously, some of which are coupled into the
slab waveguide formed by the polymer-substrate/air heterostructure. Gain narrowing of the
emission spectrum is observed if the excitation density is sufficiently high that the gain due to
stimulated emission exceeds the losses owing to scattering.

86
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Fig. 8.1 shows the emission transient of a 300 nm thick film of MeLPPP at a wavelength of
490 nm for various excitation densities below and above the threshold for ASE. At the lowest
excitation fluence the rise and decay of the emission are mono-exponential with a decay time
of T=25ps. The maximum is reached 2 ps after the excitation. Above the threshold for ASE
(~23 pJ/em?®) both rise and decay of the photon density are clearly bi-exponential. From the
fact that all transients coincide after a time delay of ~ 15 ps, it can be concluded that all
excitations exceeding the threshold value are depopulated within one single short burst of
amplified spontaneous emission. Owing to the time required for the photon propagation
through the excited area, the emission maximum is delayed relative to the maximum of the

excitation density 3
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Fig. 8.1: Emission transients of a MeLPPP film (d,=290 nm on a PET substrate) at the wavelength
of maximum stimulated emission (A = 490 nm).

8.1.2 Lasing dynamics

In Chapter 6 the time integrated performance of surface-emitting 1D- and 2D-DFB lasers
made from MeLPPP was discussed. For 1D-DFB lasers lateral multimode operation was
observed at all excitation levels exceeding threshold. The 2D-DFB lasers exhibit a lower laser
threshold and show true monomode operation for a range of excitation levels close above
threshold. The differences between 1D- and 2D lasers were attributed to an additional
coupling mechanism in 2D-DFB lasers resulting in an enhanced coupling strength.

On the other hand, the dynamic response of a DFB laser is governed by its coupling
coefficient ***°7** The build-up of intensity after pulsed excitation is governed by the
modal gain coefficient >, whereas the trailing edge of the pulse is governed by the cavity
loss coefficient, 0y,s. Since both the modal gain and the cavity loss vary with the coupling
coefficient, the different coupling strength in 1D- and 2D-DFB lasers should be observable in
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their emission dynamics. Vice versa, the coupling coefficient of a DFB laser can be
determined from the emission dynamics. The magnitude of the cavity loss coefficient, for

instance, can be directly related to the exponential decay time of the intensity after pulsed

excitation via >’

2
1 C T
T, = 2 +o,,.L|. -
cav n L |K|L Loss (8 1)

group

8.1.2.1 1D-DFB lasers

Fig. 8.2 shows emission transients of a second order 1D-DFB laser for several excitation
levels above the laser threshold (~ 7.5 pJ/cm?). At the lowest excitation pump fluence the
laser operates just above threshold. Therefore the corresponding net gain is quite low and the
laser needs considerable time to switch on. Because of the low signal to noise ratio no
significant increase of the output power can be observed earlier than 6 ps after the excitation
pulse. The maximum intensity is reached after a time delay of 10 ps when the gain due to
stimulated emission is at equilibrium with the output loss. Thereafter the intensity stored in
the laser cavity decays exponentially with a cavity decay time of T.,, = 2.0 ps. Using equation
8-1 a loss coefficient of 31 cm™ is calculated.
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Fig. 8.2: Transient of the surface emission of a 2" order 1D-DFB laser for various excitation
densities. The sample is excited with a 150 fs long pulse at the time O ps. The laser threshold is
reached with a fluence of 7.5 pJ/em’. The experimental noise level is at an intensity of 10°.
Because of the low signal to noise ratio at the lowest excitation densities the transients have been
smoothed with a low pass Fourier filter.
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If the excitation fluence is increased beyond the threshold the emission rise time decreases
significantly due to the increased gain coefficient. The decay time, on the other hand, has a
constant value so that the maximum intensity is reached at earlier times. The minimum pulse
width of A= 2.3 ps (FWHM) is observed at an excitation fluence of 40 pJ/cm?.

It is worthwhile to note that in DFB lasers the maximum intensity is reached after a
considerably longer time delay than in ASE experiments. In a planar waveguide there is no
feedback and the photons make only one single pass through the excitation spot. With a spot
diameter of 150 um and a group refractive index of 1.75 the time required for such a single
pass is only 0.87 ps. Accordingly, the maximum intensity is reached within approx. 1 ps after
the maximum in the excitation density. In a DFB laser, however, it takes up to 10 ps until the
maximum intensity is reached. In a simplistic picture, one can assume that photons are
multiply reflected during their way through the DFB resonator **°. As a full roundtrip through
the cavity would take ~ 1.7 ps, the time delay of 10 ps corresponds to 5 to 6 full cavity
roundtrips.

A peculiar phenomenon of the laser kinetics are the superimposed oscillations with a period
of ~ 2 ps. Most clearly they are seen in the leading edge of the transients at high excitation
densities. Whereas oscillations with a period of the cavity roundtrip time are observed in the

259 such oscillations are unusual for DFB lasers without

onset of lasers with reflecting facets
reflecting facets. As it can be ruled out that the oscillations are merely experimental artifacts®!
they are most likely caused by photon propagation effects: photon propagation is not properly
accounted by the conventional rate equation model of DFB laser dynamics. A detailed
modeling of the emission dynamics of organic semiconductor photonic crystal lasers is still in

progressﬁ.
8.1.2.2 2D-DFB lasers

Fig. 8.3 shows emission transients for a 2D-DFB laser at several excitation densities above
the laser threshold of 5.6 pJ/em®. The qualitative behavior is similar to the 1D-DFB laser.
Nevertheless, there are some substantial differences. It was noted above that the laser
threshold of the 2D-DFB laser is lower. Therefore it is not surprising that the peak emission
of the 2D laser is higher and occurs at earlier times if both devices are excited at comparable
excitation densities. At comparable excitation densities the 2D-laser is simply driven further
above its threshold than the 1D analogy and exhibits a higher net gain. Surprisingly, however,

4 The oscillations are present in the raw data and not result of the Fourier filter. Reflections in the light-path of
excitation and gate pulse can be ruled out because of the absence of oscillations in the measurement of the cross-
correlation (Fig. 3.5) and ASE (Fig. 8.1). Reflection of the excitation pulse from the backside of the sample
contain only ~ 1% of the incident intensity and unlikely to cause such strong effects.

2 In cooperation with A. Klaedte and Prof. O. Hess, DLR Stuttgart. Preliminary results on the photonic band-

structure are published in **°.
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Fig. 8.3: Emission transients of a 2D-DFB laser for various excitation densities. The laser

threshold is approx. at 5.6 uJ/cm’. The lowest two transients are smoothed by a low-pass Fourier

filter, the original noise level is at an intensity of 107"
the same is true if both devices are driven by the same amount above their laser threshold.
This is demonstrated by Fig. 8.4 where the emission of a 1D- and a 2D-DFB laser are
compared when both are excited at a pump fluence of £, =1.25 E, : the 2D-laser switches on
faster, although its material gain, g, and its excess gain, g-g , are lower than in the 1D-laser.
Another intriguing observation is that the decay of the intensity occurs with a decay time of
T, ~09ps, ie. on a distinctly faster time-scale than in the 1D laser®®. Radiation loss
coefficients of 65 cm™ (2D-DFB) and 31 cm™ (1D-DFB) are calculated from equation 8-1.
Hence, one arrives at the peculiar conclusion that the 2D-DFB laser has the lower laser
threshold, although it suffers higher losses.

The seeming contradictions are explained by the feedback mechanism of the 2D-DFB laser.
The additional Bragg scattering process mentioned in Chapter 0 results in an enhanced
coupling coefficient. Higher coupling reduces the laser threshold according to equation 2-23.
In the language of photonic crystal lasers, the threshold reduction owes to gain enhancement
for the mode at the high-symmetry point. Following the argument of Kovac et al. *’ the
enhanced gain, in turn, results in a faster dynamic build-up of intensity than in any other laser
mode. As a consequence, the entire inversion is depleted before other (lateral) modes with a
lower modal gain can evolve. Thus the dynamic evolution of the photon density helps to
establish and stabilize monomode operation in 2D-DFB lasers.

2 Owing to the fast rise and decay, the oscillations are highly pronounced and the decay is not truly singly
exponential.
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Fig. 8.4: Normalized emission transients for a 1D- and a 2D-DFB laser at a pump fluence of

1.25 E,;,. As shown in chapter 0 the 2D-DFB laser operates in a single mode, in contrast to the 1D-

DFB laser.
The pulses emitted by the 2D-DFB laser in monomode operation are as short as Az = 1.9 ps.
The transform-limited linewidth?* calculated from the cavity lifetime is 0.21 nm, which
coincides almost exactly with the measured spectral half-width of the 2D-DFB laser. In
multimode operation the pulse duration rises slightly to Az = 2.3 ps. Thanks to the superior
performance of distributed feedback lasers, the pulse duration is shorter than in lasers made

from the same material yet with a conventional two-mirror cavity .

Briefly, a surface-emitting 2D-DFB laser generates a pulsed, diffraction-limited laser beam
with transform-limited picosecond pulses.

X the transform-limited spectral linewidth (FWHM) of an excited state with lifetime T is given by Am=1/7.



92 8 Emission dynamics

8.2 Emission dynamics in Alq;:DCM

The high excitation density dynamics of the emission process in the composite system
Alqs;:DCM is strongly influenced by the energy transfer from the initially photoexcited Alqs
to the DCM molecules. It was found that the onset of amplified spontaneous emission from
DCM molecules is time delayed due to the preceding energy transfer. For higher excitation
densities the interplay between filling of the emitting states and the collective stimulated
emission leads to ultrafast oscillations, both in the transient population and in the emission .
Since the energy transfer is the basis for an understanding of the laser dynamics the relevant
experiments are briefly reviewed. Thereafter it will be shown that the ASE dynamics can be
simulated with a spatio-temporal rate equation model. The emission dynamics of Alq;:DCM
lasers is investigated experimentally and interpreted with the help of the consolidated findings
for ASE.

8.2.1 Gain switching oscillations in slab waveguides

In Fig. 4.6 it was shown that the emission spectrum of thin films of Alq;:DCM exhibit
significant gain narrowing at high excitation densities. To study the dynamics of the excited
state population and of the emission two complementary time-resolved techniques are
employed: Pump-probe transients monitor the excited state population of the DCM-molecules
while emission transients are measured with a temporal resolution of ~ 2 ps using an optical
Kerr gate setup containing a CS,-cell *. A comparison of the pump-probe transients measured
at the spectral position of stimulated emission in DCM (4,,05.= 635 nm) and a direct time
resolved measurement of the DCM-emission detected at 630 nm for the same excitation
conditions are shown in Fig. 8.5. The pump-probe data are shown on the left hand side while
the transient emission is depicted on the right hand side.

Just above the threshold for ASE, at an excitation fluence of 93puJ/cm? the population of the
DCM molecules rises slowly and reaches a maximum after approximately 20 ps%. While the
(non-amplified) spontaneous emission of DCM is below the detection limit of the time-
resolved emission measurements an emission-burst due to ASE is observed in the temporal
window between 15 to 35 ps after the initial excitation. At higher pumping levels the
threshold for the emission of an ASE-burst is reached at earlier times. This is clearly seen in
the emission transients on the right hand side of Fig. 8.5. The time delay between the pump
pulse and the onset for the (first) burst of ASE decreases with increasing pump pulse energy.
For higher excitation densities ASE leads to a significant ultrafast depopulation of the DCM
molecules. This can be seen directly in the pump-probe transients on the left-hand side. For
increasing excitation densities a maximum is reached more and more rapidly followed by a
picosecond depopulation due to ASE.

2 In accordance with the values found in ultrafast studies of Foerster-type excitation transfer in blends of
conjugated polymers *'2%.
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Fig. 8.5: Left: Pump-probe transients of Alq;:DCM for various excitation levels. The pump pulse

has a wavelength of 400 nm while the probe pulse is spectrally located at 635 nm. At this

wavelength optical amplification due to stimulated emission by DCM-molecules is observed.

Right: Emission transients at 630 nm after photoexcitation at 400 nm. The transients are measured

with the technique of optical Kerr-gating. The zero of the time-axis is defined by the leading edge

of the emission at the highest excitation density. Taken from *.
At a pump fluence of 262 pJ/cm? the first burst of ASE is terminated after less than 10ps, i.e.
well before all excitations are transferred from Alqs to DCM. After depopulation of the DCM
states by the first ASE burst the DCM manifold can be populated a second time to a value
above the threshold for ASE. A second, weaker, ASE-burst can evolve and is observed with a
time delay of ~10 ps after the first burst. With increasing excitation intensity the time delay

between the bursts decreases; the oscillation frequency rises to approx. 0.2 THz.

The pump pulse energy dependent delay of the emission burst and the oscillatory transient is
similar to the relaxation oscillations which are observed during the switch-on processes in a

- 209
variety of lasers

. In typical laser relaxation oscillation, the filling of the emitting states
through continuous pumping and their depopulation due to stimulated emission compete with
each other, leading to an oscillatory behavior of both the inversion and the density of emitted
photons. In this case the situation is related, but qualitatively different, since neither a
resonator is present nor is there a continuous pumping scheme. The series of emission bursts
is mainly determined by the temporal evolution of the gain in the material given by the

density of excited DCM molecules. This density is determined by the competition between
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“pumping” by energy transfer from excited Alqs molecules and depopulation by ASE.
Additionally, the geometry of the photoexcited area affects the dynamics.

For a quantitative understanding of the experimental results numerical simulations of the
emission dynamics in this composite system using a model that accounts for the dynamics of
the spatially dependent densities of excited states in the two molecular species and the photon
density. For any given position (x,y) in the excited area, a spatio-temporal system of coupled
rate equations has to be solved. A system of rate equations is adapted that has been previously
used to describe ASE in conjugated polymer films *’. The effect of photon propagation is
explicitly included in this model.

First the evolution of the density of excited states Naiq(x,y) in Alqs is considered. Following
pulsed excitation, the density of excited states in Alq; decays due to intrinsic deactivation
processes or via energy transfer to DCM. The corresponding equation reads

aNAlq _ _( -1 (Ng?/; — NDCM )T—l J
- Alg

1 Alq + N max transfer
DCM

(8-2)

where Tajq denotes the excited state lifetime in Alqs and Tjanger 1s the time constant for the
excitation transfer from Alq; to DCM. At low excitation conditions the density of excited
DCM molecules, Npcus, 1s always distinctly lower than the total density of DCM molecules in
the film, N, . The energy transfer then has a simple exponential time dependence®®. At
high pumping levels, however, a considerable part of the DCM molecules is excited.
Assuming that there is no energy transfer from Alqs; to excited DCM molecules the transfer
rate decreases with increasing ratio N, /N5 . This is effect is considered by the prefactor
of Tyunger. The corresponding rate equation for the density Npcm of excited DCM molecules
reads:

aNDCM — (Nzr)ngXM _NDCM) -1

T
max transfer
ot Npiv

_ c

N 4y — TDICMNDCM - IGSENDCM M dhde . (8-3)
group
The last term on the right hand side describes the process of stimulated emission. It couples
the local excitation density Npcy with M(x,y,,4,t) being the number of photons per volume,
per propagation angle in direction (@), and per wavelength A. oz is the (wavelength
dependent) cross-section for stimulated emission in DCM. The rate equation for the photon
density M(x,y,@,A.f) is then given by
ot

_ 4 1 c
u(@)Vv,, M+rsp1‘1 _nfo\‘)NDCM +——0gNpeM (8-4)

spont
n group n group

where the first term on the right side describes the photon propagation in the direction u(¢),
the second term considers the spontaneous emission, and the last term describes stimulated

26 A simple Forster transfer would cause a 1/ r¢ -dependence of the transfer rate on the distance between the

(immobile) molecules (equation 2-5). However, at room temperature the excitons in Alq; are mobile. As the

exciton diffusion length of 20 nm exceeds the typical Foerster radius , a constant transfer rate appears more

realistic 2°.
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Fig. 8.6: Left: Calculated transient population of the DCM-molecules. Right: Calculated total

transient number of emitted photons. A system of rate equations as described in the text is used to

model the excitation and emission dynamics in Alq;:DCM.
emission. I’ is the probability that a spontaneously emitted photon is coupled into the
waveguide and f(A) is the normalized lineshape function of the spontaneous emission from
DCM.

In the calculation the lifetime tpcy of DCM has been set to 4 ns 210 While the nonradiative
lifetime was assumed to be 1 ns in order to match a lifetime of 800 ps as measured in time
resolved emission measurements at low excitation levels. The transfer time was adjusted to

T =9.5ps so that pump probe transients below the ASE threshold could be fitted. Using

transfer
these parameters and taking into account the excitation conditions, both the transient
population as well as the total number of emitted photons can be calculated. The numerical

data are shown in Fig. 8.6.

All main experimental observations are reproduced by the calculated curves. ASE sets in
when the pumping level exceeds a threshold value. It leads to a burst of stimulated emission
and a rapid depopulation of the excited states. For the lowest pump level (93 uJ/cm?®) ASE
only depopulates a small part of the excited states while the emission transient is already
dominated by the ASE-burst. The calculated curves clearly reflect the increasing relevance of
ASE for higher intensities. If the decreasing transfer rate due to filling of the DCM states is
included in the calculation the oscillatory behavior of the population and the emission can be
well reproduced. In contrast, the simulated transients do not match the experiment if the effect
of state filling is ignored. In that case the frequency of the simulated oscillations is distinctly
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higher than in the experiment. Hence, filling of the acceptor states prolongs the resonant
energy transfer in Alq;:DCM at high excitation densities.

In conclusion, the organic composite semiconductor Alq;:DCM shows an unusual collective
emission behavior under high excitation conditions. The energy transfer from photoexcited
Algs to DCM leads to a pumping level dependent delay between a femtosecond pump pulse
and the amplified spontaneous emission. At high excitation densities the interplay between
the energy transfer and ASE generates a series of picosecond emission bursts, similiar to the
relaxation oscillations in conventional lasers. Simultaneously the excitation transfer is slowed
down by filling of the DCM states.

8.2.2 DFB-lasers

The time-integrated operation of Alq;:DCM lasers was characterized in detail in section 5.2.
Fig. 8.7 shows the emission transient of a 2" order DFB laser with a film thickness of
180 nm?~. Similar to the case of ASE on a planar substrate the laser output shows a classic
gain-switched characteristic which consists of a single optical pulse at low excitation fluence
and multiple relaxation oscillation peaks at high excitation density ***. Due to the slightly
larger excitation spot diameter (~ 200 pm) the threshold fluence is lower than in the
experiments above (Ep ~ 15 pJ/em?), corresponding to a threshold gain of merely gy ~ 22 cm’
! (Nexe = 1.9-10'* cm'3). Together with the time delay owing to the excitation transfer from
Algs to DCM this results in a comparatively long pulse peak delay up to 160 ps. The
combination of the slow rise time and a cavity decay time of T., = 7.5 ps yields rather long
pulses up to At = 30 ps (FWHM).

As the excitation density is increased, the delay time falls below 25 ps and the pulse duration
decreases to Ar= 5 ps. Therefore the first emission burst terminates before the excitation
transfer is entirely completed and laser oscillation evolves one more time. For increasing
excitation fluence up to four peaks are observed. Simultaneously the oscillation frequency,
determined by the inverse of the separation between the first two oscillation peaks, increases
from 8 GHz up to 45 GHz as shown in the inset of Fig. 8.7.

Large and by, the dynamic evolution of the laser emission is an analogue of the ASE in a
planar waveguide. The most important difference between the two is the slower timescale of
the laser dynamics. The reasons for the slower dynamics of the laser are similar to the case of
MeLPPP. Owing to the feedback the threshold material gain is considerably lower in a DFB
laser. Therefore the photons have to travel a longer optical path before significant
amplification occurs; the laser needs a comparatively long time to switch on. Secondly, the
cavity lifetime is increased, slowing down the decay of the photon density. As long as the
photon density is large the repeated build-up of an excess population is prevented. The cavity
lifetime therefore sets an upper limit to the relaxation oscillation frequency **. Last but not

I Fabricated by T. Benstem, Institut fiir Hochfrequenztechnik, TU-Braunschweig.
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Fig. 8.7: Transient of the surface emission from a 2™ order 1D-DFB laser for various excitation
densities. The sample is excited with a 150 fs long pulse at the time O ps. The transients are
smoothed with a low pass Fourier filter, the experimental noise level is at an intensity of 107"
Inset: Variation of the oscillation frequency with increasing excitation fluence.
least, the excitation transfer is prolonged. In the transient at 22 pJ/cm?, for example, the first
emission burst is not terminated earlier than 90 ps after the pulsed excitation. The evolution of
a second emission burst after 200 ps clearly indicates that a considerable energy transfer
occurs later than 90 after the excitation pulse. With an exponential energy transfer, having a

time constant of 9.5 ps, such a behavior cannot be explained.

In summary, the kinetics of laser emission in composite materials is dominated by the energy
transfer process. Depending on the pump level single or multiple-pulse emission can be

achieved.



9 Devices and applications of organic solid-state lasers

Two alternative concepts for the realization of electrically operated organic solid-
state lasers are investigated. Firstly, the tunability of the organic solid-state
material is exploited in a hybrid design using a compact external pump source.
Secondly, the advances towards direct electrical pumping of organic
semiconductor diode lasers are described. For the first time optically pumped
lasing is demonstrated in a diode laser structure. Future challenges are

discussed.

Owing to their low laser threshold and the large spectral tuning range organic semiconductor
lasers have great potential for many applications, e.g. for laser-based analytical techniques.
Furthermore the inherent mechanical flexibility together with the availability of large-area
fabrication techniques might eliminate the need for mechanic scanning procedures in laser
survey, data storage or sensor applications. Anyway, electrically driven laser operation in
combination with a compact design will be required for any of these applications. In principle,
two alternative concepts exist which take advantage of the exceptionally high gain provided
by organic semiconductors. In the first concept the organic DFB laser is merely used as a
tunable solid-state laser, which is optically pumped by a compact primary laser. Secondly, the
rapid development of organic light-emitting diodes and their high efficiency motivate work
towards direct electrical operation of organic injection lasers. Their promises, challenges and
recent advances towards their realization are discussed.

9.1 Very compact tunable organic solid-state laser

In chapter 5.4 it has been demonstrated that spectrally narrow surface emission can be
obtained from second order 1D-DFB lasers using flexible, nanopatterned substrates covered
with an organic semiconductor. By variation of the thickness of an Alq;:DCM layer tuning of
the emission wavelength over 44 nm can be achieved. In these experiments —and also in the
experiments reported by other groups- the organic film is pumped by a rather bulky and
expensive laser system?. Such lasers are well suited for basic studies of the laser properties,
however, they do not take advantage of the low laser threshold in organic semiconductor

lasers. For most applications much more compact and inexpensive pump-lasers are desirable.

The low laser threshold resulting from the distributed feedback concept and the high gain
allow the realization of a very compact and, in principle, widely tunable all solid state laser.
For this purpose a diode pumped passively Q-switched Nd*" :YAG laser with an integrated
frequency tripler (Uniphase NanoUV-355) is used as pumping source. The inset of Fig. 9.1

2 Typical laser systems include frequency-doubled or —tripled Nd**:YAG lasers, Nitrogen lasers and the various
models of complex femtosecond laser systems.

98
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shows a scheme of the laser configuration. The pump laser produces sub-nanosecond pulses
with a pulse energy of ~100 nJ at a wavelength of 355 nm and a 10.8 kHz repetition rate. Due
to its laser wavelength and its short pulse duration this laser is optimally suited to pump Alqs
and accumulate a very large population in the DCM dopant molecules. Since the microchip
laser furthermore produces a high-quality beam, exhibiting narrow beam diameter and
divergence, the organic laser can be pumped without need of intermediate focussing optics.

Accordingly the whole optical arrangement has a length of only ~10 cm and a volume of ~70
3
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Fig. 9.1: The inset shows the scheme of the very compact all solid state laser using the organic

semiconductor film as active medium. The pump source is a commercially available diode-

pumped, self-pulsating, frequency tripled Nd:Y AG-microchip laser (Uniphase NanoUV-355). The

organic semiconductor laser can be placed directly in front of the pump laser. Thus the total length

of this very compact solid state "dye" laser is less than 10 cm. The main part of the figure shows

the input-output characteristics at the laser wavelength when the beam is focused to a 125 pm

diameter spot.
Fig. 9.1 shows the input-output characteristics of a laser utilizing a 300 nm thick Alq;:DCM
film. The observed laser threshold amounts to £p= 2 nJ when the pump laser is focussed to an
excitation spot with a diameter of 125 pm. The threshold pump energy is by a factor of 50
lower than the maximum pulse energy provided by the compact pump laser. In ambient
atmosphere the durability of the organic laser is limited to some 10° pulses. However, the
lifetime is increased by several orders of magnitude by placing the organic sample in vacuum.
Similar results could be achieved by a proper sealing of the active medium. It was mentioned
above that the incorporation of the dye into a solid matrix reduces the fluorescence yield as
excited states are quenched. Here, the very same process has a positive effect. The repetition
rate of conventional dye lasers working with a liquid dye solution is limited by the build-up of
a long-lived triplet state population and its parasitic absorption. In the solid state triplets are
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rapidly quenched so that a repetition rate 10.8 kHz is easily achieved. Compared to
commercial dye lasers without circulating dye solution this is an increase by a factor of 1000.

So far, different laser wavelengths were reached by a variation of the film thickness in
different samples. The maximum tuning range is limited by the range of film thicknesses
giving rise to monomode laser operation. The use of a tapered grating with spatially varying
periodicity A and/or an evaporated film with a thickness gradient can provide a possibility for
continuous tuning of the laser wavelength over the entire gain spectrum on one and the same
substrate.

9.2 Laser operation in the presence of electric contacts -- towards
an organic injection laser

Can electrically pumped lasers be made from disordered organic semiconductors? That is a
question that many have been asking '2*!2126:127:266267 "ot - despite the fact that the typical
answer is ‘probably yes’, no one has yet made a diode laser from disordered organic
semiconductors. The challenges are threefold: firstly, stimulated emission under electrical
excitation has not yet been observed, secondly, the incorporation of electric contacts into a
laser structure imposes additional losses thus raising the laser threshold and, thirdly,
separately optimized structures for OLEDs and optically pumped lasers are mutually
unfortunate. Two milestones on the way towards an organic injection laser are therefore the
demonstration of stimulated emission under electrical excitation and of optically induced
lasing in the presence of electric contacts.

The major aim of the experiments reported in this chapter is to study the influence of electric
contacts on the performance of optically pumped organic semiconductor lasers. Following a
discussion of the problems associated with electrical pumping of organic semiconductor
lasers, the feasibility of several concepts for the incorporation of electric contacts is
investigated. Some of the most favorable structures for organic diode lasers are implicated
using the promising organic semiconductors Alq;:DCM and MeLPPP. Under optical
excitation laser operation is demonstrated. The respective laser thresholds are compared
quantitatively and implications for organic injection lasers are discussed.

9.2.1 Problems associated with electrical pumping of organic lasers

9.2.1.1 Stimulated emission under electrical excitation

Optimistic estimates predict that the threshold current density required for lasing action in

2 120,126

organic semiconductor lasers be in the order of 100 A/cm . However, despite the fact

that current densities of several hundred A/cm’ have been demonstrated in a number of

83,268,269

materials , stimulated emission was not observed.
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In the first place, of course, the sustainable current densities are restricted by the low carrier
mobility and by current heating **. Therefore 1 kA/cm® is presently the upper limit for the
current density. Even for such high current densities the exciton density is only in the order of
10" cm?, three to four orders of magnitude below the density of charges ®. The singlet
exciton density is often limited by unbalanced injection of electrons and holes, the slow
Langevin-type formation of excitons, the statistical generation of singlet and triplet excitons,
and exciton quenching through charges, excitons or the electric field (see chapter 2.1.2.3).
Most importantly, however, in several materials the emission from singlet excitons is masked
by excited state or charge absorption. For instance, a spectral overlap of the charge absorption
with the band of stimulated emission was found for Alq;:DCM2 268 and some derivatives of
PPV 77270 In combination with the unfavorably high ratio between charged and neutral
excitations in low-mobility materials, charge-induced absorption inhibits net stimulated
emission under electrical excitation.

These drawbacks indicate that a systematic search for suitable transport and emitter materials
1S necessary to realize an organic injection laser. First promising results thereof are the
absence of overlap between stimulated emission and charge-induced absorption in certain
derivatives of PPV *®?7'_ Alternatively, the use of short electrical pulses, in combination with
emitters whose lifetime is longer than the decay time of charge-induced absorption, should
simultaneously result in a high density of excitons and a negligible density of charges *°’. This
happens, however, at the expense of a comparatively low stimulated emission cross-section in
long-lived emitters (see equation 2-10).

9.2.1.2 Optical loss induced by contact layers

The typical design of an OLED consists of a semitransparent anode, usually ITO, one or more
layers of an organic semiconductor, and a cathode, usually a low-workfunction metal (see Fig.
2.6). At first sight it appears straightforward to incorporate the electric contacts into some of
the low-threshold resonator geometries developed for optically pumped organic lasers (see
Fig. 2.7). Specifically microcavities and waveguide structures like DFB or DBR, containing
an organic film with a few hundred nanometers thickness, appear almost predestinated to
make an organic diode laser. At closer investigation, however, the situation becomes more
complex due to the notable absorption of the contact materials in the visible spectral range:
following equation 2-9 the condition for the threshold gain is g, =1/L+o. In dielectric
structures the losses can be negligible so that g, is entirely determined by the length of the
amplifying medium. If, however, the losses become substantial, as in the presence of contacts,
the dominant factoris g, > o.

Particularly severe restrictions result from the incorporation of metallic contacts. At a metal
electrode the transverse electric fields vanish decaying within a skin depth of a few
nanometers. If a metal cathode is used as one of the mirrors in a microcavity, the threshold is
at least an order of magnitude higher than in the case of two dielectric mirrors (double-DBR
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microcavity) . In a waveguide design the mode penetrates approximately 0.2-0.5 um into
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the cladding layer. When metals are used as contact layers they induce drastic waveguide
losses unless cladding layers with a thickness exceeding 0.2 um are introduced '**'%. In this
case, however, the overall device thickness exceeds 0.5 um which presents a serious problem
to the electrical properties of the diode; at least if semiconducting organic materials are used.
Highly conducting cladding layers or different electrode materials might be a solution.
Unfortunately, many of the materials that are currently used as charge injection and transport
layers in highly efficient heterostructure OLEDs are not qualified for cladding layers: they
either have a higher refractive index than the organic semiconductor or possess strong
absorption bands in the spectral range of stimulated emission. Among these materials are e.g.
the highly doped, metallic polymers like polyaniline (PANI), polypyrrole or PEDOT:PSS '

Similar problems arise with alternative electrodes such as ITO. In contrast to metals ITO has a
dielectric characteristic in the visible spectral range, exhibiting a higher refractive index
(n;70 = 2) than most organic semiconductors. In conventional OLEDs the ITO layer is 0.1-
0.2 um thick so that a large fraction of the optical mode is allocated in the ITO layer.
Although the transparency of ITO can be optimized while keeping the resistivity sufficiently

272, ITO does always have some residual absorption and, hence, increases the threshold

37,273

low
for stimulated emission drastically

9.2.2 Design of suitable structures for organic diode lasers

Suitable structures for organic diode lasers must be integral to a low loss laser resonator and
be able to support very high bipolar current densities. At the present time the strongest
electroluminescence is achieved in diode structures where the organic semiconductor (OS) is
sandwiched between two electrodes®.

Due to the low mobility of disordered organic semiconductors, the current flow through an
OS is space charge limited. Child’s law (equation 2-8) predicts that the (unipolar) current
density through the organic layer scales with the film thickness, dy; according to j, . o< d Jf}.

In 500 nm thick films up to 300 A/cm? were obtained using 200 ns pulses of 150V '%. To

obtain a current density in the kA/cm? range, dr should not exceed 200 nm 83 similar to half a
wavelength of light in the organic medium, K/ 2n, . The optimum thickness of the organic

semiconductor layer will be in the order of 100-200 nm. Since the best diode will most
probably be a heterostructure, consisting of an emitter layer surrounded by electron and hole
transport layers, the thickness of the electron-hole recombination zone, d,.., is much lower
than that.

The problem for the optical design of an organic semiconductor laser is to minimize losses
arising from the contact layers, while maintaining an excellent diode structure. Thin organic

2 Nevertheless, the recent discovery of ambipolar organic light-emitting field-effect transistors *** might give
more flexibility in the design of future devices: in contrast to an OLED a bipolar FET structure has all of its
electric contacts on one and the same side of the organic layer.
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films are compatible with either slab waveguide lasers® or microcavities. Optical losses arise
from the penetration of the electric field of the laser mode into the absorbing electrodes. The
potential anode materials are either ITO or a semitransparent film of a high workfunction
metal like Pt or Au. Cathodes typically consist of low-workfunction metals or metal alloys,
such as Al, Ag, Mg/Ag, or LiF/Al. A recent breakthrough in the development of OLEDs
proved that ITO covered with a 5 nm thick transparent layer of bathocuproine can serve as
efficient electron injecting electrode '***”. Hence, both electrodes can be fabricated either
from either a metal or ITO.

The most favorable design will have (in order of relevance):

(i) a small overlap of the mode with the absorbing electrodes;

(ii)  as thin as possible a film of the OS;

(iii)  alarge confinement, I', of the mode within the recombination zone.

Fig. 9.2 shows the cross-sections of several potential organic diode laser architectures
together with the corresponding optical mode profile, given by transversal distribution of the
electromagnetic intensity |E.]°. The structures (a)-(g) represent potential waveguide designs
while (h) corresponds to a A/2 microcavity with two DBR mirrors. In a waveguide the
evanescent field penetrates up to half a wavelength into the claddings so that -in the best case-
the intensity is restricted to a layer with a thickness of ~k/ n, 3 1n the structures (a)-(d) the
guided mode is essentially confined within the diode (including electrodes), whereas it
extends well beyond the electrodes in (e)-(h).

Fig. 9.2 (a) shows a waveguide with two metal electrodes. Waveguide losses below 100 cm™
require that the OS have a thickness of dy> k/ n, . In the case of MeLPPP (A =490 nm; n,=
1.7) this implies dy= 300 nm, too thick for an excellent OLED. Fig. 9.2 (b) is the design of a
typical OLED consisting of a metal and a thick ITO contact (d;7o = 100 nm). A waveguide is
formed irrespective of the thickness of the OS, thus allowing to optimize the diode setup
independently. The mode pattern is slightly different if the ITO layer is at the interface to the
substrate (standard diode) or to the air (inverted diode). Irrespective of the small difference, in
both cases the largest fraction of light is guided in the ITO layer resulting in large waveguide
losses. The losses in the ITO electrode can be strongly reduced if the ITO layer is made thin
enough, say ~20 nm thick (structures (c) and (e)). Whereas the inverted diode requires a
minimum thickness of the OS to form a low-loss waveguide, the standard diode can be
arbitrarily thin. This happens, however, at the cost of a lower confinement of the mode in the
OS and a larger overlap with ITO.

3 For DFB and DBR waveguide lasers also the grating must be considered. See Chapter 9.2.3.1.

3 In the following discussion the OS is considered as a homogeneous medium with a constant refractive index.
Nevertheless, the confinement factor of the mode in the emitter layer as well as the total waveguide thickness
can be optimized if the refractive index of the emitter layer is increased '*, e.g. by doping with TiO,

nanoparticles *’°.
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Fig. 9.2: Schematic cross-sections of several potential architectures for organic diode laser. The
resulting optical mode profile is indicated by the gray-shaded area. (a)-(g) are designs for slab-
waveguides, whereas (h) is a microcavity with two dielectric mirrors. In (a)-(d) the mode is
essentially confined within the diode (including electrodes), whereas the mode extends well
beyond the electrodes in (e)-(h). The contact electrodes can be either made from two metals (a),
using an ITO anode and a metallic cathode (b), (c), (e), or with ITO for both electrodes (d),(f)-(h).

The structures in Fig. 9.2 (d) and (f)-(h) use ITO for both anode and cathode. Whereas thick
ITO layers (d) induce significant optical losses in a multimode waveguide, thin ITO layers

allow to fabricate waveguides with optical losses below 30 cm™ '*¢

without restrictions on dy.
Using a dielectric upper cladding (g) it would even be possible to fabricate a symmetric

waveguide and to optimize the confinement factor of the mode in the recombination zone.

Last but not least, the use of ITO in anode and cathode renders double-DBR microcavities
possible (Fig. 9.2 (h)) —today’s lowest threshold organic semiconductor lasers '**. By proper
design of the DBR stacks the overlap of the optical mode with the ITO layers can be
minimized. Furthermore the thickness of the entire diode X/ 2n, would be in the order of
150-200 nm, the optimum thickness for OLEDs.

Which of the above structures will be the best for electrically pumped organic diode lasers
depends on the choice of the materials. Apart from (b) and (d) all of the structures in Fig. 9.2
exhibit moderate optical losses in to the electrodes. Criterion (i) can therefore be fulfilled.
Assuming that it is more important to optimize the electrical properties of the diode than to
maximize the mode confinement 3, the most suitable waveguide design is most probably the
one of Fig. 9.2 (g), followed by (), (e), (¢), and (a).

2 According to equation 2-8 threshold current and voltage are related by Vo< j,;" a’fm A reduction of the film
thickness by a factor 2 reduces the mode confinement I" also by approx. a factor of 2. Consequently, the
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9.2.3 Optically pumped laser diodes

9.2.3.1 Preparation and investigation of DFB lasers with electric contacts

Second order DFB lasers were prepared based on the two promising organic semiconductor
materials MeLPPP and Alq;:DCM. Distributed feedback is induced by means of corrugated
polyester substrates as described in Chapter 5.5.2. For both organic semiconductors several of
the above mentioned concepts were realized applying different electrode materials. Since the
lasers are surface emitting, at least one of the contacts is semitransparent. In order to address
the influence of each contact layer separately, the samples are subdivided in four regions: the
OS is either sandwiched between both electrodes (i), is in contact with one of the electrodes
(i1), (ii1), or does not have any of the electrodes (iv). Each of the four resulting structures has
its specific effective refractive index for the guided electromagnetic wave. Accordingly, for
one and the same film thickness and grating periodicity, the laser wavelength is different in
every structure. In order to exploit the maximum gain of the material it is therefore necessary
to optimize the thickness of the OS separately for every structure, especially if the gain
spectrum is as narrow as in the case of MeLPPP. Calculations of the mode profile help to
determine the appropriate range of film thicknesses®.

An important difference between the two materials stems from the different texture of the
upper surface. Whereas it is flat in the case of the spincast polymer film the surface of the
evaporated Algs;:DCM is a replication of the substrate. If metallic electrodes are used this
difference strongly affects the mode profile. Fig. 9.3 sketches the corresponding cross-

sections.
(@) (b)
Au/ — Ag/
ITO ITO
MeLPPP | Alq.:DCM
—Ag — ITO
DFB-substrate DFB-substrate

Fig. 9.3: Schematic cross-section of DFB laser diodes made from MeLPPP (a) and Alq;:DCM (b),
respectively.
It is desirable to compare the laser operation in the various design concepts quantitatively,
regardless of the respective laser wavelength®!. For that reason it is beneficial to plot the
emission intensity at the laser wavelength against the optically induced material gain.
Differences in the laser threshold can then directly be attributed to a different waveguide loss

threshold material gain rises by a factor of 2, demanding for a higher current. Nevertheless, the thinner structure
easily provides the enhanced current and the threshold voltage even drops by a factor of 2.

B 1 would like to thank Martin Reufer for performing extensive mode profile calculations.

¥ In principle, the emission wavelength can be adjusted choosing an appropriate grating pitch.
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or to the mode confinement factor. This procedure allows to extrapolate the results of optical
experiments to the corresponding electrical experiments.

Optically induced laser operation was investigated using the standard setup described in
section 3.2.3. The samples were excited with femtosecond laser pulses (A = 400 nm) focused
to a circular spot with a diameter of 95 pm. In both materials the excitation beam entered the
sample through the semitransparent anode, i.e. samples based on MeLPPP were illuminated
from the top, Alq;:DCM based samples through the substrate. Emission spectra were recorded
through the anode for various excitation pulse energies ranging from well below threshold to
more than twice the threshold of the respective sample. From the incident pump fluence the
averaged excitation density in the active area is calculated (section 3.2.1) and converted into
an averaged material gain at the laser wavelength by use of the spectrally varying stimulated
emission cross-section.

In the case of MeLPPP the assumption of a linear dependence between excitation density and
gain is reasonable since the chromophore density is the same for absorption and emission. On
the other hand the determination of the material gain is troublesome for Alq;:DCM at high
excitation densities. Firstly, the excitation density in Alqs (c) can be much higher than the
density of DCM molecules (N, ), secondly, the DCM population does not rise
instantaneously so that laser operation might start before the excitation transfer is complete
(see chapter 8.2). A reasonable functional dependence of the gain should be linear at low
N ,,and saturate to the maximum value (g, (M)=04(A)Np= ) for high N 41, - Lacking a
more profound description the following dependence is assumed

osbivy )
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9.2.3.2 DFB lasers based on MeLPPP

The MeLPPP DFB lasers are based on a grating with a periodicity of A= 300 nm and a
modulation depth of 4 =275 nm. Together with the narrow gain spectrum of MeLPPP this
determines the available range of film thicknesses via n.4(d) and the Bragg condition 2-15. It
is found that the Bragg wavelength coincides with the gain maximum for d,.;, > 285 nm®,
which is in the order of A/n. For the time being, no other than metallic cathodes have been
reported for OLEDs made from soluble conjugated polymers; only metallic cathodes are
therefore considered. Consequently, (a), (c) and (e) are the most promising structures among
the potential architectures shown of Fig. 9.2.

Three different samples are compared: sample A is a MeLPPP laser without contacts, sample
B and C have two electrodes, each. Due to its low workfunction and the weak absorption at
A =490 nm, Ag is chosen as cathode material. The anode is a thin semitransparent film, either

¥ Minimum thickness of the OS film; the average film thickness is 4 ,=1/2(d,;, +h)-

min
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20 nm ITO (sample B) or 6.5 nm Au (sample C). Since the absorption is distinctly higher for
the anode than for the cathode an inverse diode scheme is chosen thus minimizing the overlap
of the optical mode with the anode. The film thickness was separately optimized for every
structure in order to match the laser wavelength with the gain maximum of MeLPPP. Table
9-1 summarizes the parameters of the three relevant structures.

Sample  Substrate Cathode din Anode Cladding MLaser en
A PET - 240 nm - Air  4924nm 130 cm’
B PET Ag, 150 nm  285nm ITO, 20 nm Air 4932 nm 135 cm’
C PET Ag, 150 nm 350 nm  Au, 6.5 nm Air 490.8 nm 650 cm™

Table 9-1: Overview of the MeLPPP DFB laser structures.

Above a threshold excitation density optically pumped lasing is observed in the samples A-C,
characterized by a distinct laser threshold and highly directed, TE-polarized surface emission.
Above threshold the emission spectrum collapses to a narrow line at a wavelength of
492.4 nm, 493.2 nm and 490.8 nm for sample A, B, and C, respectively. Fig. 9.4 shows a
double logarithmic plot of the input output characteristics of the samples, exhibiting the
typical S-shape: for low gain the intensity rises linearly, followed by an exponential increase
closely above threshold, which, eventually, levels off to above the saturation intensity.

Without electric contacts (sample A) the laser threshold is reached at a material gain of
130 cm™. Increasing the gain by a factor of two the intensity at the laser wavelength rises by a
factor of 10°. Surprisingly sample B has almost exactly the same threshold gain (135 cm™). In
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Fig. 9.4: 2" order MeLPPP DFB lasers with electric contacts. Double logarithmic plot of the
emitted intensity at the laser wavelength against the optically induced material gain in the active
layer. All curves are normalized to the intensity at the laser threshold. On the right hand side the
schematic cross-section of the samples A, B and C is shown.
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contrast thereto sample C requires a five times higher threshold gain of ~ 650 cm™ making the
structure irrelevant for electrical excitation®®.

With regard to the realization of an organic diode laser it is very promising to see that, firstly,
OS lasers work at all in the presence of electric contacts and that, secondly, the laser threshold
is not substantially increased. However, with a minimum MeLPPP thickness of 285 nm, the
active layer is clearly too thick to support sufficiently high current densities.

To reveal whether the low waveguide losses of sample B are peculiar to thick MeLPPP layers
it is valuable to investigate the influence of anode and cathode separately. For a sample
having only a Ag contact®! the threshold gain is reduced to 90 cm™, whereas it increases to
160 cm™ in a sample where only the ITO contact is present®®. The underlying effects seem to
compensate each other if both contacts are present. The threshold reduction in the presence of
a Ag cladding is most likely due to an enhanced coupling® which tends to reduce the
threshold gain of a DFB laser (equation 2-24). Since the same reduction should also be valid
in the presence of both contacts, it has to be concluded that the ITO contact increases the
threshold gain by approximately 30-40 cm™. The increase of threshold is partly due to
absorption in the ITO and to a reduced confinement factor of the mode in the MeLPPP layer.
Both mechanisms will be slightly enhanced if the thickness of the MeLPPP is reduced, or the
build-up is changed from an inverse diode to a standard diode.

In conclusion, surface emitting DFB diode-laser structures with moderate waveguide losses
can be realized with the conjugated polymer MeLPPP.

9.2.3.3  DFB lasers based on Alq;:DCM

The Alqs;:DCM lasers are based on gratings with a periodicity of 400 nm and a modulation
depth of 90 nm. Due to the broad gain spectrum of Alq;:DCM, lasing is possible for a wide
range of film thicknesses (see Fig. 5.8). Furthermore metallic and dielectric electrodes are
available so that, in principle, all the structures of Fig. 9.2 can be realized. The structures ()
and (f) are of particular interest since they allow the use of separately optimized OLED
heterostructures.

Several samples were prepared in a standard diode setup, whereby either Ag, or a thin film of
ITO® is used for the cathode. The anode is made of either ITO or Au®!. Optimized OLEDs

3 On the other hand, textured metallic microcavities are highly interesting for the study of photonic bandgap
effects 2727

4., =350 nm
# d,i, =285 nm

¥ Enhanced coupling is indicated by a much stronger pronounced stopband and by a stronger iridescence of the
DFB grating.

N 14 a real OLED, electron injection from ITO into Alq; requires an intermediate 5 nm thick BCP layer 126,275 R

which is omitted for simplicity.

4L All samples were made by T. Benstem at the Institut fiir Hochfrequenztechnik, TU Braunschweig.
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consist of a three layer heterostructure, using an Alq;:DCM emitter layer embedded between a
Starburst amine hole transport layer and the undoped Algs as electron transport layer 2%,
Sample D contains such an optimized heterostructure with a total thickness of 180 nm. In
sample E the same heterostructure is embedded between two ITO electrodes. In all other
samples the OS consists only of Alq;:DCM, whose thickness is either 180 nm, 300 nm or

350 nm. Table 9-2 summarizes the build-up of the investigated structures.

Sample  Substrate Cathode ds Anode Cladding MLaser en
D PET - Starburst, 40 nm - Air 640.5nm 150 cm™
Alg;:DCM, 100nm
Algs, 40 nm
E PET ITO, 20 nm same as D ITO, 20 nm Air 654nm 256 cm’
F PET ITO,20 nm Alg;:DCM, 180nm ITO, 20 nm Air 644nm 142 cm’!
G PET - Alg;:DCM, 300 nm - Air 643 nm 44 cm’!
H PET ITO,20 nm Alq;:DCM, 300nm Ag, 150 nm - 644nm 261 cm’!
I PET Au,6 nm  Alq;:DCM, 350nm  Ag, 150 nm - - -

Table 9-2: Overview of the Alq;:DCM DFB laser structures.

Under intense optical excitation laser operation was observed from the samples D-H but not
from sample 1. In accordance with the results of section 5.2 laser operation is evidenced by a
drastic narrowing of the emission spectrum, the emission of a TE-polarized, highly directed
laser beam, by the observation of laser speckles, and by a distinct laser threshold. Fig. 9.5
displays the input-output characteristics of the samples D-H as a function of the optically
induced averaged material gain*2. As with MeLPPP, all curves show the characteristic S-
shape.

The lowest threshold gain is observed for sample G (gyq = 45 cm™), having a 300 nm thick
active layer of Alq;:DCM and no electric contacts. If the same film is embedded in a standard
diode (sample H) the threshold gain rises drastically to 260 cm™, the highest value among the
samples. In contrast to the case of MeLPPP a conventional diode structure with one metal
contact is obviously not the best choice for evaporated films of Alq;:DCM. The 'Kozlov'-type
structure with two ITO contacts (sample F) does not only have a thinner OS layer but also a
distinctly lower threshold material gain of ~ 150 cm™. The waveguide losses induced by the
two ITO contacts can be estimated to ~100 cm™ 4. Most probably these substantial losses,
being three times larger than the value reported by Kozlov in planar waveguides '*°, can be
reduced by optimization of the ITO composition and by use of a lower grating modulation.

£ The material gain is calculated from the excitation density in Algs as described in 9.2.3.1.

4 Comparison of samples D and E having the same total thickness.
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Fig. 9.5: Input-output characteristics for Alq;:DCM 2™ order DFB lasers with electric contact

layers. All intensities are normalized to the respective threshold value. The schematic cross-section

of the samples D, E, F, and G (see table 9-2) is shown on the right hand side.
Under electrical operation the excitation distribution is very different than in optical
experiments. Most importantly, excitons are not generated throughout the entire organic
semiconductor but merely in a thin recombination zone. As a consequence, the overlap of the
optical mode with the emitting layer is much lower than in the samples above. Furthermore
the emitter is embedded between hole and electron transport layers. Both effects are addressed
in the samples D and E containing an optimized double heterostructure. For sample D
(without contacts) a threshold of 150 cm™ is found, with two ITO contacts the threshold gain
rises to 255 cm™ (sample E). This already indicates that the threshold gain depends strongly
on the thickness of the emitter layer. In fact, it is found that the threshold gain is -as a good
approximation- inversely proportional to the thickness of the active layer and, hence, to the
mode confinement I' #. As the recombination zone is most probably much smaller than
100 nm, the value of 250 cm™ is still an optimistic guess for the threshold material gain of the
corresponding —hypothetical- electrically pumped Alqs;:DCM DFB laser.

9.2.4 Feasibility of organic diode lasers

From the above measurements the threshold current of a -hypothetical- electrically driven
organic semiconductor laser can be estimated. Assuming that there are no optical losses due
to charged excitations, thermal heating or other parasitic losses the electric current is given by
equation 9-2: a threshold density of singlet excitons (N¢) must be supplied into the
recombination zone (thickness, d ) within the lifetime of the exciton (recombination time,
T,..)- An important factor is the electroluminescence quantum yield n, which is the fraction

ANt 4N
# Compare e.g. samples E and F | 180nm _ {142 cm : ~18|orGandD 300nm _ [ 44cm 1 ~3|-
100nm { 255cm™ 100nm | 150cm™
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of photons generated per electron passing through the sample. Transferring the excitation
density from optical to electrical experiments the different mode confinement factors (T"*%"
and T'“) must be accounted for. With the help of the stimulated emission cross-section the
threshold current can then be expressed in terms of the threshold material gain determined
from an optical experiment (equation 9-3)

. drec e el
Jm = n,T Nzhl (9-2)
el ¥rec
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With the help of equation 9-3 one can estimate the threshold current for the structures
considered above. With the parameters of the best samples made from MeLPPP and
Alqs;:DCM one obtains:

1. Sample B, a MeLPPP with a film thickness of 285 nm:
using g7 =135 em™, dyee = 50 nm, G5z = 1.5 10™° em?, My = 0.25, Tyee = 100 ps, and
r / I'“ =6 the required current density is j; = 170 kA/cm?>.

2. Sample E, an optimized diode with a 100 nm thick layer of Alq;:DCM:
using g% =250 cm™, dye = 50 nm, 65z = 1.35 10" cm® 1y = 0.25, T, = 1 ns, and

r / ' =2 the required current density is j,; =~ 120 kA/cm’.

Although both examples are very optimistic, the required current density is at least two orders
of magnitude higher than the values achieved in high-performance OLEDs. Where is the
potential for future improvement? Restricted by the electrode-induced losses, careful optical
design might eventually reduce the threshold gain by one order of magnitude; certainly not
sufficient to make an injection laser. A solution will therefore require the application of
optimized materials with a higher mobility and, possibly, narrowband emitters having a high
stimulated emission and a long lifetime simultaneously.
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In the present work the properties of organic semiconductor lasers have been studied laying
special emphasis on the exploration of novel thin film photonic crystal resonators exhibiting
distributed feedback in one or two dimensions. It has been shown that optically pumped lasers
can actually be fabricated with comparatively little technological effort and still show an
outstanding performance, indicated by narrow divergence, diffraction-limited surface
emission, and the generation of transform-limited picosecond pulses. The results of this work
suggest a number of further investigations concerning basic research of photonic crystals as
well as issues related to materials science and potential technological applications of organic
semiconductors.

So far the investigation of 2D-DFB lasers was limited to square gratings with comparatively
low, nearly sinusoidal variations of the effective refractive index. A special feature of square
gratings is that all the resulting 2D laser modes have a one-dimensional analogue resulting in
a low suppression of the corresponding lateral modes. However, the fabrication technique
allows to produce nearly arbitrary two-dimensional gratings with adjustable aspect ratio of the
fundamental modulations. It is therefore straightforward to proceed to gratings with different
symmetry. Triangular gratings, for instance, will allow to establish 2D laser modes that have
no 1D analogue. Such a laser should result in singlemode operation for a much broader range
of excitation densities. Another promising modification is to use gratings with increased
dielectric contrast and, hence, to increase the photonic bandgap until it spans the entire
emission spectrum of a narrow-band emitter. Preliminary results have shown that the same
happens if the substrate is metallized before the organic semiconductor is deposited.

Further exciting opportunities arise from the combination of the periodically nano-patterned
substrates with the self-assembly technique developed for colloids. The former can serve as a
template to grow highly ordered colloidal monolayers. As the colloid can, in principle,
contain a large variety of materials including dyes, nanocrystals or metal nanoparticles, all
these particles can be arranged in a well defined lattice.

More application related aspects concern the optimization of organic semiconductor lasers as
compact solid-state laser sources. For that purpose, of course, the diffraction-limited emission
of a single mode 2D-DFB laser is very appealing. A similar effect can be achieved with 1D-
DFB lasers if a horizontal waveguide is defined, which could be directly included in the
embossing process **. Furthermore it is worthwhile to optimize the coupling strength of the
grating. With the present gratings both the coupling and the radiation loss are high,
demanding for a small excitation spot and therefore a high threshold gain. With a lower
coupling strength device length can be increased and the threshold gain can be significantly
reduced. Doing so it should be possible to reduce the threshold pump pulse energy to a value
that can be achieved with pulsed GaN diode lasers focused to a narrow stripe. An even more
compact design and significantly higher repetition rates would become possible.

112
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Currently, tuning of the emission wavelength is achieved by a variation of the film thickness.
The use of samples with a thickness gradient will allow to tune the laser wavelength
continuously by simply moving the excitation spot on the sample. In addition, tapered
gratings with spatially varying periodicity will serve to extend the tuning range over the entire
gain spectrum of the organic semiconductor. If the emitter is dispersed in a liquid crystal the
wavelength tuning could eventually even be induced by an electric field.

Probably the most ambitious task is the realization of an injection laser based on disordered
organic semiconductors. Despite the rapid progress of OLEDs and optically pumped lasers
stimulated emission under electrical excitation has yet to be observed, the two major obstacles
being electrode and charge-induced absorption. The development of transparent cathodes
together with an optimization of waveguide or microcavity structure might eventually reduce
the required laser threshold by an order of magnitude. A completely different approach
towards an injection laser makes use of light-emitting field-effect transistors as recently
demonstrated with organic molecular crystals 2’*. Their employment essentially eliminates the
problem of electrode absorption. Even so, this technique is still in its very early stage. Besides
that, a number of materials issues need to be addressed. The careful design of heterostructures
allows to combine the best available electron and hole conductors with efficient emitter
layers. In OLEDs consisting of molecular semiconductors the use of heterostructures is
comparatively sophisticated, whereas it has only just begun with conjugated polymers **.
First and foremost there is a dire need for better electron transporting materials to achieve
balanced current transport on a high level, to shift the recombination zone away from the
cathode, and to increase the exciton generation rate. As the low mobility of disordered organic
semiconductors is directly correlated to their disorder, the use of higher mobilities in oriented
regio-regular polymers might offer routes for solving this problem. Simultaneously, crossing
of the polymer chains and the lasing mode polarization is a possible way to diminish the
effect of charge-induced absorption. Secondly, long lived emitters will allow to accumulate
excitations over a long time and thus reach a high excitation density with comparatively low
current. To maintain a reasonably high stimulated emission cross-section, narrow-band
emitters such as rare-earth atoms seem well suited. Also spiro-type molecules ®’ or core-shell
nanoparticles might be an alternative ***. Furthermore the materials have to be thoroughly
selected to avoid spectral overlap of charge-induced absorption with the band of stimulated
emission. This calls for electric-pump optical-probe experiments to study the optical
properties of light-emitting diodes under intense electrical excitation.

As soon as organic semiconductor lasers are ultimately realized they have great potential for a
number of applications. Their large spectral tuning range in the visible opens possibilities for
laser-based analytical techniques. Furthermore the inherent mechanical flexibility together
with the availability of large-area fabrication techniques might eliminate the need for
mechanic scanning procedures in laser survey, data storage or sensor applications.

In conclusion, disordered organic semiconductors are an exciting playground for the
exploration of innovative concepts and devices.



List of abbreviations and definitions

(O] (disordered) organic semiconductor

ASE amplified spontaneous emission

DFB distributed feedback

FWHM full width at half maximum

AFM atomic force microscope

MeLPPP  methyl substituted ladder-type poly(para-phenylene)

Alqs tris-(8-hydoroxyquinoline)-aluminum

DCM 4-dicyanmethylene-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran
A wavelength [nm]

angular frequency [s']

% index for vibrational mode

OSE cross-section for stimulated emission [cm® ]
N excitation density [cm™]

n real part of refractive index

X imaginary part of refractive index

Nefr effective refractive index

grating periodicity [nm]

film thickness [nm]

field gain coefficient [em™]

(=2y) power gain coefficient [cm™]
mode confinement factor

power absorption coefficient [cm™]

w

wavenumber, wavevector
reciprocal lattice vector
coupling coefficient [cm™]
mobility [em®*V's™]
current density [A/cm? ]
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