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Abstract

This thesis describes a number of studies of microstructured optical resonators,
designed with the aim of enhancing the performance of organic semiconductor lasers
and exploring potential applications. The methodology involves the micro-engineering
of the photonic environment in order to modify the pathways of the emitted light and
control the feedback mechanism. The research focuses on designing new organic
microstructures using established semi-analytical and numerical methods, developing
fabrication techniques using electron-beam lithography, and optically characterising
the resulting structures.

Control of the feedback mechanism in conjugated polymer lasers is first investigated
by studying Distributed Feedback or photonic crystal resonators based on a square
feedback lattice. This study identified the diffraction to free space radiation as a major
source of loss in current microstructured resonator designs. By cancelling the coupling
to free space through the use of different feedback symmetries and diffraction orders, a

threshold reduction by almost an order of magnitude is demonstrated.

The introduction of mid-gap defect photonic states in an otherwise uniformly periodic
structure was studied in Distributed Bragg Reflector (DBR) resonators. This enabled
GaN diode pumped polymer lasers to be demonstrated, indicating that the transition
from complex excitation sources to more compact systems is possible. Devices for
potential applications in the field of optical communications are also explored by
demonstrating a polymer DBR laser based on silicon. In this way, the potential for

integrating conjugated polymers with silicon photonics is confirmed.

Photonic crystal fibres, which have a periodic microstructure in the transverse
direction, are explored as an alternative means for controlling the optical properties of
organic lasers. Fluidic fibre organic lasers were demonstrated as efficient sources with
good spectral purity. In these devices, mechanisms to tune the emission wavelength

were explored and the origin of the frequency selection mechanism was investigated.
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CHAPTER 1:

Introduction

Light-emitting organic semiconductors have been the subject of substantial theoretical
and applied research over the past two decades. The discovery of efficient
electroluminescence in small molecules [1] and conjugated polymers [2] triggered an
explosion of interest in this field of condensed matter due to the plethora of potential
applications, such as displays [3], solar cells [4], organic transistors [5] and lasers [6].
A reason why organic semiconductors have attracted significant attention is their
relative ease of processing, in contrast to the epitaxial growth of inorganic
semiconductors. Solution processible polymers and small molecules provide access to
the coverage of large and even flexible surfaces, but also to novel preparation
techniques such as ink-jet printing. Organic semiconductors are intrinsically low
dimensional electronic systems and photonic structures are readily accessible with
cost-effective techniques such as soft lithography [7, 8]. These properties enable the
control of the interaction of photons with electrons [9, 10] with enormous potential in

the field of solid-state lightning and visible laser sources.

Organic media are excellent candidates for lasing applications due to their high and
broadband gain and great research interest remains active due to the prospects of low
cost visible sources of coherent radiation, with applications ranging from
telecommunications to femtosecond spectroscopy and coherent lightning. Currently,
the pumping scheme of organic semiconductor lasers is based on optical excitation,
hindering thus the possible applications to a certain extent. At the time this thesis
commenced, the most compact excitation source was the frequency doubled microchip
laser [11]. Further simplifying their excitation configuration could further enhance

their practicality. To this end, the physics behind their operation is at the centre of



vigorous research in order to reduce the threshold, optimise their operation
characteristics, increase their lifetime and ultimately demonstrate electrical injection

lasing.

The versatility of organic semiconductors is yet again justified as they can be
employed both in the liquid and undiluted solid state for laser applications. Solid-state
organic semiconductor lasers were first demonstrated in 1996 [6, 12-15] and since then
it has been a field of enthusiastic activity. Some of the most recent major findings
involve the demonstration of diode pumped [16-18] and quasi-continuous wave
polymer lasers [19], chemical sensing applications [20], short pulse generation [21]
and the incorporation of metal contacts maintaining low threshold lasing [22]. Novel
material combinations are introduced, aiming both at enhanced emission efficiencies
and thus lower oscillation thresholds [23-26], but also improved charge mobility for
more efficient electroluminescence and possibly electrical injection [27].

Different resonators for solid-state polymer laser applications have been also subject to
extensive investigation. Several types of resonators have been demonstrated, such as
microcavity [28], microdisc and microring lasers [29]. However, distributed feedback
(DFB) cavities based on periodic microstructures show some of the lowest lasing
thresholds [30] and due to their OLED type film architecture, are of most interest in
the continuing quest for electrical excitation. When compared to one-dimensional DFB
lasers, two-dimensional feedback structures exhibit lower oscillation thresholds [31]
and better quality output beams [11, 32] due to the increased in-plane confinement and
gain length. Different types of distributed feedback lattices have been also
investigated, involving square [11, 33, 34], hexagonal [35-37] and circular DFB lasers
[38-40]. Experiments to control the refractive index contrast within a unit cell have
been performed, by employing Au and TiO, instead of silica and leading to even more
microscopic resonators [41-43]. These experiments not only contributed to the
optimisation of polymer lasers, but also lead to a deeper insight in the physics of

periodic structures. The ease of processing has lead several research groups to focus on
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these materials and explore new laser physics, such as the photonic crystal resonator
based on the Penrose lattice [44].

In regards to liquid-state organic lasers, they have been the at the focus of attention for
almost half a century and both small molecules [45], and more recently conjugated
polymers [46], have been employed in numerous applications. In recent years, renewed
interest has been focused on this field due to the emergence of optofluidics.
Optofluidic devices have been developed as a tool for sensing, imaging and
spectroscopy applications as they uniquely combine the non-intrusive interaction
capabilities of photons and the fluidic delivery of biological samples [47]. Several
types of devices have been demonstrated including adaptive lenses, optical
manipulators of particles and sensors [48-50]. Fluidic lasers can act as efficient sources
of narrow linewidth emission and their integration within fluidic networks can be
easily implemented achieving significant progress towards lab-on-a-chip applications
[51-55]. Organic gain media are currently one of the few available candidates in this

field of visible laser sources.

This thesis aims to explore both solid- and liquid-state organic lasers and their
applications. The organic chromophores that were used throughout were commercially
available and so the focus of this work is only on the properties of the resonators.
Firstly, the physics of periodic structures is employed to illuminate the properties and
identify the major sources of loss of polymer DFB lasers, enabling an optimisation
analysis and the demonstration of a threshold reduction by almost an order of
magnitude. The effect of defects in uniform periodic structures is well established in
the fields of solid-state physics and photonics and it is the second focus area. The
transition from extended to localised photonic states and its consequences on the
operation of polymer lasers is investigated and novel applications are demonstrated.
Thirdly, long interaction lengths are investigated for fluidic laser applications
employing microstructured fibre structures. An unanticipated frequency selection
mechanism is demonstrated present in a very simple optical system where the need for

reflectors and microstructures is not necessary.
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The basic theory of organic semiconductor lasers is discussed in Chapter 2, both in the
context of the relevant material properties and the operation of the most common laser
structures. The relevant methodology for their experimental and theoretical study is
outlined in Chapter 3. The time demanding electron beam lithography was chosen for
its design versatility, and ellipsometric investigations took place to determine the
optical constants and the exact thickness values of the films involved in the laser
structures. These values were of utmost importance in terms of predicting the

behaviour of polymer thin film lasers.

Distributed feedback organic semiconductor lasers are treated in Chapter 4. They
exhibit the same operational characteristics as band-edge photonic crystal lasers [56,
57] and were likewise studied to identify their optimal operation conditions. The
periodic refractive index perturbation is the origin of the feedback mechanism, but can
also cause additional diffractive processes, such the advantageous surface emission. It
was found that the performance of polymer lasers is greatly enhanced by directing the
output beam from the surface to the edge. In this way, the radiation losses are reduced
and a threshold reduction by almost an order of magnitude was demonstrated. Some of
the first integration steps in the field of polymer optoelectronics were performed to re-
direct the emission from the edge to the surface, hence addressing the divergence of
edge-emitted beams from thin films and demonstrating a low threshold, surface-

emitting polymer laser.

The absence of a few unit cells in a periodic lattice induces a significant change in the
behaviour of polymer thin film lasers. The resulting laser modes are localised within
the defect, replacing the Bloch modes of the distributed feedback lasers. These are the
defect or DBR lasers and are treated in Chapter 5. Their operation is analysed in
comparison to microcavity polymer lasers and their differences provide a deeper
insight to the laser physics involved, but also indicates the relevant operational
advantages. The optimised performance and repeatability of DBR lasers lead to a
major finding of my thesis, namely the demonstration of diode pumped polymer lasers.
This finding is of significant importance in the field of solid-state polymer lasers,

12



which along with similar attempts from other research groups denoted the transition
from a paradigm of complex excitation sources (e.g. dye lasers, microchip lasers) to a

new one where miniature inorganic diode lasers can be used.

Silicon based photonic integration has received significant attention in recent years due
to its potential for cost-effective components for optical communications and
interconnects [58]. A major hindrance towards this aim is the poor optical emission
efficiency of silicon. To overcome this, several approaches have been proposed,
including optically excited Raman lasers [59] and nanopatterned Si waveguides [60],
while promising steps have been also achieved in the field of nanocrystals [61, 62], Er
doped silicon [63] and Il1-V semiconductor lasers bonded to silicon chips [64]. An
alternative approach is proposed in my thesis (Chapter 5), realised by combining
microstructured silicon resonators with light-emitting polymers. This novel approach
is based on the cost-effective CMOS fabrication processes and the integration of
solution processible emitters adds only a simple supplementary fabrication step. To
this end, a novel DBR resonator design based on silicon-on-insulator was examined
and a polymer laser based on silicon was demonstrated. The laser was configured as
surface emitting, hence compatible with the prospect of future lateral integration with
silicon photodetectors.

Fluidic photonic crystal fibres have been explored as fluidic refractive index sensors
and filters, both in the visible and the telecommunication wavelength range [65-67]. In
Chapter 6, a photonic crystal fibre fluidic laser is demonstrated, hence expanding the
functionality of this type of microstructures within the field of optofluidics. The
experimental methods are outlined and the laser performance is analysed both in the
context of its threshold and quantum efficiency, but also approaches to tune the
emission wavelength are explored. An additional motivation of this work was to
investigate the possibility of realising a laser based on a periodic structure, where the
periodicity is transverse to the propagation direction. This is in contrast to DFB lasers,
were the grating vector is parallel to the propagation of the laser field. However it was

found that resonant effects do not play a role in the stimulated emission process.
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Although the transverse periodicity was irrelevant, an interesting frequency selection
mechanism was observed, leading to a free spectral range that does not correspond to
the length of the liquid cores. This mechanism is attributed to a Vernier type effect
between transverse modes. This type of laser features a hexagonal array of
approximately 50 liquid waveguides and demonstrates the feasibility of lateral
integration. In addition, the output power from this device is adequate for the

formation of triangular optical lattices with applications in the field of optical-

tweezing.
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CHAPTER 2:

The theory of organic semiconductor lasers

2.1 Introduction

Since 1960, when the first laser based on ruby as an active medium was realized,
significant progress has been made on the design and engineering of lasers, primarily
driven by the vast number of related applications. The acronym laser stands for ‘light
amplification by stimulated emission of radiation’ and its realization was permitted by
the interaction of photons with matter, as described by Einstein, in 1917. Such a device
is comprised of two components, an optical amplifier and a resonator. The optical
amplifier is responsible for the generation of photons via either an optical or an
electrical excitation, while the resonator acts a feedback loop that forces the photons to

travel several times through the amplifier and thus cause laser oscillation.

In this chapter, the focus will be on both of these essential components of a laser and
how they are implemented in organic semiconductor lasers. The initial section focuses
on the important aspects of the structure of conjugated molecules followed by how
these relate to their electronic and optical properties. The types of resonators that have
been used for this thesis will be analysed, laying the basis of the discussion that will
follow. This analysis will be both qualitative and quantitative based on numerical tools

that were developed for this thesis and will be described in more detail in chapter 3.



2.2 Electronic structure of conjugated molecules

The term conjugation describes a certain type of covalent bonding that can occur in
both low molecular weight organic materials and polymers. In conjugated molecules,
carbon atoms are connected through alternating single and double bonds and this

structure gives rise to a series of attractive electronic and optical properties.

A double bond between two carbon atoms consists of one ¢ and one m-bond. A typical
example of a molecule that contains such a bond is ethene (ethylene CH, = CH;) and
its bonding configuration is shown in figure 2.2.1. The three outer shell electrons of
the two carbon atoms are sp™-hybridised giving three equivalent atomic trigonal
orbitals in one plane that are axially symmetric and form 120° degrees with each other.
The sp® orbitals are responsible for the formation of the backbone of the molecule:
each carbon atom links to two hydrogen atoms through the overlap of the (Csp’, Hls)
orbitals and the two CH, groups link through a (Csp?, Csp?) overlap. In both cases the
bond is a 5-bond. The remaining two p-orbitals of the carbon atoms are oriented in the
plane perpendicular to the o-bond and their overlapping is the origin of the formation
of a mw-bond [2]. The m-bond is responsible for a variety of properties, such as the
torsional rigidity of a double bond but more importantly for the electron delocalization
along the backbone of the molecule. In conjugated polymers, a series of conjugated

units link with -bonds to form the chains that the polymer consists.

o-bond (single bond)

o-bond n-bond
- J

'
double bond

Figure 2.2.1: ¢ and = bonds from the overlap of the sp2 and p orbitals of the two
neighbouring carbon atoms in ethene. (Figure taken from http://kekule.chem. csus.edu).
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The energy level diagrams of n-electron molecules can be estimated under the Hiickel
approximation and are shown in figure 2.2.2 for both ethene and a larger conjugated
molecule of butadiene (CH,= CH — CH = CH,)." The number of the Hiickel molecular
energy levels is equal to the number of the p-orbital electrons. It is possible that the p-
electrons of the neighboring carbon atoms interfere constructively or destructively
depending on the signs of their wavefunctions. This in turn leads to the formation of
bonding or antibonding m-orbitals respectively. When the bonding, or © orbitals are
occupied, the energy of the molecule is lowered and in contrast destabilization occurs
when the antibonding, or n orbital is occupied. The n-n orbitals form two pseudo-
continua of energy levels separated by an energy gap. The highest energy n orbital is
occupied by two electrons at thermal equilibrium and is referred to as HOMO (highest
occupied molecular orbital). The antibonding orbital of the lowest energy is referred to

as LUMO (lowest occupied molecular orbital).

A Energy
A7 [+ -+ -
L) + 3n [ +
2xC2p 4xC2p
T + + 27'C +
1in >

Figure 2.2.2: The Hiickel molecular orbital energy levels for two or four carbon 2p
orbitals link to either form ethene (left), or butadiene (right). In both cases, two
electrons occupy the lowest available orbital (adapted from ref. 1).

The electronic structure in conjugated polymers is analogous to butadiene. A major
difference is the higher number of orbitals, due to the increased number of double
bonds (or p-electrons) within the repeat unit. Under the assumption of the weak

electronic localization, when an electron is optically promoted from a bonding = to an

«
Under the Hiickel approximation, the n- orbitals and c-orbitals are separable and the latter are treated as a rigid framework
responsible for the molecular geometry. In addition, all carbon atoms are treated as identical.
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antibonding © orbital, the created electron — hole pair forms an exciton [3]. The
exciton binding energy is relatively high (0.5 eV — 1.0 eV) in conjugated polymers
both due to the short distance between the charges and the low dielectric constant of
the medium [4]. These electrons and holes can be located on a single polymer chain
(intrachain excitons) or shared between neighbouring segments (interchain excitons)
[5]. Both can contribute to the polymer luminescence. The interchain excitons become
important in the solid state where the distance between neighbouring polymer chains is

small and their packing can play a significant role [3, 6, 7].

A second consequence of the electronic delocalisation is the existence of well-defined
spin states: the singlet and the triplet [8]. The singlet and triplet states are defined as

having an anti-symmetric or symmetric spin wavefunctions:

oy
Singlet: 1 [i4y)_ Triplet:
S r)-[)] =)
)

Spin conservation determines that transitions are allowed between states with the same
spin condition (singlet-singlet, or triplet-triplet), whereas singlet-triplet transitions are

forbidden.

A potential

v

(CHg)2N — CH — CH — CH — CH — CH — N(CHa),

Figure 2.3.1: Free electron model for the electronic energy states of the cyanine
dye (adapted from [1]). L is the conjugation length.
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2.3 Optical properties of conjugated molecules

2.3.1 Absorption of light

The electronic structure of conjugated molecules determines their optical properties.
The electronic - transitions are responsible for the absorption of photons of a
resonant frequency that matches the energy gap between the m and n" states. An
example is the cyanine dye, in figure 2.3.1, where the free movement of the electrons
along the molecule is approximated by electrons in a square quantum well [9]. The
conjugation length of the molecule corresponds to the width of the well, the potential

barriers of which are the methyl groups at either end of the molecule.

Molecule Structure Absorption Maximum

Benzene © 255 nm
Napthalene 315 nm

Anthracene 380 nm
Tetracene OOOO 480 nm
Pentacene OOOOO 580 nm

Figure 2.3.2: The wavelength of the absorption maximum for five different
members of the family of polyacenes and their corresponding molecular structure
showing the relevant conjugation length (adapted from ref. 8).

This is the free electron approximation, which in conjugated molecules exemplifies
that it is the conjugation length (or the length of the chain of alternating single and
double bonds) that determines the energy gap and consequently the wavelength of the

absorption maximum. Chemical engineering of the molecular structure allows to



conveniently tune the optoelectronic properties of organic semiconductors. Figure
2.3.2 shows how the energy gap changes with the conjugation length in the family of
polyacenes [8].

The interaction strength of the incident light with the organic medium is described by
the Beer Lambert law, according to which the intensity of the incident light reduces
exponentially with the thickness of the sample 1 and concentration of the absorbing

species J [10]. The law is expressed as: I, = I..e™"', where a is the extinction

coefficient that depends on the molecule and the frequency of the incident light.

2.3.2 Emission of light

The emission of light in conjugated molecules stems from the electronic excited states
and is described best with the aid of the Jablonski diagram (figure 2.3.3) [11]. Sy, Si,
S, depict the ground, first and second singlet states, which in turn split to a series of
vibronic states named as 0, 1, 2 etc. Absorption occurs typically from the lowest
vibronic ground state energy to higher singlet states, which are unpopulated at thermal
equilibrium. In accordance to the Frank Condon principle, the positions of the nuclei
do not change during electronic transitions and consequently all transitions are vertical

in the Jablonski diagram.

S, '\
Internal
Conversion Intersystem
, Crossing
Sl 1 A .,
0 O s o
> Tl
Absorption Fluorescence
Phosphorescence
2
So 1 L -
0 A 4

Figure 2.3.3: A Jablonski diagram for the depiction of the optical transitions in
conjugated molecules.
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Following absorption, the fluorophores are excited to either the S; or S; and then
rapidly relax to the lowest vibrational level of S; by internal conversion and vibrational
relaxation. Fluorescence occurs due to the transition from this electronic state to all the
vibrational levels of the ground state. Molecules in S; can also undergo spin
conversion to the first triplet state T;, a process referred to as intersystem crossing.
Phosphorescence follows the transition from T; to So. Whereas fluorescence lifetimes
are typically in the range of a few nsec, phosphorescence, being a spin-forbidden
process, is characterized by radiative lifetimes in the range of msec to seconds. The
incorporation of heavy atoms (e.g. Ir) within the architecture of conjugated molecules
facilitates the intersystem crossing and the phosphorescence rate increases.

Representative molecules in this class are the organometallic complexes [12].

The 0-0 transition of the fluorescence is usually red-shifted with respect to the 0-0
transition of the absorption spectrum. This energy difference corresponds to the
Stokes’ shift and occurs mainly due to the change of the nuclei positions that follow
the excitation. In comparison to the ground state, such changes in the molecular
conformation result in a different excited state potential and occurs in significantly
shorter timescales than the excited state lifetime. Other causes for the Stokes shift
include the relaxation of the surrounding environment of the molecule (e.g. solvent)

[13].

poly[2-methoxy-5-(2'-ethylhexyloxy)
-1,4-phenylene vinylene], (MEH-PPV)

poly[9,9-dioctylfluorene], (PFO)

Figure 2.3.4: The chemical structure of some prototype conjugated polymers: the red
emitting MEH-PPV and the violet emitting PFO.

In conjugated polymers (two prototypical materials are shown in figure 2.3.4) and in
contrast to small molecules, there are additional energy relaxation mechanisms

involved in light emission. One of these mechanisms is exciton migration and
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contributes to the evident Stokes’ shift observed in polymers. Exciton migration
predominately occurs from short to longer conjugated segments. This effect has been
studied by ultrafast time resolved photoluminescence showing that the time decay is
significantly shorter at higher energies [14, 15]. In addition, exciton migration is
responsible for the narrower emission spectrum in comparison to absorption and also

for breaking the symmetry between them [16].

1.04 dispersed in PMMA| neat film

Intensity normalised at the 0-1 vibronic

0.0

400 450 500 400 450 500
wavelength (nm)

Figure 2.3.5: The photoluminescence of the conjugated polymer PFO when
dispersed in PMMA and in neat film.

Intermolecular interactions are also considered responsible for the featureless emission
and absorption spectra of conjugated polymers in the solid state. Electronic coupling
between neighboring chains, as well as disorder can reduce the resolution of the
vibronic peaks in the emission or absorption spectra. This effect is shown in figure
2.3.5 where the photoluminescence spectra for a neat PFO film (20 mg/ml chloroform)
and PFO dispersed in PMMA (10 % wt.) are plotted. The low level of disorder in the
dispersed PFO and the increased separation between neighbouring chains result in
clear vibronic emission in contrast to the neat film. The level of disorder in polymer
films depends on the conformational degrees of freedom of the repeat unit, which in
turn depends on its molecular structure. A single molecule luminescence study
involving two different conjugated polymers of different level of disorder revealed that
the molecule exhibiting higher rigidity provided a much narrower distribution of peak

energies by almost a factor of 4 [17]. Increased rigidity and reduced intermolecular
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interactions can also increase the quantum efficiency of the conjugated system. This
effect is shown in figure 2.3.6, where the PLQY values of a neat MEH-PPV film and
films of MEH-PPV blended in polystyrene are plotted. The efficiency increases for
decreasing concentration of the MEH-PPV in the solid matrix and reaches a maximum
for a chromophore density of 1 wt. % [18]. This study illustrates the effect of the high
chromophore density and the resulting increased intermolecular interactions on the

photoluminescence quantum yield of the conjugated polymer MEH-PPV.
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Figure 2.3.6: The photoluminescence quantum yield for a neat MEH-PPV films
and blends of MEH-PPV with polystyrene.

2.3.3 Amplification of light

Population inversion is the necessary condition for light amplification through a
medium. If a plane wave with a photon flux F travels through a two-energy level
material and oy; is the stimulated emission cross section of the medium, then the

change of the photon flux dF of the wave when it propagates distance dz in the

dF:GZI-F-{NZ—[gZ.N'H-dZ
g

medium is [19]:
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Where the N;, and g;, are the populations and degeneracies of the levels 1 and 2
respectively. This relation implies that light amplification through a medium occurs
when N, > g, Ny/g;. This non-equilibrium condition is refered to as population
inversion. Effectively, two-level atomic systems are inadequate for achieving laser
emission due to the two-level saturation, where stimulated emission compensates for
the absorption and transparency is reached [20]. On the contrary, 3- or 4- level systems

can achieve population inversion

The electronic structure of organic semiconductors resembles that of a 4-level system
and thus possesses the necessary optical properties for laser operation. The excited
state events (figure 2.3.3) following pulsed optical excitation follow the route:
molecules are excited from the electronic ground state Sy into a Franck-Condon state
Sivib. An ultra-fast vibrational ‘cooling’ to the lowest vibronic excited state S;
follows. Population inversion occurs between the S; state and the highest vibronic
levels of the ground state followed by a second thermalization process to the lowest
vibronic level Sy [21]. Since the thermal relaxations are substantially faster (~ 10 fsec)

than the radiative decay, a 4-level system is formed.

However, several mechanisms that can non-radiatively deplete the excited state
population are present in organic semiconductors. These mechanisms reduce the
population inversion and can vary depending on the material structure with significant

implications in polymer lasers. These excited state decay mechanisms include:

1. The presence of chemical defects and impurities in a polymer, which can act as
efficient photoluminescence quenchers. They were in fact the reason for the absence of
gain in the early measurements of some polymers. A common quencher in conjugated
polymers is the carbonyl group that is introduced during photoxidation. It is believed
that these groups quench singlet exciton luminescence by fast charge transfer from the

exciton to the carbonyl [22].
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2. The exciton-exciton annihilation that occurs at high optical excitations due to
collisions of mobile excitons, leading to multiple phonon emission and to the
annihilation of at least one excitation [23]. It has been shown that the luminescence
decay of thin films depends on the pump intensity and faster decay times are obtained
for higher excitation densities [24]. Exciton-exciton annihilation can be reduced by

spacing the polymer chains further apart [25].

Apart from the aforementioned intrinsic material losses, the optical gain also depends
on the propagation losses within the organic film. These reduce the photon flux and

consequently the net-gain. These types of losses include:

1. The ground state absorption due to the finite overlap between the absorption and
emission spectrum. The emitted photons suffer from re-absorption as they propagate
within an organic film hindering thus the amplification. This type of loss can be
overcome by shifting the luminescence with respect to the absorption spectrum using
guest-host techniques, where the emission spectrum of the host must overlap with the
absorption of the guest molecule. The transfer mechanism is a non-radiative dipole-
dipole interaction, namely Forster energy transfer, and has been experimentally
demonstrated to lead to lower self-absorption and hence lower lasing thresholds [26,

27].

2. The photoinduced absorption, which originates from the excited singlet and triplet
state absorption, as well as absorption from the photogenerated carriers (polaron
absorption). The excited state absorption occurs due to the promotion of singlet
excitons to higher electronic states and can have a rather insignificant effect in
conjugated polymers since its absorption peak is at a lower energy than the
luminescence [28]. It is worth noting that this is not usually the case in organic dyes.
The excited state absorption in organic semiconductors depends on the film
morphology as shown in a comparative analysis performed in neat films of MEH-PPV

and MEH-PPV dispersed in polystyrene or in solution [29].
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In spite of these non-radiative decay processes and optical losses, organic molecules
and especially conjugated polymers exhibit excellent amplification properties that
usefully functionalise them as laser gain media. Chemical engineering of their
molecular conformation can be employed to tune their emission spectrum, bandwidth
and solubility. High stimulated absorption and emission cross-sections allow for very
short cavity lengths (~ few hundreds of nanometers) to achieve lasing in optimized

material combinations [30].

To this end, significant research has been focused on conjugated polymers and their
applications as media for widely tuneable visible lasers. This type of organic media
can exhibit high luminescence efficiency up to 50% if the polymer chain is designed
so that interchain aggregates and chain defects are minimized [31]. The majority of
the work has concentrated on derivatives of poly(paraphenylene-vinylene),
poly(fluorene) and polythiophene [32-35]. Additionally, and in contrast to
conventional dyes, polymers exhibit reduced concentration quenching of the

luminescence, enabling the use of high chromophore densities [36].

One further advantage of organic molecules and in contrast to bulk inorganic
semiconductors is their high exciton binding energy. This can be very attractive in
terms of quantum electrodynamics, such as polariton effects both for laser and solid

state lighting applications [37-39].

2.4 Resonators for organic lasers

Stimulated emission requires the excited atom to shift to a lower energy state when
interacting with an incoming photon, resulting in the emission of a second photon of
the same frequency, phase and polarization. Such a process is realized under
population inversion conditions, assisted by the incorporation of the emitter within a

resonator that forces the emitted photons to oscillate.
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A significant number of resonators have been proposed and demonstrated for organic
lasers. These cavities vary from Fabry-Perot resonators to more sophisticated nano-
structured gain media. The purpose of this subsection is to describe the operating
principles of the most common resonators that were studied for this thesis, laying thus

the basis for the discussion that will follow.

2.4.1 Fabry Perot resonator

Historically, Fabry Perot (FP) cavities were the first demonstrated, while still
remaining an important class of general purpose lasers [40]. The gain medium is
placed between two reflecting interfaces, realized either by highly reflecting mirrors,
or by the refractive index discontinuity at the boundary of the gain medium and the
surrounding dielectric (figure 2.4.1). To a first approximation, the laser field is built
from the superposition of two electromagnetic waves propagating in opposite
directions along the cavity axis. The resonant frequencies are determined by the
condition that the cavity length L must be equal to an integer multiple of half
wavelengths. An alternative statement of the resonant condition is that the round-trip

phase change must be an integer multiple of 2m: Pl

= 1. A typical transmission
spectrum for Fabry Perot resonator consisting of a 40 um long MEH-PPV amplifier

and 70% reflecting mirrors is shown in figure 2.4.1.
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Figure 2.4.1 Left: Plane parallel Fabry Perot resonator. Right: The

transmission of a Fabry Perot cavity: the amplifier is a MEH-PPV film and
the end mirror reflectivity is 70%.
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When determining the resonant frequencies of thin film based FP resonators, one
needs to consider the propagation coefficients of the relevant transverse modes
supported by the amplifier. To this end, the transverse dimension d and the refractive
indices of the amplifier medium and the surrounding dielectric become important. The
effective propagation constant and the number of the supported transverse modes will
vary for different film thicknesses, altering thus the resonant condition. In figure 2.4.2
(a), this effect is illustrated for a freestanding MEH-PPV film at a wavelength of 630
nm. The propagation constant of fundamental transverse electric mode grows fast for
increasing thicknesses saturating above a certain value, while above a certain thickness
additional modes appear. Furthermore, the environment that surrounds the waveguide
can also have a significant impact on the resonant condition. This is illustrated in
figure 2.4.2 (b), where the propagation constant varies depending on whether the
surrounding dielectric is air or silica. It is worth noting that for thicker films the two
values converge indicating that the respective modes are more confined within the

polymer film.
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Figure 2.4.2 (a): The change of the propagation constant as a function of the waveguide thickness
of a free standing MEH-PPV film for different order transverse electric modes. (b): The same
effect for environments of different refractive indices.

In general Fabry Perot cavities represent several advantages, namely the simplicity of
their design and fabrication, high output powers and small emitting areas that can
easily match the numerical aperture of optical fibres [41]. However, there is a

reciprocal relationship between long gain lengths and spectral purity. The cavity
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lengths used so far are usually in the order of mm, imposing thus severe multimodality
and hindering the laser performance and applications such as spectroscopy [42].
Different types of resonators have been employed in order to overcome this and

achieve single frequency organic lasers.

2.4.2 Distributed Feedback resonator

Several polymer lasers have been demonstrated in the Distributed Feedback (DFB)
configuration. The motivation behind this research is their low threshold operation,
collimated emission, increased design versatility in terms of feedback and output
coupling directions and the prospect of simple fabrication via nano-imprint lithography
[43-45]. The operation of such microstructures is based on the periodic modulation of
the refractive index of a thin polymer film, spun on top of a diffraction grating (figure
2.4.3). In the contemporary literature, diffractive nanostructures are alternatively

referred to as photonic crystals, or more generally as Metamaterials [46].

Polymer I I I I I

Figure 2.4.3: The elevation (left) and plan view (right) of a
one-dimensional polymer periodic structure; the cover and
surrounding areas are air.

Periodic structures are characterised by translational symmetry, which for one-
dimensional periodicity states that the medium ‘looks’ the same at x and at x+A, where
A is the lattice constant. In comparison to isotropic structures, the radiation field in
periodically stratified media exhibits certain special features. One way to visualise
these is the imaging capacity of light, which in periodic structures can only occur via
interference, or formation of standing waves [47]. This process requires several plane
waves to interact and the cause of this interaction is the periodic perturbation of the

dielectric constant, or grating momentum. The condition for this to occur is the

33



wavelength of the incident light to be equal (or close) to an integer multiple of the

periodicity of the stratified medium.

The interference condition is dictated by the Bragg condition: n- A/2 = neg-A, where A
is the wavelength, nes 1s the effective index and n an integer. For a certain optical
period but different values of the integer n, this condition is satisfied for different
wavelengths. The effect of the wavelength and the diffraction order on the distribution
of the standing waves can be calculated by the Plane Wave Expansion method
(PWEM) [48] and is illustrated in figure 2.4.4: for a certain wavelength the light

localises n/2 times within a single period.
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Figure 2.4.4: The electric field distribution of FB waves for different orders of
diffraction and wavelengths in a stratified medium with period of 410 nm and
an effective index contrast of 0.09.

In analogy to plane waves in a slab waveguide, the interfered harmonics comprise the
respective Floquet-Bloch (FB) waves in periodic media [47]. FB waves behave in a
similar fashion to plane waves, with some exciting exceptions such as negative
refraction [49]. In the transverse direction to the propagation plane, total internal
reflection confines the light and can be analysed as in the case of thin films (see Fabry
Perot section) [50]. The formation of FB waves is the basis of operation of DFB lasers,

or Bloch lasers [51, 52].
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So far, it was assumed that a mode of a wavelength that satisfies the Bragg condition
propagates within the periodic structure. Even if this is not explicitly valid, it has been
previously employed to determine the operating wavelength of a polymer DFB laser
[53]. In effect, the mode corresponding to the Bragg wavelength is evanescent forming
a photonic stop-band [54]. The dispersion relationship ® = c-k illustrates the stop band,
where for a certain optical frequency o, the wavevector k of the Bloch waves becomes
imaginary. In figure 2.4.5 such a dispersion relationship is shown for a thin MEH-PPV
film (120 nm thick) on a silica grating of a period 410 nm and fill factor 70%
(PWEM). On the same y-axis, the respective reflectivity spectrum is plotted to
illustrate the coincidence of the stop band with the wavelengths that experience high
reflectivity. The calculation of the reflectivity spectrum was performed using the

Transfer Matrix Method (TMM) [54].
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Figure 2.4.5: The dispersion relationship of a periodic medium (see
text), along with the reflectivity spectra on the same y-axis.

In regards to DFB lasers, the modes at the edge of the stop-band are the ones that
experience significant feedback and thus are more likely to reach threshold. These
optical waves travelling in one direction are continuously scattered into an optical
wave in the reverse direction, growing in intensity due to both the gain and the
distributed reflectivity. As the gain increases in the structure (by increasing the optical
excitation density for example) one of the modes will start growing faster than the
background emission denoting the threshold. This effect is illustrated in figure 2.4.6,

which shows the sum of the transmitted and reflected intensities of light incident on
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the DFB structure. The gain in the structure is accounted for by the imaginary part of
the refractive index ¢’ [55]. For ¢’ = 0, the sum is 1 and for higher values of €’ the

band-edge mode at 630 nm grows > 1, which is the effect of stimulated emission.
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Figure 2.4.6: Left: The sum of the transmittance and the reflectance for a
DFB polymer laser, for increasing gain in the material and light parallel to
the grating vector. Right: The same calculation, plotted in 3D graph.
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Figure 2.4.7: The emission spectrum of an organic DFB laser below and
above threshold. The stop-band is the intensity dip (b).

Experimentally, the effect of the stop-band can be observed in the emission spectrum.
Figure 2.4.7 shows such a spectrum for an organic DFB laser based on a dye-doped
polystyrene gain medium [18]. The spectrum exhibits three features, namely a band-
edge mode (a), the stop-band (b) and the lasing band-edge mode (c). The short

wavelength band-edge mode (a) experiences an increased photon density as denoted
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by its increased intensity and in contrast the stop-band is represented by a
characteristic intensity dip in the spectrum. The long wavelength band-edge mode
experiences reduced coupling to free space radiation and thus higher net gain. This is

why the long wavelength mode reaches threshold first [56].

It is clear from the preceding analysis that by employing the frequency selectivity
inherent in diffractive nanostructures, the issue of single frequency operation in
polymer lasers can be addressed. It is also possible to use gratings where the diffracted
wave is radiated away from the polymer guide. Second order gratings are of particular
note because they can be used to couple light from the laser in a direction
perpendicular to the surface forming thus a surface-emitting laser [57]. Recent work
has also shown several interesting phenomena occurring when the gain is correlated
with the periodicity of a metamaterial, namely the gain enhancement due to a ‘group

velocity anomaly’ at the edges of the stop band and the ‘gain anisotropy’ [58-60].

2.4.3 Distributed Bragg reflector resonator

In distributed Bragg reflector lasers (DBR) the amplifying medium is placed between
two Bragg mirrors that provide the necessary feedback for lasing (figure 2.4.8). In
contrast to DFB lasers that consist of a uniform grating area, DBR lasers operate
within the stop-band due to the break of the grating symmetry induced by the presence
of a structural defect. They operate in a similar fashion to Fabry-Perot cavities, but
with the advantage that the distributed reflection mirrors give significant feedback only
around the Bragg frequency. Due to the narrow reflectivity bandwidth the presence of

several longitudinal modes can be avoided.

(a) (a)

Figure 2.4.8: Left: Diagram of a distributed Bragg reflector laser.
Right: A schematic of an organic VCSEL. Sections (a) correspond to
Bragg grating reflectors and (b) to the optical gain medium.
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Such organic lasers have been demonstrated in the past, with the mirror separation
being relatively large and in the order of mm [61, 62]. They were realised in a thin
polymer film configuration imposing thus the consideration of the effective
propagation constant as mentioned in the section of Fabry-Perot resonators. A lot of
attention has also been focused on similar structures, namely the organic VCSEL type
of lasers (or microcavities) that nonetheless entail certain drawbacks, such as the
additional step of the top mirror deposition but also the short gain length limited by the
thickness of the organic film [63, 64].
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Figure 2.4.9: Left: The transmission spectra for a DFB and a DBR including a 260 nm
long defect section. Right: The sum of the reflection and transmission of the DBR for
increasing gain in the structure. For both the DFB and DBR, the period was 420 nm, the
fill factor 30 % and the nolvmer was a 120 nm MEH-PPV thick film.

The operation of DBR cavities can also be described with the aid of the transmission,
or reflection spectra. The introduction of a defect in between the mirrors manifests
itself via an additional high transmission peak within the stop-band. This is shown in
figure 2.4.9 (TMM), where the transmission is plotted for a uniform Bragg stack and
for a DBR with a defect of 260 nm long; the additional transmission peak corresponds
to a mode that is mostly is localized within the defect and thus refered to as ‘defect
mode’. The number of defect modes and their position within the stop-band spectrum
can be controlled by the width of the defect. Regarding laser action in DBR cavities, it
is the defect mode that will reach threshold when population inversion occurs within

the defect area. The depiction of stimulated emission is in the right of figure 2.4.9: for
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increasing gain within the cavity the sum of transmittance and reflection grows to

values higher than one for the wavelength that corresponds to the defect mode.

The motivation behind DBR polymer laser research has mainly been the capability of
separating the amplification region (defect) with the Bragg gratings. The latter can act
as a source of loss due to the surface roughness associated with the spinning of a
polymer film on top of a corrugated substrate [65]. In addition, the volume of the
polymer material within the defect can absorb more efficiently the pump excitation.
The argument supporting this is the fact that due to the absence of the silica
corrugation the chromophore density is much higher in the defect area than in DFB
lasers, where the volume of the polymer is limited by the fill factor. In addition,
increased Purcell factors (p. 91) can be realized in such devices due to the coexistence

of increased Q-factor modes, but also limited modal volumes [66].
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CHAPTER 3:

Methodology

3.1 Introduction

The necessary components of microstructured polymer lasers are a transparent and
periodically corrugated substrate, a thin conjugated polymer film and a pulsed laser
source for their optical excitation. In this chapter, the methodologies for the design,
fabrication and characterisation of lasers based on microstructured polymer thin films
will be described. The fabrication technique of this type of structures was based on the
electron beam lithography and to this end, I developed a certain fabrication process for
fused silica, which is outlined in section 3.2. In this way, it has been possible to
investigate several types of periodic feedback lattices, contributing significantly to the
optimisation steps of polymer microstructured lasers. Section 3.3 describes the
ellipsometric investigations that I made in order to determine the optical constants of
the organic gain media used, but also the exact thicknesses of the films involved in the
laser structures. These values have been of significant importance, especially in the
context of designing and characterising polymer lasers the basic rules of which will be
outlined in section 3.4. In the context of the fluidic fibre lasers, the relevant
preparation and characterisation methodology is relevantly simple and hence will be

outlined separately in chapter 6.



3.2 Micro-resonator fabrication

Electron beam lithography was used to define most of the micro-resonators studied in
this thesis. The first fabrication step of the microstructured substrates for polymer
lasers, involves the pattern design using a CAD (Computer Aided Design) software.
This pattern is subsequently transferred to a thin resist layer that covers the substrate
(typically polymethyl(methacrylate), PMMA) using the electron beam radiation. After
development and removal of the exposed resist sections, the pattern is transferred from
the resist into the silica substrate using reactive ion etching (RIE), typically based on
fluorine. The final step of the grating preparation involves an ultrasonic bath in a polar
solvent (acetone for example) to remove the resist residue. An overview of the

fabrication process is shown in figure 3.2.1.

e-beam
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Figure 3.2.1: An overview of the fabrication of the diffractive feedback gratings in fused silica.

In the majority of the experiments, the substrate was a fused silica sample with
dimensions 25x25x1 mm’." The motivation for this choice of material is its low
refractive index compared to most conjugated polymers, allowing the formation of
polymer waveguides. The size of the substrate was relatively large, in comparison to
similar experiments in photonic crystal research, as the requirement of a uniform
polymer film had to be met, which becomes more difficult to achieve using spin-
coating when the size of the substrate decreases. In addition, the large size of the

substrate allowed for the definition of several devices on a single sample, hence

" The fused silica substrates were purchased from Heraeus Silica and Metals Limited (U.K.).
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enabling comparative studies of different cavities under similar experimental
conditions. Several challenges had to be addressed in order to fabricate structures of
substantially small feature sizes. These involved managing the insulating properties of
fused silica that limit the lithographic resolution, the mechanical stability of the
exposed features (adhesion) and the backscattering of the electron beam that imposed
an additional variation of the features’ size. Specific techniques were thus developed to

overcome these problems.

3.2.1 Electron beam lithography

Electron beam lithography is a unique technique for the definition of extremely fine
patterns on almost every kind of surface, ranging from semiconductors to dielectrics
and metals. The requirements for these fine structures were initially posed by the
electronics industry with the demand for decreasing size integrated circuits in
accordance to Moore’s law. In contrast to optical lithography, the level of resolution is
greatly enhanced by employing electrons instead of photons. The reason for this
enhancement is the wavelength of the radiation involved in each case: in optical
lithography, the typical wavelength used is ~ 248 nm, but the de Broglie wavelength of
electrons is much shorter (typically in the pm range), thus significantly increasing the

possible resolution. A schematic e-beam system is shown in figure 3.2.2.

H.V. power supply electron gun

column

components’ power supply

pattern generator

electron detector

registration unit

vacuum

laser interferometer

stage
(oXe]

computer & vibration isolation table

pattern data storage

Figure 3.2.2: A block diagram illustrating the major components of an
electron beam lithography system (reproduced after [1]).
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The most common electron beam lithography systems are based on standard scanning
electron microscopes. However, the quest for high throughput has lead to the
development of expensive and complex dedicated lithography systems, the price of
which can exceed the range of 3M GBP. In brief, the technique consists of scanning a
beam of electrons across the surface of a sample covered with a resist film sensitive to
the electrons’ radiation. In this way, the beam deposits energy on certain areas of the
resist and thus a pattern is defined on its surface. The core of the system is the column
that consists of an electron source and the control elements for the electron beam
(lenses, stigmators, blankers, detectors etc.). Underneath the column, the sample is
mounted on a translation stage, the position of which is controlled by a laser
interferometer. Both the sample and the column operate under ultra-high vacuum. A
complex set of electronics, which supplies the signal and power to the various
components, completes the system. The complexity of the electron beam lithography
stems from the electron-solid interactions involved during the exposure. Upon
penetrating the resist, electrons experience several small-angle scattering events that
tend to decrease the resolution of the exposure. These manifest themselves via the
broadening of the incident electron beam diameter and is refered to as forward
scattering [1]. Subsequent to the resist, the electrons penetrate the substrate and
undergo large-angle scattering events (backscattering). This affects the size of an
exposed feature, since the dose it receives is increased due to backscattered electrons
from a nearby feature. The latter is the proximity effect and the simplest way to control
against it is to modulate the dose during the exposure and in accordance to the shape-

shape interactions that are involved.

L S 3|
Figure 3.2.3: A Monte-Carlo simulation of electron
scattering in a PMMA resist on fused silica.
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These two types of interactions are illustrated in figure 3.2.3. This graph was produced
by a Monte Carlo simulation of electron scattering in a typical sample of the ones used
throughout the thesis: a thin layer of e-beam resist, i.e. polymethyl(methacrylate)
(PMMA) on fused silica [2]. The trajectories of the forward propagating electrons are
displayed in blue, while the backscattered electrons are shown in red. It can be
observed that backscattering events occur only when the electron beam enters the
substrate. Additionally, in comparison to the top surface of the resist, the electron
beam has broadened significantly when arriving at the substrate surface, which is the
limiting factor of the resolution. The increase in the effective beam diameter due to
forward scattering is given by the following empirical formula, which shows how the

resist thickness limits the attainable resolution [1]:

. . 1.5
d =009 resist thickness (nm) 3.1)
beam voltage (kV)

3.2.2 Pattern transfer

Electron beam resists are divided mainly into two categories, the positive tone resists,
such as the PMMA and the negative tone ones, such as the SUg and the flowable oxide
Hydrogen Silsesquioxane (FOX-12). The difference between positive and negative
tone resists originates from their molecular structure, in that the electron radiation
results in chain scission and chain connection between two neighbouring polymer

segments, respectively [3].

Understanding the exposure mechanism is important, because following the pattern
definition by electron beam lithography, the sample is developed to remove the soluble
exposed areas in positive tone resists, while in negative tone ones it is the unexposed
areas that are soluble and thus removed. For the purpose of this thesis, the positive
resist PMMA was most frequently used. The patterned resist forms an etch mask,

which is used to transfer the pattern into the substrate using reactive ion etching (RIE).
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During the RIE, the sample is placed in a vacuum chamber that is subsequently filled
with an appropriate, relatively inert process gas. The application of a high RF Voltage
leads to ionisation of the gas and thus the formation of a glow discharge. For the
etching of fused silica that was primarily used in this work, CF4 gas was chosen. It

dissociates in the plasma as follows [4]:

CFs+e > CF3+F+e (3.2)

The plasma formation also creates a boundary surface region on the sample’s surface,
refered to as the sheath. The sheath is characterised by high electric fields of such
polarity that accelerates the positive ions, or molecular radicals towards the surface,
while negative ions and electrons are kept away [4]. Successful etching takes place
when the chemically reactive species formed by the gas dissociation interact with the
solid and form very volatile products. During the fused silica etching, the fluorine gas
reacts readily with the Si atoms of the wafer to form SiF4. The latter is a gas at room

temperature and thus can be conveniently pumped away.

During the etching process of fused silica, both the substrate and the PMMA are
eroded by the plasma with similar rates (aspect ratio 1:1). Consequently, care must be
taken to use a sufficiently thick mask, and not to over-etch the resist, which risks
decreasing the quality of the surface of the sample. The poor etch selectivity of PMMA
sets an upper limit to the depth of the nanostructure that is limited by the resist

thickness, which is typically 140 nm.

3.2.3 Nanostructured silica fabrication for polymer lasers

The aforementioned processes of pattern definition and transfer were employed to
create the gratings necessary for the operation of nanostructured polymer lasers. The

substrate material primarily employed was fused silica and the electron beam resist
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was PMMA. It is remarkable that since the first report on the excellent qualities of
PMMA as an electron beam resist and despite the development of a plethora of
positive and negative tone resists, most of the relevant work continues to be done with
PMMA [5]. The electron beam lithography tool used was a Hybrid LEO Gemini 1530
SEM/RAITH ELPHY lithography system, with a maximum acceleration voltage of 30
kV.

The specifics of this particular fabrication process will be outlined in this section.
Several challenges were met during the development of the fabrication procedure. First
of all, the silica substrate is an electrical insulator, so the exposure with a beam of
charged electrons leads to local charge density increase. These charging problems had
to be overcome in order to both decrease the set-up time of the lithography but also to
be able to view the fabricated nanostructures. The resist thickness was also found to
play an important role in the adhesion problem that causes the poor quality of some
gratings. Finally, the proximity correction was found to be of outmost importance in
the fabrication of distributed Bragg reflector resonators, where the interface between

the defect area and the mirror grating is very prone to defect creation.

(a) Charge dissipation

One way to address the charging problem is to form a multilayer structure, where apart
from the resist other layers are added that act as effective discharge layers [6]. This
approach was followed throughout the thesis. The charge dissipation layer used
initially was a thin Al layer that was evaporated on top of the PMMA resist. Prior to
development, the Al layer was removed in a bath of Orthophosphoric acid. In many
cases, the Al layer remained on the surface after the development step, increasing the

probability of failed fabrication.
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A different method involved the formation of a multilayer structure consisting of a thin
(~20 nm) conductive polymer referred to as PEDOT', a thin sputtered Au film (~ 15
nm) and the PMMA resist (figure 3.2.1) [7]. The advantage of this method is that in
the vast majority of the experiments both of the charge dissipation layers were readily
removed. PEDOT is water-soluble and thus was removed after the second
development step (figure 3.2.1). During this step, the sputtered Au was also removed
due to its poor bonding to the surface of the PMMA. The usage of these two layers
allowed a significantly higher resolution lithography since the setting up of the process

was both easier and at much higher magnifications.

SiO; (1 mm)

Figure 3.2.4: A cross sectional view of the multilayer
structure used to overcome the charging problem.

Figure 3.2.5 shows a scanning electron microscopy image of two different samples.
The left one is covered only with PMMA, while the right has additionally the
aforementioned layers. It is obvious that the imaging contrast is substantially

improved.
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Figure 3.2.5: Left: An SEM image taken during the exposure set-up for a sample of PMMA
on fused silica. Right: The same conditions for the sample of figure 3.2.4

In addition, imaging an insulating sample becomes impossible at high magnifications.

To this end, adding a thin PEDOT layer is also very useful, as it is water-soluble and

" The type of PEDOT used was the BAYTRON P VP.AI 4083 (H.C. Starck, Germany).
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thus does not leave any permanent traces on the sample. It is worth mentioning that
only water soluble conducting polymers can be used in this manner, as any other
method, such as sputtering or evaporating thin metal layers, would result in a
permanent extra layer on top of the structure [7, 8]. Image 3.2.6 illustrates such an
advantage; the left image was taken from a sample that was not covered with any extra
charge dissipating layers and the right one is covered with a thin PEDOT layer. The
difference in quality is obvious since the right image does not suffer from any

distortions stemming from irregular brightness or contrast.
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Figure 3.2.6: Left: An SEM image of a grating without PEDOT. Right: A triangular
photonic crystal lattice in fused silica imaged at high magnifications using PEDOT.

(b) Adhesion

The forward small-angle scattering events that occur during the propagation of the
electron beam within the resist lead to broadening of the beam as mentioned in section
3.2.1. This can result in non-vertical resist sidewalls and thus mechanically unstable
features that eventually could collapse. This effect is refered to as adhesion. Adhesion
becomes more profound in linear grating structures, where the volume of a single
feature can be relative large with typical values of ~ 1 um’. Figure 3.2.7 illustrates a
linear grating structure suffering from adhesion: upon developing and etching, the

grating lines collapse resulting in poor quality of the nanostructure.
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Figure 3.2.7: An electron beam defined grating suffering from adhesion: some grating lines
come in contact with the neighbouring features severely decreasing the quality of the structure.

As depicted by the empirical relationship 3.1, the beam broadening effect depends on
the resist thickness and the acceleration voltage of the column. The acceleration
voltage is system limited and the maximum possible value was employed throughout
these experiments (30 kV). I conducted a study to identify the effect of the resist
thickness on the resolution by exposing single pixel lines on samples of different
PMMA film thickness. For a certain resist thickness, the width of the exposed areas
increases for increasing exposure doses (figure 3.2.8), while for a certain exposure
dose, the width of the exposed areas will be different for different resist thicknesses,
indicative of the beam broadening effect involved. In such an experiment, the adhesion
can be identified by comparing the rate of change of the width of the exposed areas
versus the exposure dose for different film thicknesses. A range of gratings of different

periods was exposed to study the effect of the distance between neighbouring features.

2000 pAs/cm 1500 pAs/cm

408 nm

b

408 nm

—

343 nm

308 nm |_|
-

Figure 3.2.8: SEM images for a linear silica grating of 408 nm period, illustrating the dose effect
on the width of the exposed area for a PMMA thickness of 140 nm.
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Figure 3.2.9 depicts the results, where it can be seen that the rate is lower for thinner
PMMA films indicating that adhesion is less significant. For example, for a grating
with a period of 200 nm (right) that received a dose of 700 pAs/cm, the exposed line-
width is 96 nm for resist thicknesses of 300 nm, while for a resist thickness of 140 nm
the respective width was 51 nm. The reduced width of an exposed area for the same
dose, but thinner resist, indicates the decreased level of adhesion present during
fabrication. It can be also observed that the difference between the slopes of the two
thicknesses is higher for a lattice constant of 200 nm (right) than for period of 408 nm

(left), indicating that adhesion becomes more significant for smaller features.
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Figure 3.2.9: The effect of the dose on the width of single pixel exposed lines for two different resist
thicknesses. On the left, the grating period is 408 nm and on the right the grating period is 200 nm.

By employing thinner resist, higher control is gained against adhesion but the grating
structures can’t be deeper than the PMMA thickness due to the poor etching selectivity
between PMMA and fused silica. Hence, the 140 nm PMMA thick film was chosen
because this is the maximum etch depth required for the gratings for polymer lasers. A
140 nm thick film of most conjugated polymers supports only the fundamental

transverse electric mode, allowing thus for increased gain of the lasing mode.
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(c) Proximity correction

The backscattered electrons can cause a distortion in the transferred pattern, especially
in areas where the feature density is higher, or on the border between two different
structures. Both of these effects are shown in figure 3.2.10, for a square lattice
diffraction grating and for linear grating in the proximity of an etched slab waveguide.
In the case of the square lattice photonic crystal, the central parts of the exposed areas
receive a higher dose than the edges as indicated by their larger diameter. In regards to
the linear grating, this has received a higher dose at its edges due to the exposure of the

adjacent slab waveguide.

s

Figure 32.10: Left a sque lattice diffraction grating not

proximity-corrected. Right: an etched slab waveguide causing

significant distortion to a linear grating causing in its proximity.
Calculating the exposure dose that each feature receives and varying it accordingly to
compensate against the unavoidable excess of dose can correct both of these defects.
The proximity correction calculation can be performed by the software package
accompanying the lithography system. To do so, certain parameters enter the
calculation that depend on the substrate and resist material used. These parameters are
the range of forward scattering (o), the range of backward scattering () and the ratio
of the forward to backward scattered electrons (). These parameters can define the

dose as a function of position through the following relationship:

P = — -ize'hﬁlz 3 (3.3)
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To determine the proximity correction parameters, the doughnut method is used [9]. A
matrix of rings with varying inner diameter and dose, but constant outer diameter was
fabricated on PMMA on fused silica. The two variables are varied in an orthogonal
fashion: the dose varying across the y-axis, while the inner diameter across the x-axis.
By identifying the dose D at which each column receives the clearing dose, the
proximity correction factors (o, B and 1) can be identified by fitting against them and

D, using the following relationship [10]:

_ DQ'(I‘H]) 34
b expl—Rf/a2J+n'eXPl—Rf/sz oy

Figure 3.2.11 depicts the results of this study, where the aforementioned parameters
were measured to be oo = 0.4 nm, = 1.065 nm and n = 0.001. By employing these

values, the proximity correction can take place by modulating the dose accordingly.

16 T T T

Dose (pAs/cm?)

R, (um)

Figure 3.2.11: 'The variation of the clearing dose tor certain inner ring diameter.

An indicative structure is shown in figure 3.2.12. The structure is a linear grating with
of a period of 408 nm, including a line defect of 930 nm. Such a structure is extremely
prone to proximity effects, especially at the edges of the defect. The successful
application of the proximity correction allowed for the definition of a uniformly linear

defect, but also for a constant fill factor across the structure.
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Figure 3.2.12: A linear grating including a defect structure, proximity corrected.

3.3 Ellipsometry

3.3.1 Introduction

Ellipsometry is a contact-less and thus non-destructive tool for measuring the thickness
and the optical constants of thin films. There are no restrictions in the material
composition of the measured films and thus ellipsometry has been proven as a useful
tool with applications ranging from organic and polymer films to in-situ monitoring of
semiconductor growth. The experiments performed for this thesis were based on a

commercial apparatus purchased from J. A. Wollam Co., Inc (M-2000DI).

The sample is mounted on a translation stage and held there by vacuum. The
measurement involves the illumination of the sample at different angles with a linearly
polarised, broadband source. The polarised radiation has its two orthogonal electric
field components perpendicular and parallel to the plane of incidence with a phase
difference equal to zero. The reflection spectrum from the sample surface is detected
with a spectrometer and a rotating analyser determines its polarisation state. A generic

schematic of the apparatus is shown in figure 3.3.1.



thin
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PN ordinary

Linear polarisation Elliptical polarisation

Figure 3.3.1: A simplified schematic of the ellipsometry apparatus.

The experiment involves the measurement of the change of the polarisation state upon
reflection that depends on the optical constants and the thickness of the thin film. This
change is determined by the change in amplitude (V) of the s- and p-polarisation of the
reflected beam and the difference in their phase (A). They both depend on the Fresnel

reflection coefficients for s- and p-polarized light:

(3.5)

250+
200+
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Figure 3.3.2: The experimental ¥ and A values in red as measured for the different angles;
the regression results in red.

Having measured the ¥ and A at different illumination angles, a regression analysis is
carried out in which the dielectric function and the thickness of the film are the fitting
parameters.* The objective is to construct a material model that its calculated response

of ¥ and A will match the experimental values. Typical experimental and fitting results

" The regression follows the Levenberg-Marquart algorithm.
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are shown in figure 3.3.2 that corresponds to a thin film of the conjugated polymer
MEH-PPV on a spectrocil substrate. The first task is to determine the film thickness in
the transparent spectral region using a Cauchy model [11]. The Cauchy model can also
describe a uniaxial material system, accounting thus for the ordinary and extra-
ordinary indices of refraction corresponding to light polarised parallel and
perpendicular to the plane of the film. During this step, an initial estimation of the
optical constants is also obtained that is used in the subsequent step of the point by

point fit in the entire spectral region.

The final step involves the construction of a parameterized model and the fitting of this
model with the optical constants obtained from the point-by-point fit. The
parameterisation involves the inclusion of oscillators corresponding to the absorbing
region of the spectrum. In this way, the obtained optical constants are consistent with
the Kramers — Kronig relationship. It has been useful to ensure that the generated
absorption spectra match the experimental ones measured with an absorption
spectrometer [12]. A typical result of a measurement and regression is shown in figure

3.3.3 for a thin film of amorphous Si on SiO,.
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Figure 3.3.3: Typical results of the optical constants (both real and imaginary) of a thin film of
amorphous Si grown on SiO, (the sample was provided by E. Rafailov, University of Dundee).
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3.3.2 Ellipsometric investigations

Ellipsometry has proven an extremely useful tool in investigating the quality of several
processing steps during the grating fabrication. For example it was used to find that
during reactive ion etching the plasma is not uniform across the sample’s surface. This
is attributed to edge effects and its magnitude was characterised for Si etching on a
SOI sample (Si on insulator) using ellipsometry. The sample was etched to remove the
Si epilayer using SF¢ and CHF3 chemistry, under certain conditions of voltage and gas
pressure. The differential etch rate resulted in a substantial thickness variation of the
epilayer across the sample surface. The results are shown in figure 3.3.4 for the two
axes of the sample. The etch rate in the centre of the sample was lower than the edges

resulting in 85 % thickness difference.
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Figure 3.3.4: The Si epilayer thickness variation measured across the surface of the
sample. The remaining epilayer thickness variation is indicative of the differential
etch rate due to surface effects (the sample was provided by Steven Moore).

Ellipsometric measurements were also performed in order to identify the refractive
indices of the materials involved in the laser fabrication. Two prototypical-conjugated
polymers that were frequently used were measured: MEH-PPV (poly(2-methoxy-5-
(2’-ethyl-hexoly)-p-phenyl-enevinylene) and PFO (poly[9.9-dioctyfluorene]). The
measurements were performed for film thicknesses ~150 — 200nm and their dispersion
is shown in figure 3.3.5 in good agreement with the literature [13, 14]. The
measurements indicated the birefingent nature of conjugated films and the ordinary

index values were accurately determined at the wavelengths of the gain maximum that
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is of interest for lasing in a single transverse electric (TE) waveguide modes. In
addition, two possible solid matrices were investigated, namely polystyrene and
PMMA and their indices of refraction are plotted in figure 3.3.6 (left). This type of

materials has been used in the context of dye-doped gain media.
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Figure 3.3.5: The material dispersion curves for PFO (left) and MEH-PPV (right).
The ordinary and extra-ordinary curves are shown in red and blue respectively.
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Figure 3.3.6: Left: The dispersion relationship for PMMA (260 nm) and polystyrene
(800 nm). Right: The refractive index of the SU8 film following each fabrication step.

Another investigation involved the negative tone photoresist SUg [15]. In this
experiment, the optical constants of SU8 were measured in order to identify the
feasibility of volume hologram fabrication in SUS8 [16]. For this type of fabrication, a
thin SUS8 film (~ 450 nm) is exposed to the interference pattern of the 325 nm line of a
HeCd laser. Index changes can occur due to cross-linking during the post-exposure
bake in the illuminated areas, creating thus a periodic structure. To identify the

magnitude of the index modulation of this process, the refractive index of the polymer
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was measured using ellipsometry. Three samples were measured, following each of the
processing steps: the initial soft bake, immediately after UV exposure and after the
post-exposure bake (figure 3.3.6). To ensure a uniform exposure over a large area, the
films were flood exposed with a UV lamp. In figure 3.3.6, the respective results are
illustrated. It can be observed that the exposure and subsequent baking steps lead to a
reduction in refractive index across the spectral range. Overall, there is an index
change of -0.014, which is comparable to other polymeric materials used for bulk

holograms [17].

3.4 Optical design and characterisation

3.4.1 Design

The operation of microstructured polymer film lasers is based on the periodicity of the
refractive index, with the feedback condition defined by the relationship between the
wavelength of the laser beam and the optical period. Consequently, when the color of
the emission, but also the direction of the output beam need to be specified or tuned,
one must consider the period of the grating used and its relationship with the laser
emission wavelength. In polymer microstructured films, lasing occurs when the

following conditions are fulfilled [18]:

a. The wavelength of the emitted photons satisfies the Bragg condition [19].
b. The wavelength of the Bragg condition and the peak of the material gain coincide’.

c. The excitation density is adequate so that the gain exceeds the cavity losses.

" The gain peak of the polymer medium corresponds to the wavelength, where Amplified Spontaneous Emission (ASE) occurs.
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A simple way to determine the lasing wavelength in this type of structures is to neglect
the periodicity of the refractive index profile. This is a valid approximation, since the
width of the stop-bands in polymer microstructured films is in the order of a few nm,
thus resulting in a similar accuracy. Despite the plethora of tools to directly solve the
Maxwell’s equations for periodic systems, this assumption features a rapid method to

determine the lasing wavelength in a polymer diffractive laser.

The Bragg condition” is satisfied when the half vacuum wavelength is an integer
multiple of the optical period. The optical period in this case is the product of the

effective refractive index (nefr) of the relevant mode and the lattice constant:
m% “n A (3.6)

A graphical illustration of condition (a) and relationship 3.6 is shown in figure 3.4.1,
where the diffraction grating is a two-dimensional square lattice in this case and its
Fourier representation is shown in green [20]. The sphere represents the equifrequency
surface for a propagating mode within the waveguide (effective index nes) and thus
with a radius of r = ko nes. The Bragg condition is satisfied at the intersection points
between the lattice and the sphere. The position of the reciprocal lattice is not lying in
the plane denoted by k. and ky, but is elevated at a height k,, to account for the

effective refractive index.

Ak,

b kzo

ko Nfilm

Figure 3.4.1: A schematic illustrating the fulfilment of the
Bragg condition for a 2D square diffractive lattice.

" Or the Laue condition in the context of wavevectors.
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In this way, the identification of the lasing wavelength problem is reduced to
determining the effective refractive index by solving the wave equation for an
unperturbed* polymer waveguide. Having calculated the effective index of the
fundamental transverse electric mode for the polymer, the subsequent step in the
optical design of the polymer diffractive laser is relatively simple. For a given grating
period, one has to determine the appropriate thickness that will satisfy the Bragg
condition at the wavelength of the gain peak of the material. The frequencies of the
propagating modes of a polymer waveguide are described by the eigenvalues of the
wave equation corresponding to the respective boundary conditions. The solutions of
interest are the bound modes, confined by the potential described by the index
distribution. Other modes (leaky modes), will suffer from significantly decreased
confinement and hence gain. In figure 3.4.2, the notation for the electric and magnetic
fields of a slab polymer waveguide is illustrated. The wave equation can be solved by
applying continuity conditions for both the magnetic and electric field at the polymer-
substrate and polymer-air interface and solving numerically the following reduced

mode equation** [21, 22]:
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Figure 3.4.2: The cross — sectional view of a polymer waveguide, with the
notation for the TE modes and the ordinary and extraordinary refractive indices.

Due to the birefingent nature of conjugated polymers, TE modes experience higher

confinement factors for a certain polymer film thickness than the TM modes. From

" The ‘unperturbed waveguide’ denotes the absence of the refractive index modulation.
" This mode equation is valid for TE modes and the constants that enter the calculation are described in figure 3.4.2.
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equation 3.7, it can be observed that for certain waveguide, superstrate and substrate
indices, the effective refractive index of a waveguide mode will vary with the film
thickness. For a MEH-PPV film, at A, = 630 nm, the effective index dispersion of the
fundamental TE mode is shown in figure 3.4.3. The values were calculated by solving
equation 3.7. For comparison, the respective results from the CAMFR solver are also
plotted in complete agreement [23]. It is worth mentioning that the polymer film
thickness is a way to tune the laser emission by varying the film thickness and thus the

effective refractive index.
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Figure 3.4.3: The effective index for a TE, mode in a MEH-PPV film as a
function of the film thickness. The calculation was performed with two
methods: equation 3.7 and the Maxwell’s equation solver CAMFR.

For a more accurate analysis of the optical properties of polymer microstructures, one
must take into consideration the periodic nature of the refractive index. In the case of
an infinite structure, the function of the dielectric constant can be expanded into a
Fourier series of plane waves that satisfy the periodic boundary condition, which is in
essence the Laue condition. The expansion can be performed, either numerically or
analytically depending on the geometry of the index interface within the primitive cell
[24]. In addition, under the Bloch theorem, the electric and magnetic fields are periodic
functions and can be also expanded in the same basis of plane waves. The wave
equation in this case is a matrix eigenvalue problem and can be solved using numerical

techniques. This method is the Plane Wave Expansion method (PWEM) [25-27].
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For the purposes of this thesis, the PWEM was used in order to determine the
dispersion relationships of 1-D and 2-D periodic polymer systems. The method that
was followed is outlined in detail in reference [28]. The problems were reduced from
three to two dimensions by assuming the transverse dimension infinite under the
effective index approximation [29]. The number of plane waves was determined by
studying the convergence of the eigenvalues at the wavevectors corresponding at the
edges of the Brillouin zone. An indicative convergence calculation at the I' and K
points of the Brillouin zone of a square lattice is shown in figure 3.4.4. The calculation
was performed for a square lattice, with and index contrast of An = 0.2341,
corresponding to a 220 nm thick MEH-PPV film spun on a silica grating. The relevant
band-structure is plotted in chapter 4 (figure 4.3.2). The convergence is approximately
met for high enough number of plane waves (>2000). Higher accuracy can be achieved
for an increased number of plane waves. However higher accuracy demands increased
computation time as shown in figure 3.4.4 (right)*. Indicatively for a lattice constant of
268 nm by increasing the number of special frequencies from 2601 to 2809, the first
eigenvalues at the I' point differ in wavelength by AL =4 « 10” nm. To this end, 2809

plane waves were considered adequate for this particular problem.
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Figure 3.4.4: Left: The convergence plot for the different frequencies at the
K and T points of the Brillouin zone. Right: the time needed to calculate a
single eigenvalue as a function of the number of plane waves used.

* The measurements were based on a desktop computer.
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3.4.2 Optical characterisation

The laser characterisation of polymer microstructures involves their excitation with a
pulsed laser emitting at a wavelength that matches the absorption peak of the
conjugated polymer. The energy of the pump light is thus efficiently transferred to the
gain medium. The pump laser used throughout most of the thesis was a passively Q-
switched Nd: YVO, that produces pulses of ~ 1 nsec duration (ALPHALAS
PULSELAS-532-30-THG). Occasionally, a laser with longer pulse duration was used
(7.5 nsec), especially in the context of the fibre experiments (LASER2000,
LCSDTL374QT10). The emission of the polymer laser is coupled to a fibre and
directed to a CCD spectrometer (Bruker Chromex 500 IS/SM, ANDOR DV420-OE).
To avoid photoxidation, the polymer laser sample is held under vacuum at typically

10" mbar during operation.

The optical properties of diffractive nanostructures can be also characterised below
threshold, where the direction of the spontaneous emission can be modified due to the
resonant properties of the refractive index modulation. Experimentally this is achieved
by performing angle dependent photoluminescence measurements, which essentially
reveal information about the dispersion curve and scattering losses of a propagating
mode in the periodic structure [30, 31]. The apparatus for such an experiment is shown
in figure 3.4.5. The structure is illuminated by a CW laser beam and the spontaneous
emission spectra are collected at different angles 0 to the normal using a fibre coupled
CCD spectrometer. The symmetries of the Brillouin zone are determined via the
polarisation state of the scattered light by placing a thin Polaroid film is before the
collection optics. The polariser is rotated at different angles @ to select certain lattice

planes.
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Figure 3.4.5: Left: The angle dependent photoluminescence apparatus. Right: A
diagram illustrating the wavevectors involved in the phase matching condition.

In essence, the different wavelengths of the spontaneous emission couple to different
waveguide modes propagating in the polymer with wavevector Kpoge. The phase
matching condition in the plane of the film requires the conservation of momentum for
a certain diffraction order (m) between the waveguide modes, the in-plane component

of the radiation modes’ wavevector (K,ir) and the grating vector (G):

+m-G = 2—n-sin9=iz—n-neffim-2—n (3.8)
A A A

lair — 7 mode

Relationship 3.8 demonstrates how the angle of the scattered light can be linked to the
in-plane wavevector for the different wavelengths of the spontaneous emission. The
dispersion relationship above the light line can be mapped in this way by plotting the
pairs of A and 0.

A typical measurement for a 220 nm thick MEH-PPV film spun onto a square array
diffractive grating with a lattice constant of o = 268 nm is shown in figure 3.4.6. The
square lattice is characterised by two lattice plane symmetries, the I'M and the I'K that
are at an angle of ®=45° to each other . The collected spectra are plotted in 3.4.6 (left)
both for a microstructured film with the polariser parallel to the I'K at three diffraction
angles (0) and a planar film. The planar film exhibits a featureless spectrum, with a
Lambertian angular intensity distribution (not shown). The spontaneous emission of

the microstructured MEH-PPV film is different due to the wavelength dependence of

" More information about the resonant properties of square diffractive lattices is given in section 4.3.1.
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the phase matching condition. At each angle, waveguide modes of different
wavelength are coupled out of the polymer following the band-structure at this
particular wavevector window. Due to the difference in the lattice plane spacing at
each symmetry of the Brillouin zone, the measured dispersion was different at each

angle O (figure 3.4.6, right).
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Figure 3.4.6: Left: A comparison between the spontaneous emission of a planar
and a microstructured MEH-PPV film at different angles. Right: The dispersion
relationship above the light line, measured at the two symmetries of the Brillouin
zone of the square lattice.

Such measurements can reveal information about the propagation properties of the
Bloch modes of the waveguide and hence can be of interest in the context of polymer
lasers. In the previous example, the angle dependent photoluminescence measurement
indicated the presence of a stop-band at the M point of the Brillouin zone (figure 3.4.6,
right, blue). The stop-band manifested itself via the decrease of the rate of change of
the energy of the mode (A) with its wavevector (0), which is essentially the group
velocity of the propagating mode. The group velocity is constant at the I" point of the
Brillouin zone and hence no in-plane reflectivity is associated with this symmetry at
this wavelength range (figure 3.4.6, right, red). The lasing characterisation of this
microstructure confirmed the angle dependent photoluminescence characterisation,
since the laser beam was primarily coupled out from the edge of the film (0 = 90°) at ®

= 45° corresponding to the M point of the Brillouin zone.
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3.5 Summary

The theme of this chapter was the fabrication and characterisation methodology of
microstructured polymer lasers. The preparation method of these lasers involves the
spin coating of the polymer gain medium on top of a periodic silica substrate. In terms
of the substrate’s corrugation, the technique that was specifically developed for the
purposes of this thesis was based on the electron beam lithography. The detailed
process is outlined in section 3.2, along with the challenges that were met during its
development, namely the substrate’s insulating properties, the adhesion and the
proximity effects. These were addressed by employing a thin PEDOT and Au film as
charge dissipation layers, by controlling the PMMA resist layer thickness and by

performing proximity correction calculations respectively.

Over the past decades, ellipsometry has been developed as a non-invasive technique
for accurate measurements of optical constants and thicknesses of thin films. This
technique was proved useful in terms of studying different aspects of polymer lasers.
The refractive indices of the conjugated polymers MEH-PPV and PFO were measured
and their values were carefully incorporated into the design of polymer lasers. Several
fabrication procedures were also examined using ellipsometry. The differential etch
rates on a single sample due to ‘edge effects’ were determined. In addition, the
feasibility of the fabrication of volume holograms in SUg films using a single-step

exposure was also confirmed.

In section 3.4, the design rules for the operation of polymer lasers were outlined.
Initially, a rapid and simple method to identify the laser wavelength was described,
under the assumption that the periodicity of the refractive index does not perturb the
waveguiding properties of the thin polymer films. The Plane Wave Expansion method
is a more accurate technique for the aformentioned study and was also briefly
described, mainly focusing on the aspect of the eigenvalue convergence and the

required computational time. Finally, the characterisation techniques of polymer
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microstructured films were analysed, both in the context of laser and waveguide

dispersion characterisation.

These studies were critical in the context of optimising the operation characteristics of

organic semiconductor lasers. The electron beam lithography provided the freedom to

fabricate several types of feedback lattices for polymer lasers and mainly the 1% order

gratings and Distributed Bragg Reflector lasers that are discussed in chapter 4 and 5

respectively. In addition, the PWE method provided the necessary insight to the

radiation losses of gratings that are also outlined in chapter 4.
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CHAPTER 4:

Distributed Feedback polymer lasers and radiation losses

4.1 Introduction

Nano-structured polymer films have been widely studied as a simple and effective
method to realise DFB lasers. These laser structures show some of the lowest lasing
thresholds for polymers, and so are of interest in the continuing quest for electrically
pumped organic semiconductor lasers. In this chapter, the use of novel resonators
based on the conjugated polymer poly(2-methoxy-5-(2’-ethylhexyloxy)-1,4- phenylene
vinylene) (MEH-PPV) is presented that aim to optimise the laser performance by
further reducing their threshold.

In polymer DFB lasers, the periodic modulation of the refractive index within the
waveguide is responsible for the formation of a standing wave and thus feedback as
described in section 2.4.2. However, there can be additional diffractive processes
present that can add further functionalities to polymer DFB lasers, such as surface
emission. Any light path that is not part of the feedback loop contributes to the

radiation losses of the resonator, thus increasing the threshold.

The experimental evidence that the reduction of radiation losses greatly enhances the
performance of polymer DFB lasers is the core of this chapter. This objective was

primarily accomplished by directing the laser beam from the surface to the edge, by



employing 1* order diffractive feedback instead of the ‘traditional’ 2" order one. This
cancelled the radiation losses and as a result a substantial reduction of the threshold
was observed as summarized in figure 4.1.1 for a DFB laser based on the conjugated
polymer MEH-PPV. The exact details of these results will be outlined in the following

sections.

Initially, in section 4.2 the origin and the generation mechanism of diffractive losses
will be discussed using diffraction theory. Their effect on the operating characteristics
of polymer lasers will be outlined using the plane wave expansion method for periodic
photonic structures, allowing for a more pragmatic description of this type of losses.
The experimental attempts to reduce these radiation losses and reduce the threshold of
polymer lasers will cover the subsequent parts of this chapter. To this end, the initial
attempts involved the employment of an alternative mirror symmetry of a square
diffraction lattice. In section 4.3, this experiment is analysed starting with the analysis
of the symmetries of a square lattice. The optical characterisation of the polymer laser
will follow, where a reduction of the threshold by an order of magnitude was observed.
In addition, the observation of dual mode operation, the characterisation of the beam
divergence and the attempts to experimentally determine the Q-factor of the laser

mode will be discussed.

EMISSION2 4
2™ order grating }

EMISSION 1
Sio; 1* order grating

v
intensity (a.u.)

Figure 4.1.1: Left: A cross sectional view of a microstructured polymer laser. The two
possible emission directions are depicted. Right: the reduction in threshold associated with
the edge, or surface emission of 1% and 2" order diffraction gratings respectively.

The beam quality improvement will be addressed in section 4.4. Edge-emitting

polymer DFB lasers can suffer from a highly divergent output beam and thus the
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benefit of surface emission becomes clear. This experimental study focused on how to
re-direct the edge-emitted beam back to the surface by maintaining the low-threshold
operation. This was achieved by integrating a surface-emitting output coupler in the
proximity of an edge-emitting resonator. Different positions for the coupler were

studied to achieve the optimal combination.

4.2 Radiation losses

The radiation loss is a type of ‘light leakage’ in wavelength-scale nanostructures and
originates from the periodic nature of their dielectric constant. In polymer DFB
cavities and under certain circumstances the laser field within the waveguide can
couple to free space radiation due to the presence of the grating, limiting thus the net

gain and increasing the threshold.

4.2.1 Diffractive processes in periodic structures

Coherent scattering in different directions is a manifestation of the diffractive nature of
polymer nanostructured thin films. Each direction corresponds to a certain order of
diffraction and occurs at an angle determined by the momentum conservation in the
plane of the polymer film. Apart from the feedback, the other orders of diffraction
contribute to the losses of the resonator. A way to envisage this plurality of diffraction
orders within a single grating is the expansion of the dielectric constant into Fourier
series: each Fourier coefficient corresponds to a different diffraction order [1]. Apart
from its periodic nature, the relationship between the optical period* of the grating and
the wavelength of the light involved is also important. This is frequently described as

the grating order, which for a lattice constant oo and wavelength Ay, is defined as:

" Optical period: the product of the actual period with the refractive index.
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Figure 4.2.1: Diffraction from a grating embedded in a polymer waveguide

The grating order is correlated to the direction of the diffracted light. A simple method
to investigate this effect is within the particle picture of photons (figure 4.2.1). In
medium 1 (index n; and wavelength A;), the incident light is characterised by a
wavevector K; and respectively in medium 2 (ny, A,) the diffracted light by ki. By
applying the momentum conservation condition in the plane of the waveguide, one can
obtain the following relationship, where G is the grating vector and m is the diffraction

order:
k, - m-G=k, (4.2)
Assuming that the light is propagating in the polymer waveguide at the critical angle

and that the refractive index modulation is very weak (n; ~ ny), a relationship between

the diffraction angle, the order of diffraction m and the grating order p can be derived:

sin(9,)=1- 21 (4.3)

Relationship 4.3 addresses the functionality of nanostructured polymer films. If a 1%
order grating is employed (p = 1) then the 1* order diffraction process (m = 1) will

essentially reflect the incident light in the opposite direction, since 04 = -90°. This is
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the origin of the feedback loop in polymer DFB lasers. In the case of a second order
grating (p = 2), the same mechanism will be provided by a 2" order diffraction process
(m = 2), while the first order diffraction will be responsible for the surface coupling of

the light traveling in the polymer waveguide (64 = 0°).

4.2.2 Radiation losses and laser operation

The transition from first to second order gratings has two major consequences. The
first is the direction of emission, which for a 1* order grating can only be from the
edge. In the case of a 2" order grating, the laser emission can exit either from the edge,
or from the surface (figure 4.1.1). The cancellation of the coupling to radiative modes
in 1* order gratings also manifests itself in the operating characteristics. A 1% order
grating suffers from significantly lower losses and thus its threshold is reduced in

comparison to 2™ order gratings (figure 4.1.1).

The mechanism of coupling to free space radiation in polymer lasers can be also
visualized in a dispersion diagram of a periodic nanostructure. Such a diagram
provides a useful tool for rapid identification of whether a DFB laser -regardless of the
dimensionality of its periodicity- for a certain grating period and wavelength will be

surface emitting or not.

In figure 4.2.2, such a diagram is plotted for a thin MEH-PPV film (120 nm) spun on
top of a linear silica grating (60 nm deep), which was calculated using a plane wave
expansion method (PWEM) under the effective index approximation [2, 3]. In a defect
free structure and due to an increased photon density of states, stimulated emission can
primarily occur at the edges of the Brillouin zone (points A and B in figure 4.2.2). The

conditions for feedback are also naturally met at other points of the dispersion curve
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(formation of Floquet-Bloch modes), but the dispersion curve is not as flat indicating

that the coupling strength is not as high resulting in higher end losses [4]."
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Figure 4.2.2: Dispersion of the fundamental TE mode of a thin film
of MEH-PPV (120 nm) spun on a linear silica grating.

One of the differences between these points is their position with respect to the light
cone, which is depicted in blue for the air-line (o = k) and red for the substrate-line (®

= K'Nsilica)- In €ssence, the light cone consists of photonic states that extend infinitely in
the region outside the polymer waveguide. The modes with dispersion points above

these lines are radiative modes, while purely guided modes can only exist below them

[5].

The difference between radiative and non-radiative modes is illustrated in the
transverse electric field distributions in figure 4.2.3 (the calculation was performed
using CAMFR, section 3.4.1). For a laser operating at the A point of the dispersion
diagram within the light cone, there are two main features to be noted. The first is the
formation of a standing wave within the polymer waveguide and the second is the
formation of plane wave normal to its plane. Surface emission is not present for a laser

operating at the B point, where the Bloch mode is purely confined within the polymer.

* The end losses are losses in the plane of the waveguide due to reduced distributed reflection. Accordingly, the mode with higher
end losses propagates further within the structure before it is reflected back.
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In terms of performance, the laser operating at B is expected to have lower threshold

due to the increased confinement of the laser mode within the polymer gain medium.

Air

innpprrrnuuull (I ]

Silica

Figure 4.2.3: The transverse field distributions for points A
(left) and B (right) points of the dispersion. Red denotes the
positive values of the electric field, while blue the negative.

4.3 Low threshold edge emitting polymer DFB laser based on a square lattice

From the preceding analysis, it becomes obvious that an effective strategy to reduce
the threshold of polymer lasers is to minimise the radiation losses and optimise the
operating characteristics of polymer lasers. To this end, the selection of the correct
grating order becomes critical. In the following, the case study of a square lattice is
presented. This inherently comprises of two different grating orders and for a given
wavelength it can operate either as a surface or an edge emitting polymer laser.
Choosing the correct grating order resulted in a decrease of the threshold of

approximately an order of magnitude.

4.3.1 The resonant symmetries of a square lattice

A square lattice diffraction grating comprises of ‘atoms’ with a higher or lower
refractive index to the background arranged in a square formation. If the distance
between the scatterers is o, then the elementary {a,;, a,,} and reciprocal lattice

vectors {by, b/»} can be expressed as:
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Figure 4.3.1: The real space representation of a 2D square lattice (left) and
the respective Fourier space representation (right).

The real space representation and the first Brillouin zone of such a periodic structure is
shown in figure 4.3.1. In real space, one can observe that the square lattice is
comprised of two different mirror reflections under which the structure is invariant [6].
These symmetry directions are defined by the Miller indices (10) and (11) (figure
4.3.1) and are at an angle of 45°. Under the Bragg condition, each of these lines could
provide feedback, but at a different wavelength since their interplane spacing is

different, which for the aforementioned lattice constant are:

d

1o =0
V2 4.5)
d11 = B

In the corresponding Fourier space representation, the respective grating vectors are
denoted as G; and G; (figure 4.3.1) and point along the two edges of the Brillouin zone
I'X and I'M. The optical response of such a periodic structure can be studied using its

band diagram. Such a diagram is plotted in figure 4.3.2 for a thin MEH-PPV film (200

*
The two mirror symmetries are also characterized by rotational symmetry at 90°, 180° and 270°.
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nm), spun on a square silica grating, 60 nm deep with a hole radius of 0.3-a. In
comparison to figure 4.2.2, the increased number of dispersion lines is indicative of the

two dimensionality of the square lattice.
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Figure 4.3.2: Dispersion of the fundamental TE mode of a thin film of MEH-
PPV (220 nm) spun on a square lattice silica grating.

As already mentioned in section 4.2, the candidate modes for lasing are situated at the
edges of the Brillouin zone I', K and M. The current literature of polymer lasers
focuses mainly on the I' point, where feedback is provided by the G; grating vector
[7]. Resembling the fourfold rotational symmetry of the square lattice, there will be
four modes coupled through the lattice vector. In addition, the I' modes being inside
the light cone will couple to free space radiation through a first order diffraction

process, forming thus a vertical emitting polymer laser.

The following experiments were performed for a laser that operated at the M;
dispersion point, which is situated below both the silica and air lines. The coupling to
radiation modes is thus forbidden and the cavity losses are reduced significantly. The
fourfold rotational symmetry again manifests itself via the presence of four dispersion
points at this wavevector value, suggesting that four modes are coupled to form

feedback through the grating vector Go.

82



The mirror symmetry at these two laser operating points of the Brillouin zone will
manifest itself in the distribution of the electric field. These are plotted in figure 4.3.3
for the I'; and M, points using the PWEM. It is clear that the fields at the M; and T’
resemble the lattice vector direction and equivalently form 2-D standing waves with
the resonant axes at an angle of 45° degrees to each other [8]. In addition, the position
of the laser field antinodes with respect to the grating planes differs in each case
indicating that a different order of diffraction is involved in the Bloch mode formation,

as explained in more detail in section 2.4.2 (figure 2.4.4).

o

10

Figure 4.3.3: The electric field distributions of the lasing mode of the lower
band at the I'1 (left) and M, (right). The grey scale to the right corresponds
to the field values (white for positive and black for negative).

4.3.2 Low threshold operation

In the following experiment, the M, dispersion point was employed in order to reduce
the radiation losses [9]. First order diffraction provided the feedback at a wavelength
of 630 nm and the laser was configured as an edge-emitting one, resulting in a
significantly reduced threshold in comparison to surface emitting lasers based on the

same gain medium.

The substrate grating was a two-dimensional square lattice on SiO, and defined

holographically resulting in a sinusoidal profile of the modulated interface (figure
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4.3.4). It had a depth of approximately 60 nm and periodicity of a = 268 nm (figure
4.3.1). For such a structure the grating pitch is either 268 nm, or 189 nm (4.5) and thus
a laser can operate on the I'; and M, points of the dispersion diagram respectively. For
the latter and in the red part of the spectrum, the grating is first order and so will

provide feedback via fist order diffraction (64 = -90°).

0.5 Rl
25 oo 4w

Figure 4.3.4: An atomic force microscopy image of a
holographically defined square diffraction grating (image
provided by G.A. Turnbull).

pump laser

emission 0

........... SO,

Figure 4.3.5: A cross-sectional view of a 2-D DFB polymer
laser; the angles 0 (polar angle to the z-axis) and ® (azimuthal
angle in the x-y plane) correspond to the direction of emission.

The optical gain medium was a thin film (200 nm thick) of the conjugated polymer
MEH-PPV that was spin-coated on the grating. For this thickness, this asymmetric
waveguide supported only the fundamental transverse electric mode in the spectral
region of the polymer gain. Figure 4.3.5 shows a generic schematic of the device. The

refractive index modulation is two-dimensional and the emission direction is defined

by the polar angle to the z-axis (0) and the azimuthal angle to the x-y plane (®). The
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symmetries of the Brillouin zone are also defined by angle ®: the I'X at 0° and the T'M
at 45°.

The polymer laser was pumped optically using a frequency-doubled, passively Q-
Switched Nd: YVO4 microchip laser that produced 1 ns pulses at a wavelength of 532
nm, lying within the absorption peak of the MEH-PPV. The beam was focused to a
uniform spot of approximately 50 um diameter and the output of the polymer laser was
measured using a fiber-coupled CCD spectrometer. In figure 4.3.6, the output spectra
are shown for different pump intensities. These were measured parallel to I'M
symmetry direction (® = 45°), from the edge of the polymer film (6 = 90°). Two
modes reached threshold in this device, at 630.8 nm and at 632.1 nm. The threshold for
the longer wavelength mode was 0.66 nJ and for the shorter wavelength mode 1.2 nJ
(figure 4.3.7). In comparison to previous surface emitting lasers, the threshold of this
device was reduced: a value of 4 nJ was reported for a surface emitting polymer laser
based on the same gain medium, where a 65% deeper square lattice grating was used

with a period of 409 nm [7].

1 4nJ
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Figure 4.3.6: The edge emitted spectra for increasing excitation densities.
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Figure 4.3.7: The output spectra of the polymer laser above and below threshold.

The factor that led to the lower threshold operation of the current device is the
increased Q-factor of the resonant modes that is associated with the fulfilment of the
Bragg condition below the light line [10]. Employing first order diffractive feedback
and cancelling the emission normal to the surface reduced the radiation loss. The high
quality factor of the band-edge modes at the M; operating point has been also reported
by other groups and in the context of inorganic lasers, but this is the first report in

organic lasers [11].

4.3.3 Dual mode operation

In the low threshold edge-emitting polymer laser, dual wavelength operation was
observed. The two lasing modes were located at 630.8 nm and at 632.1 nm and their
input-output relationship is shown in figure 4.3.7. The thresholds of these two modes
were different, suggesting that there is a difference of amplification associated with

them.
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Previous reports on two wavelength operation of a square lattice polymer DFB laser,
attributed this effect to an induced mismatch in the periodicity between the horizontal
and vertical grating vectors [12]." However, the authors measured the thresholds of the
two modes to be the same. This is expected because in essence the two-dimensional
grating is comprised of two different resonators that suffer from the same losses and
experience similar amplification. In addition, the supported Bloch modes by each
grating will not be competing for gain being well spatially separated. The observation

of the same threshold is distinctly different from my measurements.

Another type of asymmetry in the grating structure that could lead to dual wavelength
operation would be an asymmetric unit cell. Such a laser has been previously
demonstrated, where the holes of the photonic crystal were elliptical and not circular
[13]. In this nanostructure, the fill factors are essentially different across the x and y
axes, inducing a band-splitting at the operating point of the dispersion curve and thus
the appearance of 1-D band-edge modes of a certain polarisation. This effect is also

not expected to induce two modes of different thresholds.

A further hypothesis is the non-uniform excitation density of the cavity. Such an
experiment has been previously performed, where an intentional defect in the pump
size resulted in dual mode operation [14]. The pump size defect used was relatively
large, covering ~15 % of the total contact area. In the edge-emitting polymer DFB
laser however, a uniform excitation spot was consistently employed and thus the

excitation asymmetry argument is not met as well.

The gain asymmetry manifesting itself via the different thresholds of the two modes
can be attributed to the simultaneous lasing of two different band-edge modes at the
M, operating point of the dispersion curve. Each mode can satisfy the Bragg condition
for the same lattice constant (A = 189 nm), but for different effective refractive indices

and thus different wavelengths:

The lattice in this case was not a square one, but an orthogonal one since o, #o.,.
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Si=n -A (4.6)

The difference in effective refractive indices can originate from the different
localisation of each mode with respect to the grating planes [15]. Consequently, the
formation of Bloch modes is permitted, but each mode samples a different region of
the nanostructure. This is illustrated in figure 4.3.8, where the electric field distribution
for the two Bloch modes is plotted using the plane wave expansion method.” The
prominent difference is the field distribution of the two modes. The high wavelength
mode (left) is localized more on the high index material (the holes in this case), while
the low wavelength mode is localized in the low index medium. This induces the

aforementioned difference in the effective refractive indices.

Figure 4.3.8: The electric field distribution for the two Bloch modes. The left one
corresponds to the long wavelength laser mode and the right to the short wavelength one.

In this way, the threshold difference can be attributed to the difference in amplification
that each mode experiences. The long wavelength mode will experience more gain
than the low wavelength mode, which agrees with the experimental observation of the
respective difference in their thresholds. The second interesting feature in figure 4.3.8
is that the two modes are spatially demultiplexed and thus they would not compete for

gain. This competition would manifest itself via the dominance of one mode.

" The calculation was performed for a square lattice comprised of holes; this index profile is different to the sinusoidal
experimental one but still useful in terms of visualising the effect, which is expected to be the same.
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The observation of two-wavelength operation is different from other two-dimensional,
vertical-emitting polymer DFB lasers. In such lasers, the two band-edge laser modes
are formed inside the light cone and thus both suffer from significant radiation losses.
However, each mode couples to free space with different coupling strength giving rise
to a strong discrimination between the two band-edge modes [4]. The observation of
two-mode oscillation shows that the mechanism of strong mode discrimination is not
present when operating below the light line, where the radiation losses are significantly

reduced.

4.3.4 Beam quality

The polymer film that covered the diffraction grating had a typical thickness of 200
nm. The vacuum wavelength of the light involved is approximately 3 times longer than
the film thickness. Hence, in an edge-emitting configuration the beam divergence is
expected to be quite high, an effect associated with a sub-wavelength aperture

emission.

To this end, the angular dependence of the I'M edge emitting polymer laser was
measured. The laser was pumped 1.5 times above threshold (pump energy ~ 1nJ) and
the monochromatic emission was measured using a fibre-coupled CCD spectrometer at
a distance of approximately 10 cm from the edge of the film. The experimental set-up
was configured to allow the angular resolution of the intensity of the laser emission.
The results are shown in figure 4.3.9 for a scanning direction parallel to the I'M

direction, essentially the resonator axis.
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Figure 4.3.9: Left: the experimental set-up for measuring the divergence of the laser emission.
Right: a contour plot showing the measurement of the emission spectra at different angles.

As expected, the laser emission was found to be most intense at an angle 6 = 90°.
However, two additional features can be also observed. The first one is the high
divergence of the laser emission, which at a distance of 10 cm suffers from an angular
dispersion of approximately A® = 40°. The second feature is the non-uniformity of the
angular emission variation. This is attributed to the poor quality edges of the polymer
laser that are not expected to be uniform for a spin-coated film. This non-uniformity is
also expected to result from the process of cleaving such a structure. Polymers are not
crystalline materials and thus cannot be cleaved. A result of such an attempt is shown
in figure 4.3.10: a thin polymer film was spun on a SOI (silicon on insulator) substrate.
Upon cleaving, the substrate forms very smooth interfaces, indicative of its
crystallinity. On the contrary, the polymer being soft-matter forms a rather rough

interface, mechanically deformed by the cleaving process.

SiO, (1 pm)

MEH-PPV

1RE

Figure 4.3.10: A SEM image of the edge of the structure shown to the left.
The top layer is a thin MEH-PPYV film that was spun on an SOI substrate.
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4.3.5 The Q-factor of the resonator

The Q-factor of a resonator denotes the rate at which the stored energy is dissipated. In
laser physics, this depends on the losses of the cavity and thus is highly correlated to

the laser threshold. In this context, it can be expressed as a function of the resonant

wavelength A, and the bandwidth of the resonant response AA [16]:

Q= o (4.6)

In the low threshold edge-emitting polymer laser, the measurement of the Q-factor
would be advantageous in terms of a more direct comparison of the cavity losses with
surface emitting lasers. Unfortunately, it was not possible to determine the Q-factor of
the cavity mode in this experiment. The methods that were followed will, however, be

discussed for sake of completeness.

Below threshold, the resonant mode cannot be seen in the spontaneous emission
spectrum due to the low signal to noise ratio. Consequently, an alternative
measurement in the time domain was attempted by measuring the decay time of the
spontaneous emission. In essence, such an experiment would allow the determination
of the Purcell factor, a direct measure of the modification of the spontaneous emission
rate due to its coupling to a resonant mode [17]. This effect can be very significant in
photonic crystal cavities [18-20]. For a mode of volume V, quality factor Q and

wavelength A, the Purcell factor is given by [17]:

3
£ = % 4.7)

Two polymer samples were used. One was spun on a planar and one on the
aforementioned corrugated fused silica substrate. By comparing the radiative lifetimes

of these two samples at a single wavelength, one could determine the Purcell factor f
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and indirectly the Q-factor of the resonant mode from equation 4.7. The samples were
excited by femtosecond pulses (200 fsec) at high repetition rate (80 MHz). The

emission was resolved by a streak camera and spectrometer simultaneously.

intensity (a.u.)

A = 630.75 nm i

-+ slab waveguide (reference)
- o~ photonic crystal cavity

0 100 200 300 400
time (ps)
Figure 4.3.11: The decay rate of the spontaneous emission

at a wavelength of 630 nm for the two samples. Dr. M.
Goossens contributed to these measurements.

The results are shown in figure 4.3.11. No substantial difference can be observed
between the two samples for multiple reasons [21]. First of all for a high enough
Purcell factor, the optical modes must be well confined within the cavity. This did not
occur in the photonic crystal structure due to the angular dependence of the reflectivity
of the photonic crystal, but also due to the broad emission spectrum of the conjugated
polymer. Secondly, an efficient energy transfer into the cavity modes must occur. To
this end, the dipoles must be oriented perpendicular to the cavity axis, which is not
perfectly met for spin coated polymer films. Thirdly, the measured value is the total
photoluminescence decay time, while the Purcell effect is expected to affect only the
radiative lifetime. Classically, the total decay rate is related to the quantum efficiency

of the emitter and radiative and non-radiative decay rates via the relationships:

T rad -1 —1 -1
b = 5T tot =T rad + T non-rad (48)
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Typically, for MEH-PPV ® = 20 %, t'lrad = 1.2 ns and T-lnon-rad = 450 ps [22].
Consequently, for a Purcell factor of 0.1 the photoluminescence decay time would
decrease by only 3 %, which would be within the experimental uncertainty. This is the
reason why the first experiments in this field were performed in cryogenic

temperatures where the non-radiative processes are reduced [23].

The aforementioned reasons prohibited an independent measurement of the Q-factor of
the I'M resonant symmetry in the time domain. However, the experimental
measurement of the threshold reduction is adequate evidence and can be securely

attributed to the effect of the increase of the Q-factor due to reduced radiation losses.

4.3.6 Summary

In summary, by employing a different symmetry of a square lattice the emission
normal to the plane of the surface was cancelled, resulting in significantly reduced
radiation losses. This in turn led to an optimised performance of polymer DFB lasers,
where the threshold was reduced in comparison to surface emitting counterparts by a
factor of 6. A weak output coupling of the laser field at 0 =35° was also observed. This
is due to the fulfillment of the phase matching condition for a mode propagating at @ =
45° being scattered by G; (figure 4.3.5). This condition is clearly depicted in the band
diagram of figure 4.3.2, where two longitudinal wavevectors correspond to the laser

operating eigenfrequency; the one at the M, point and the other in-between the I and

K points (circled in figure).

In addition, in contrast to previous reports two laser mode oscillation was observed.
This was attributed to the absence of the discrimination due to the radiation losses that
is the origin of single mode operation in surface-emitting polymer lasers. The edge-

emitted beam was found to be highly divergent, an effect associated with the
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subwavelength aperture emission from a thin polymer film. The experimental attempts

to determine the Q-factor were also outlined.

4.4 Low threshold surface emitting polymer DFB laser: integration

From the preceding analysis, it becomes obvious that the surface emission has a
negative effect on the laser operation by increasing its threshold. However, surface
emission can have a great advantage in terms of low divergence beams since the
emission aperture can be larger than the case of edge emitting polymer lasers. To this
end, surface emitting polymer lasers suffer neither from non-uniform emission
intensity variation, nor from high beam divergence. The beam quality has been found

to have a M? value of 2.1, indicative of its high quality [7]."

For comparison, the angular dependence of the intensity of a surface-emitting laser is
shown in figure 4.4.1. The laser was based on the blue emitting conjugated polymer
PFO that was spun on the same substrate as the red edge-emitting laser. For a
thickness of 250 nm, the laser operated at the I" point of the dispersion diagram, where
the feedback and output coupling is provided via second and first order diffraction
respectively. The reason for using the same grating, but operating at a different
wavelength, was to ensure that the grating quality is excluded from this comparative

study.

It can be observed that the emission is centered at 0° to the normal. In comparison to
the edge-emitting laser, the beam divergence at the same distance (z = 10 cm) is
significantly lower, approximately 10 times smaller than the edge-emitting laser. This

comparative study suggests that surface emission can act as a source of loss, but at the

« . 2. . -
At a distance z from the source, the M” is defined through the relationship: ,, _ @, 1+ (Mz A-2fn wﬁz)l
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same time it provides a useful means of out-coupling the laser radiation in a coherent

mannecr.

In this section, a study will be discussed where the polymer laser was configured as a
low threshold and surface emitting. This was performed in order to preserve the low
beam divergence and angular uniformity, but also the requirement of low pump
energies to reach threshold. Integrating an edge-emitting resonator with a surface

output coupler allowed such a task to be achieved [24, 25].

1.000

VLI surface emitting

wavelength (nm)

-4 -2 0 2 4
angle 0 (degrees)

Figure 4.4.1: A surface plot of the measurement of the emission spectra at different angles.

4.4.2 Integration of an output coupler: low threshold and surface emission

The integration was employed to provide the functionality of surface emission, but
also maintain the threshold at low levels. As already discussed, this is not possible in
second order (p = 2) polymer lasers because the laser field experiences amplification,
but extensive radiation losses simultaneously (figure 4.2.3/left). To this end, the
regions of population inversion and output coupling must be separated and thus
minimise the cavity losses. With this strategy, a low threshold, surface-emitting

polymer DFB laser was realised.
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Electron beam lithography allowed for such an experiment to be realised. With this
technique, it was possible to perform the afformentioned integration, a challenge that
cannot be met using more traditional lithographic techniques, such as optical
holography. The substrate used was a 25x25 mm” fused silica wafer. This allowed for
the definition of several structures on the same substrate, avoiding thus the non-
uniformities of the polymer film thickness associated with small surface area
substrates. In addition, several cavities of different parameters could be tested

simultaneously in this manner under the same experimental conditions.

The cavity resonator was a linear 1% order grating (p = 1). In this, the grating vector is
one-dimensional and consequently the laser field is also of the same dimensionality.
The period of the grating was 205 nm and its fill factor 25 %. Feedback is provided by
first order diffraction (04 = 90°) and no coherent radiation losses are expected to occur,
since the phase matching condition for 84 # 90° cannot be met. Their total size was

80x80 um?, forming thus a very compact resonator (figure 4.4.2).

At a distance of 20 um from the cavity, an output coupler was defined. This was a
linear 2™ order grating (p = 2) with a period of 410 nm and fill factor 21 %. This
diffractive nanostructure can scatter the incident light normal to the surface (64 = 0°)
providing the surface output coupling via 1* order diffraction. Additionally, second
order diffraction provides in plane scattering (64 = 90°). To avoid the back-reflections
into the cavity, the grating vector of the coupler was at an angle of 20° with respect to
the cavity vector. In this way, the laser light was scattered from the coupler by second
order diffraction escaping thus the system limiting the quantum efficiency (figure
4.4.2). The technique of an angled output coupler has been also employed in input-
output coupling experiments where the amplification properties of thin polymer films

have been measured [26].
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Figure 4.4.2: A top view of the integrated 1* order cavity with a 2" order
grating coupler. The SEM images of the respective gratings are also depicted.

The periods of the resonator and coupler gratings were matched, so that the laser light
scatters at normal incidence from the surface. This matching included a factor of the
integer 2 difference in their periods (Clcoupler = 410 nm and Olesonaor =205 nm
respectively) and the similarity in their fill factors. The latter is limited by the

resolution of the available electron beam lithography system.

pump

l R RBRERE R
o) - - -

cavity coupler

Figure 4.4.3: A cross sectional view of the integrated
nanostructure, where the light path is also depicted.

To form a laser, a thin MEH-PPV film was spun on the substrate. The polymer used in
this experiment is the same as in the experiments of the edge-emitting DFB laser to
allow for a direct comparison. To this end, the pump laser source was also the same.
The latter was focused to an excitation spot of 50 um diameter on to the cavity
resonator only. Thus, population inversion can only occur in this region. The generated
light from the area of the cavity propagates then along the polymer waveguide and
upon entering the coupler region, the distributed 1% order diffraction allows it to
coherently scatter from the surface (figure 4.4.3). In the following experiment, the

laser emission was collected from the surface.
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Upon increasing the excitation density, a narrow peak appears at a wavelength of
634.55 nm denoting the onset of lasing (figure 4.4.4). The threshold pulse energy was
low, at approximately 0.5 nJ. It was also found that lasing could be achieved when the
excitation was focused on the output coupler that acts as a second order DFB polymer
laser. The thresholds were significantly different due to the reduced radiation losses as

discussed in section 4.3.
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Figure 4.4.4: Left: the surface emitted spectra below and above threshold of the integrated
polymer cavity when exciting the 1% order grating. Right: The input-output relationship of the 1%
order laser. In comparison, the input-output curve of the 2™ order DFB resonator is plotted.

In comparison to the 2D edge-emitting polymer laser from the previous section, the
threshold of the 1% order linear DFB laser was further reduced. This reduction is
attributed to the complete cancellation of radiation losses and the improved quality of
the grating. Several laser devices were tested of slightly different fill factors, ranging
from 25 % to 35 % for the resonator (the fill factor of the coupler varied from 21 % to
25 % respectively). It was found that the effect of the fill factor is minimal in this case.
The operating characteristics of polymer DFB lasers were further improved by
integrating an output coupler within the proximity of the polymer resonator. Short and
long period nanostructures operated as 1* and 2" order gratings, allowing thus the low
loss operation of the cavity, but also the advantageous surface emission from the

structure.
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4.4.3 Alternative position of the coupler

In the previous experiment, the output coupler was spatially separated from the cavity
allowing thus the separation of the resonator with the source of radiation losses. An
alternative strategy was also followed, namely the attempt to incorporate the coupler
within the cavity [27]. To this end, the 1* order grating was divided into two sections
and in-between a 2™ order grating was defined to allow for output coupling (areas A

and B respectively in figure 4.4.5).

80 pm 80 pm

IIIIIIIIIII
4—» ——— - —— ——
A B

Figure 4.4.5: A cross sectional (left) and top view (right) of the hybrid,
dual period polymer resonator.

In essence, this resonator is a hybrid one comprising of two components that can
provide the functionality of feedback and surface emission separately. This structure
provides additionally the control of the radiation losses through the length of region B.
The excitation spot was focused across the whole structure, providing gain in both A
and B areas. The generated spontaneous emission experiences both amplification and
the distributed reflections of area A, building thus the laser field. Area B also scatters

out from the surface from the central region, forming a surface-emitting laser.

The structures were fabricated using electron beam lithography and an SEM image of
a typical structure is shown in figure 4.4.6. The size and period of each 1* order
grating is 80x80 pm” and a = 200 nm respectively, while these values for the 2" order
one are 7x80 um’ and o = 400 nm (4.4.6/right). In terms of the fill factor, this was
chosen to allow similar etching conditions for both components of the structure [28].
The etching depth of the exposed areas of the unit cell is dependent on its width and
similar widths result in similar etch depths. In this experiment, this occurred for the

optimal experimental fill factors of 40 % for the grating A and 22 % for grating B.
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Figure 4.4.6: An SEM image a respective dual period hybrid structure.

The conjugated polymer used for amplification in this experiment was again a thin
MEH-PPV film. In the optical characterisation, a circular excitation spot of 75 pum
radius was chosen to illuminate the hybrid structure. Upon increasing the excitation
density, two laser modes appear. A probable cause for this effect is the difference in
the resonant properties of the two components of the cavity. Such a potential

difference would lead to dual wavelength operation.

intensity (a.u.)
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Figure 4.4.7: The surface emitted spectra of the hybrid structure above threshold.

To identify the origin of the two modes, a surface scan measurement was performed.
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In the surface scan measurement, the sample is translated across the excitation spot,
the position and pulse energy of which are kept constant (figure 4.4.8). In this way,
each component of the cavity is excited above threshold and its resonant properties can

be identified in the far field through the surface coupled stimulated emission.

| CCD

Figure 4.4.8: The experimental configuration of the surface
scan measurements, including the translated sample, the
excitation spot and the surface response measurement.

In figure 4.4.9 (left), a typical surface scan measurement is shown. The graph is a
contour plot, displaying information about the spectral response for each position of
the excitation on the sample, but also the respective intensities. It can be observed that
two different modes reach threshold, at wavelengths of A; = 630 nm and A, = 640 nm.
The transition from the one to the other occurs at an x-axis value of 50 um. The
symmetry of the surface response resembles the structural symmetry of the hybrid
resonator. The selective excitation of the A and B components of the cavity results into
stimulated emission at the two different wavelengths A; and A, respectively. This
finding suggests that each grating operates as a separate cavity, hindering thus the
single frequency operation when the whole structure is illuminated. For comparison,
the same measurement was performed in the cavity outlined in section 4.4.4. The
excitation spot in this experiment was of 25 um radius. The surface response of the
resonator differed as well depending on whether the 1 (A) or the 2™ (B) order grating
was illuminated (figure 4.4.9/right). However, it is relatively simpler to achieve single

frequency operation in this structure by exciting the 1* order grating only.
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Figure 4.4.9: A surface scan plot of the surface emission of the hybrid dual-period polymer laser (left) and
of the integrated cavity and coupler structure of section 4.4.4 (right).

In the hybrid structure, the requirements of single mode operation and simple
alignment would both be met if the fill factors of the two gratings completely matched.
In this case, the reflectivity spectra of the 1** and 2™ order gratings would display the
center of the stop-band at the same wavelength, providing the same response. Such a
task would require however a high degree of fabrication accuracy and in addition the
differential etch rate would need to be considered. In addition, it would be more
demanding to obtain the same response function from gratings fabricated by solvent
assisted micro-molding, hindering thus this attractive option of mass production. On
the contrary, the integrated laser and coupler case can achieve both with a simpler
preparation and less demanding cavity design, offering thus a more attractive option

for a low-threshold, surface-emitting polymer laser.

4.5 Conclusions

The emission direction of a polymer nanostructured laser plays a significant role in its
performance. Edge-emitting polymer lasers can exhibit low thresholds, an essential
optimization towards electrical excitation. In this chapter, the effect of surface
emission was studied. It was confirmed that by ‘steering’ the output beam from the

surface to the edge, the threshold of polymer DFB lasers was significantly reduced.
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To achieve this ‘steering’, a novel symmetry of a square lattice was initially employed.
The grating in this case acted as a 1* order one and thus the laser field was confined
only in the polymer waveguide structure and did not couple to radiative modes. The
operation below the light line reduced the round trip losses of the photonic crystal
cavity, allowing a significant reduction in the threshold in comparison to previous
surface-emitting polymer lasers. In the square lattice laser, dual mode operation was
observed, the condition of which was the reduced radiation losses: in contrast to
surface emitting lasers, the loss discrimination between the two band-edge modes was
not present in this laser. The measurement of the angular variation of the edge emitted
output beam identified the considerable beam divergence associated with the edge-

emission of thin films.

To overcome the divergence of the output beam, surface coupling was revisited. It is
known that surface-emitting polymer DFB laser exhibit good beam quality and to this
end a low threshold surface-emitting laser was targeted. This was achieved by
integrating an edge-emitting resonator with an output coupler that scatters the laser
light from the surface. These two components were spatially separated and
consequently the amplification region did not suffer from radiation losses. The
threshold of this laser was further reduced in comparison to the square lattice edge-
emitting laser due to the complete cancellation of the radiation losses. An alternative
architecture to achieve both surface emission and low threshold was also studied,
where the output coupler was defined in the centre of the edge-emitting resonator. It
was found that the lithography resolution in such a nanostructure becomes very critical
in terms of single frequency operation. Dual mode operation was observed as each area
of the hybrid nanostructure lased independently. Surface scan measurements were
performed to confirm the different resonant properties of the coupler and the cavity.
These revealed that the integration of the output coupler in the proximity of the cavity

is advantageous in terms of single mode operation.
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CHAPTER 5:

Distributed Bragg Reflector polymer lasers and

applications

5.1 Introduction

Organic semiconductor lasers based on Distributed Bragg Reflector resonators (DBR)
were some of the initial resonators to be investigated during the early attempts to
demonstrate and optimise laser action from organic solid state media [1, 2]. As
discussed in chapter 2, in these lasers the organic amplifier is placed between two
reflective mirrors that provide a wavelength dependent reflectivity and can thus be

utilised in the context of laser mode selection and single mode operation.

DBR lasers exhibit certain structural and more importantly operational similarities to
the well-documented and extensively characterised microcavity polymer lasers [3-6];
however, the operation principle of microcavities is significantly simpler. To this end,
I fabricated and characterised a polymer microcavity laser and its operation will be
discussed first in section 5.2. The fabrication, characterisation and detailed analysis of
polymer DBR lasers will follow in section 5.3 and the differences between DBR lasers
and microcavities will be discussed to illustrate the advantages of the former. A
comparative analysis with surface-emitting DFB lasers will be also discussed in the

same section, outlining both the experiments and the effects observed.

In section 5.4, a major result of my thesis is described, namely the demonstration of
diode pumped polymer lasers. This experiment lead to a new operational regime of

solid-state polymer lasers, where the traditional excitation source — the frequency



doubled microchip laser — is replaced with the more compact and thus more practical
inorganic GaN semiconductor diode laser. The demonstration of a silicon based
polymer laser is outlined in section 5.5. This type of device was based on a novel DBR
resonator design on a silicon-on-insulator chip. It combines the well-established silicon
processing and the solution processing of organic semiconductors and could provide
an alternative route to cost-effective silicon based optical interconnects. The
performance of silicon based lasers was analysed under optical excitation conditions
and compared to the all silica DBR polymer lasers. G. Tsiminis and J.-C. Ribierre

contributed to the diode experiments and S. Moore to the silicon based polymer lasers.

5.2 Microcavity lasers

The microcavity laser consists of a thin polymer film placed between two highly
reflective mirrors. The mirrors were purchased from a commercial source” and
consisted of a multilayer coating on fused silica cylindrical substrates. They were
designed to exhibit high reflectivity in the wavelength region of 615 nm - 640 nm
(figure 5.2.1, left) that matches the gain spectrum of MEH-PPV.
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Figure 5.2.1: Left: The transmission spectrum of a single mirror. Right: A
general schematic illustrating the structure of a microcavity polymer laser.

" LaserOptik, A050519.
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The microcavity structure is shown in figure 5.2.1 (right). The polymer was spin
coated from a 5.85 mg/ml chlorobenzene solution on both mirrors at a spin-speed of
1200 rpm, giving a thickness of approximately 120 nm. The cavity was made by
manually pressing the two polymer films together in nitrogen atmosphere at 60°C.
During this process, care was taken in order not to slide the two surfaces with respect
to each other, which could induce a thickness variation across the polymer film [5, 6].
In order to optically excite the microcavity polymer lasers, the 532 nm line from the
microchip laser was focused to a spot of 200 um in diameter, while spontaneous
emission measurements were performed using a continuous wave laser at the same
wavelength. For both cases, the excitation and detection configuration was the same

and shown in figure 5.2.1.
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Figure 5.2.2: The spontaneous emission spectrum when the microcavity is
pumped with a CW source.

The spontaneous emission spectrum from the polymer microcavity is shown in figure
5.2.2. Two longitudinal modes appear at wavelengths of 624.4 and 645.8 nm, with a
mode spacing of approximately 26 nm. The reason for the dual mode operation lies in
the cavity length, which is long enough for the resonant condition to be satisfied at the
two wavelengths. From the mode spacing, the effective cavity optical length can be
deduced and found to be approximately 7 um. This value corresponds to sum of the
optical thickness of the polymer film and the penetration depth at each mirror. The Q-
factors of the short and long wavelength mode were measured to be 1562 and 1612

respectively. This difference is small and can be explained by the slightly higher
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reabsorption losses at the shorter wavelength, or a small change in the transmission

losses.

The angular dispersion of the resonant modes was measured by collecting the
spontaneous emission spectra at different angles with respect to the normal to the film
plane. The measurements are shown in the contour plot of figure 5.2.3, where it can be
observed that the wavelength of the resonant modes remains constant in the range of
+4°, indicating that the resonant condition is not angle dependent close to normal
incidence. Such an effect is expected because the reflectivity spectrum of the mirrors

does not vary significantly with the angle of incidence in this angular range.
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Figure 5.2.3: The angle-dependent photoluminescence measurement
for the polymer microcavity, pumped with the CW source.
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Figure 5.2.4: Left: The emission spectra for different excitation densities, below and
above threshold. Right: The input-output relationship for the polymer microcavity
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When the polymer microcavity is excited with the pulsed microchip laser, the emitted
spectra resemble the ones obtained with the CW source. Above a certain excitation
density, the resonant mode at 624.4 nm increases faster in intensity in comparison to
the longer wavelength mode that remains ‘pinned’ at the same intensity value (figure
5.2.4, left). This sharp increase in the emitted intensity is clear evidence of the onset of
lasing from the polymer microcavity (figure 5.2.4, right). The origin of the selectivity
between the two wavelength modes above threshold is attributed to the lower gain of

the conjugated polymer at the wavelength of the second resonant mode.

In terms of its operating characteristics, the polymer microcavity laser exhibits a
higher threshold energy in comparison to microstructured thin films (see for example
chapter 4, or reference [7], where the excitation conditions were the same with this
experiment). The origin of the poorer performance is the relatively short length of the
cavity, limited by the thickness of the polymer film. Consequently in order for the gain
to exceed the losses, higher singlet exciton densities are required for lasing threshold.
To overcome this, thicker polymer films should be employed, but longer cavity lengths
are expected to decrease the spectral purity of the emitted beam. In the context of
fabrication, microcavity resonators exhibit additional drawbacks, mainly due to the
relatively long preparation method, the high cost of the mirrors and the incompatibility

with cost-effective fabrication techniques such as soft lithography.

5.3 Microstructured DBR polymer lasers

5.3.1 Introduction

As for the case of photonic crystal polymer lasers, in DBR lasers the feedback arises
from diffraction from a microstructured fused silica substrate. The substrate comprises

two components: the two Bragg mirrors and a planar area in-between them, onto
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which a 120 nm thick MEH-PPV film is deposited”. The planar middle area will be
refered to as defect, since it is the component that breaks the translational symmetry of
the microstructure. In figure 5.3.1 a general schematic of such a structure is shown: the
planar polymer film in the defect area acts as an amplifier and the adjacent gratings
form the resonator. The optical excitation is centered in the planar polymer film and
the emission forms a standing wave field in the polymer guide due to the reflection

from the Bragg mirrors.

excitation light reflector

emission l emission
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Polymer
(120nm)
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Figure 5.3.1: Left: A cross-sectional schematic of a polymer DBR
laser. Right: An SEM image of the fused silica oscillator.
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Figure 5.3.2: An SEM image of a proximity corrected DBR
structure (left) and a similar of an exposed structure, where
proximity correction was not implemented.

The fused silica resonator was defined using electron beam lithography. For these
structures it was found the implementation of the proximity correction was relatively
critical as described in chapter 3. In figure 5.3.2, SEM images of two DBR silica
resonators are shown: the left one is proximity corrected, while for the right one the

correction was not implemented. In the absence of correction, the width of the grating

" The spin coating conditions were the same as in section 5.2.
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lines in the mirrors varies significantly in the proximity of the defect area. This occurs

due to the difference of the exposure dose between the mirror and the defect regions.

For these experiments, the mirrors were designed as second order linear gratings with
lattice constant o = 408 nm and fill factor 31 %. With such gratings, the laser field
localises in the defect area and is both reflected in the plane of the guide and scattered
from the surface, through second and first order diffraction respectively. In this way, a
compact and surface-emitting polymer laser is formed. In figure 5.3.3, SEM images of
the Bragg mirror at high magnification (left) and a detail of the edge of the mirror and
the defect area are shown (right). The area between the gratings is etched to a depth of
approximately 100 nm, allowing the formation of a channel waveguide for lateral

confinement.

408 nm
i 2

280 nm
e

Figure 5.3.3: SEM image of the linear second order grating that
acts as the Bragg mirror (left) and a detailed image taken at the
edge of the a mirror and the defect area (right).

5.3.2 Characterisation below threshold

In order to investigate the spectral properties of polymer DBR lasers, the
microstructures were first optically excited below threshold. For this investigation, a
defect size of 50 um was initially chosen, while the dimensions of the mirrors were
40x100 pm®. Both the mirrors and the defect area were illuminated and the

spontaneous emission was collected in a direction normal to the plane of the polymer
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film with a fibre-coupled CCD spectrometer. The measurements are depicted in figure

5.3.4.
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Figure 5.3.4: The spontaneous emission from a 50 um long defect
cavity at normal incidence (blue) and at 1 and 2 degrees from the
normal (red and green respectively).

At normal incidence, six distinct resonant modes are detected from the surface,
periodically spaced at approximately AA = 1.2 nm. These modes are the cavity’s defect
modes, at frequencies within the stop-band of the Bragg mirrors. As in the microcavity
case, these modes are evanescent in the adjacent mirrors, but spaced more closely due
to the longer cavity length, which is not limited by the film thickness. The angle-
dependent photoluminescence measurements are shown in figure 5.3.4. At small
angles away from the normal, the resonant modes do not show an angular dispersion,
in agreement with those of the microcavity (figure 5.2.3). On the other hand, there are
two additional peaks, whose resonant wavelength changes with the scattering angle.
These modes can be identified as surface-coupled Bloch modes of light emitted within
the Bragg mirrors (section 3.4.2). The peak wavelength, full width at half maximum

and the Q-factors of the resonant defect modes are shown in the following table:

mode wavelength (nm) F.W.H.M. (hm) Q-factor
1 629.12 0.27495 2288.12
2 630.32 0.34213 1842.34
3 631.63 0.39196 1611.46
4 632.99 0.52406 1207.86
5 634.33 0.52298 1212.92
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One of the distinct differences of the polymer microcavity with the DBR is that the
quality factors of the resonant modes decreases with wavelength. On the contrary, in
the microcavity case the Q-factor slightly increased with wavelength. The origin of
this is attributed to the different out-of-plane radiation losses that each DBR defect
modes experiences. This effect is not present in the microcavity, where the reflectivity

in due to purely in plane Bragg scattering.
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Figure 5.3.5: TMM calculations corresponding to the reflectivity of
a single Bragg mirror (o =408 nm, f.f.: 31 %, left) and to the
transmission of the 50 pm defect cavity within the stop-band (right).

To further investigate this, Transfer Matrix Method calculations (TMM) [8] were
performed for the DBR. The results are shown in figure 5.3.5 for the reflectivity of the
single mirror (left) and the transmission of the composite system including the 50 pum
defect (right). The defect modes manifest themselves with the high transmission
resonances at wavelengths within the high reflectivity bands of the Bragg gratings. It
was found that the Q-factor does not vary significantly with wavelength because the
TMM calculations are purely one-dimensional and the out-of-plane radiation losses are

not considered.

The effect of the diffractive losses has been investigated in the context of circular DFB
lasers using coupled-wave mode theory [9]. In this work, the gain curve was calculated
for both positive and negative detuning from the Bragg condition for an ideal square
pulse shape index modulation. It was found that the modal gain is lower for shorter
than longer wavelengths within the stop-band. Such calculation suggests that the losses

are lower for longer wavelengths, in contrast to what I experimentally observed. A
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possible reason for this discrepancy is that the experimental refractive index
modulation is not uniformly square as in the aforementioned reference. The polymer
film distribution is expected to be non-uniform within a unit cell with a non-flat top
surface and this may reverse the radiation losses variation across the stop-band of the
Bragg mirrors. An exact calculation would require prior knowledge of the polymer

film distribution within the grating.

It was also observed that the number of defect modes depends on the length of the
defect. This was experimentally investigated by performing the same spectroscopic
studies for two additional cavities of 20 um and 30 um defect sizes. The spontaneous
emission spectra are shown in figure 5.3.6. For the 20 um defect, two resonant modes
are present, while an additional mode is observed for the 30 um case. This is
anticipated since the resonance condition for the longitudinal modes is dependent on

the length of the cavity, as in the microcavity case.

30 pm

intensity (a.u.)

20 pm

600 610 620 630 640 650 660
wavelength (nm)

Figure 5.3.6: The surface-emitted spontaneous emission spectra
for defect sizes of 20 and 30 pum.

The Q-factor of the defect modes was found also to be dependent on the defect size. In
figure 5.3.7, the Q values for the two shortest wavelength resonant modes are plotted
as a function of the physical mirror separation. This dependence was measured to be
linear, with a slope approximately 3 % higher for the shorter wavelength mode. The
linear dependence is also expected, since longer cavity lengths allow longer photon

lifetimes [10]. In addition, this linearity suggests that the mirror losses are the same
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irrespective of the defect size, confirming the similar mirror quality and the

reproducible fabrication.
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Figure 5.3.7: The variation of the Q-factor of the resonant defect
modes as a function of the physical mirror separation.

5.3.3 Characterisation above threshold

The spectra below and above threshold (left) and input-output relationship (right) are
shown in figure 5.3.8 for a defect size of 30 um. Below threshold, the intensity of all
the defect modes increases linearly with the pump energy. For excitation pulse
energies above 2.4 nJ, the intensity of the shortest wavelength defect mode increases at
a higher rate and, as observed in the microcavity, the others remain ‘pinned’ at the
same intensity level. This behaviour is a clear indication of the laser being pumped
above threshold; at higher excitation energies the emission spectrum becomes
dominated by the intensity of a single defect mode. The threshold of the polymer DBR
resonators is significantly lower than the microcavity lasers and this is attributed to the
increased cavity length and consequently to the increased amplification experienced in

a single round-trip.
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Figure 5.3.8: Left: the spectra below (green) and above (blue and
red) threshold. Right: the input output relationship for the DBR

laser is a log-log scale.

The laser operation of DBR lasers for defect sizes of 20, 30, 50 and 90 pm is
illustrated in figure 5.3.9. All devices displayed single mode operation, which always
takes place at the shortest wavelength defect mode. This behaviour was observed for
excitation energies up to 30 nJ, above which significant levels of photo-oxidation
resulted in a permanent damage of the conjugated polymer films. The origin of the
single mode laser operation is attributed to the different scattering losses that each

defect mode experiences, as identified by the wavelength variation of the Q-factor in

the previous section.
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Figure 5.3.9: The spectra above threshold for different defect sizes,
at excitation densities corresponding to 1.25x above threshold.

117




In order to further investigate the performance of the DBR lasers, the threshold
variation as a function of the defect size was measured. The different DBR resonators
studied were on a single wafer, thus maintaining similar testing conditions for different
structures. The excitation area had a radius of 40 um for the DFB case (no defect),
while for the DBRs it inevitably varied within 25 % due to the different positions of
the resonators on the sample with respect to the focusing length’. In figure 5.3.10, the
lasing threshold variation for the different defect sizes are shown. The principal feature
to note on this graph is that the threshold of all DBR polymer lasers is lower than the
threshold of the DFB case, where the size of the defect is zero. The higher threshold
for the DFB (zero defect size), in comparison to the DBR suggests that the cavity
losses are lower in the presence of the defect. This is attributed to the main structural
difference between the two resonators, namely the separation of the regions of
population inversion and the refractive index modulation. As discussed in chapter 4,
second order gratings induce extensive radiation losses, which increase the threshold
of the DFB lasers. In the case of the DBRs however, this type of losses is expected to

be lower since the coupling to free space takes place in an area smaller than the total

cavity length.
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Figure 5.3.10: The lasing threshold energy variation for the different defect sizes.

An additional consequence of the mirror separation is the planarisation of the top

surface of the amplifier. When a polymer film is spun on top of a corrugated substrate,

" At the time of the thesis more detailed experiments on the DBRs were not possible due to equipment issues in regards to the
microchip laser.
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the corrugation is transferred to the top-surface of the polymer film. The associated
non-uniformity can lead to extensive incoherent scattering losses. The top surface
roughness was identified by Atomic Force Microscopy (AFM) and shown in figure
5.3.11 (left) for a measurement taken for a MEH-PPV coated DBR and in a region
sampling both the grating and the defect. In contrast to the grating areas, the top-

surface of the polymer in the defect region is planar.

A third factor which is also expected to contribute to the threshold decrease is the
increased chromophore density in the amplifying region of the DBRs. In these
structures, the refractive index modulation is absent in the amplifier area and its
volume is solely comprised of excited chromophores that give gain. On the contrary, in
the DFB case the chromophore density is limited by the fill factor of the grating and
consequently the energy transfer from the pump source to the gain medium is not

expected to be as efficient (figure 5.3.11, right).

Chromophore density < 100 %
—

Chromophore density = 100 %

Figure 5.3.11: Left: AFM images taken from a polymer film on top
of a DBR, sampling both the grating and defect areas. Right: A
schematic illustrating the chromophore density differences between
the DBR and the DFB.

5.4 Diode pumped polymer lasers

5.4.1 Introduction

The excitation scheme of polymer lasers involves a pulsed laser and as mentioned in

the introduction, one of the current objectives in the field of solid-state polymer lasers
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is the decrease of the size and the complexity of the pump source. To this end, GaN
diode lasers are a promising candidate, since their violet emission lies within the
absorption spectrum of most organic materials. Their direct electrical excitation and
the absence of frequency up-conversion optical components also allow the realization

of compact resonators.

The significant challenge in demonstrating direct diode-pumped organic lasers is the
low output powers from GaN laser diodes, which places strong demand on achieving
low thresholds by using optimised resonators and gain media. To this end, several
groups have recently attempted this, mainly focusing on polyfluorene derivatives as
gain media and distributed feedback resonators [11, 12]. Within this thesis, diode
pumped organic lasers were demonstrated based on the surface emitting DBR

resonators and the poly(paraphenylene-vinylene) derivative MEH-PPV [13].

5.4.2 Gain medium

The pump source used was a GaN diode laser emitting at a wavelength of 409 nm. At
this wavelength, the absorption of the MEH-PPV is low (figure 5.4.1, left) and to
overcome this, a strategy of light harvesting with a second chromophore was explored.
This involved non-radiative energy transfer by blending the MEH-PPV in an
appropriate host [14, 15]. The dye Coumarin 102 (Lambda Physik) was employed,
which fluoresces at the absorption maximum of the MEH-PPV and also exhibits a
strong absorption band at the GaN laser emission wavelength. The diode laser light
harvesting was optimised in this way and an increase of the absorption coefficient by a
factor of 3 at the wavelength of interest was achieved with this method (figure 5.4.1,

left) [13].

The energy transfer process was investigated in the context of both the
photoluminescence quantum yield (PLQY) and the threshold of the Amplified

Spontaneous Emission (ASE) [13]. The ASE experiments were performed by exciting
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the films with the 407 nm emission from an OPO (Continuum Panther EX) focused to
a stripe with dimensions 170 um by 3.8 mm and the results are plotted in figure 5.4.1
(right). In terms of incident pump energies a clear threshold minimum occurs at the
concentration of 50:50 wt. %. When correcting for the amount of light absorbed in
each blend, the ASE thresholds become comparable indicating the successful light
harvesting of the blend, while maintaining the amplifying properties of the conjugated
polymer. At high concentrations (>50 % per weight), the ASE threshold increases and
a possible explanation for this effect is the increased scattering losses due to the
formation of aggregates, or a phase separation between the dye molecules and the
polymer. In the following experiments the optimal blending concentration of 50:50 wt.

% was used.
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Figure 5.4.1: Left: The absorption spectra of the MEH-PPV neat film and its blends with Coumarin 102 at
concentrations of 33 and 50 wt. %.; the green arrow denotes the emission wavelength of the GaN diode laser. Right: the
variation of the ASE threshold as a function of the dye-polymer weight ratio, both for the incident energy (blue) and the
absorbed energy (red). Inset: the molecular structures of MEH-PPV (red) and Coumarin 102 (blue). The ASE and
absorption experiments were performed with G. Tsiminis and J.-C. Ribbiere.

5.4.3 Lasing studies

The diode laser used for lasing studies was a pulsed GaN purchased from Jobin Yvon
Horiba. The maximum pulse energy and the pulse duration were 0.67 nJ and 1 nsec
respectively, while the variable repetition was set at 10 kHz for these experiments. The
output from the diode laser was astigmatic and highly divergent and was focused using
a spherical lens to an elliptical spot on the surface of the polymer laser with a diameter

along the major and minor axis of 76 um and 66 um respectively. In the optical
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experiments care was taken so that the major axis of the excitation area was parallel to
the resonant axis of the cavity and that the polarisation of the pump light was parallel
to the grating grooves. The configuration of the polymer DBR resonators was as

described in section 5.2.1.

In figure 5.4.2 (a) typical emission spectra below and above threshold are shown for a
mirror separation of 20 um. Below threshold, the spontaneous emission couples to four
distinct optical modes at 624 nm, 625.7 nm, 628.2 nm and 630.4 nm. As discussed in
section 5.3, the modes at the shortest and longest wavelength correspond to the Bragg
scattered modes that originate from the periodic nature of the gratings. Their presence
is enhanced by the optical excitation of the grating mirrors since the excitation spot is
larger than the mirror separation. The intermediate modes at wavelengths 625.7 nm
and 628.2 nm are the resonant modes of the DBR cavity. These modes appear within

the stop-band and are excited only when the pump light is centered between the Bragg
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Figure 5.4.2: (a): The emission spectra above (0.67 nJ) and below threshold
(0.27 nJ). (b): The input-output relationship for the laser peak at 625.6 nm
(blue) and the spontaneous emission at 632.1 nm (red). The lines are a guide
to the eye. (C): The normalized emission spectra for different excitation
densities. The normalization level was chosen at the wavelength of 632.1 nm.

Above an excitation energy of 0.42 nJ, a change in the emitted light is observed. This
can be seen in figure 5.4.2 (b). There is an increase in growth of the DBR mode at
625.6 nm and a flattening of the spontaneous emission at 632.1 nm. The faster growth
of one of the modes and the pinning of the others is an indication of lasing, as

described in section 5.3. This behaviour can also be seen in figure 5.4.2 (c), where the
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emission spectra are normalized at the wavelength of 632.1 nm. Below threshold, the
spectra evolve linearly with the pump intensity and hence completely overlap when
normalized. Above threshold, the laser peak increases faster than the background
indicating the non-linearity associated with stimulated emission. The same behaviour

was observed for 30 and 50 pm cavity lengths.

The state of polarisation of the pump light was found to be of critical importance at
these low excitation energies. This is illustrated in figure 5.4.3, which shows the
evolution of the emission spectra with the excitation density for the two different
polarisation states of the pump light. When the polarisation is perpendicular to the
grating grooves, the spectra evolution denotes the absence of lasing (left), in contrast

to the same experiment when the polarisation is parallel to the grating grooves (right).
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Figure 5.4.3: The evolution of the emission spectra from a 20 um defect polymer
DBR laser pumped with the GaN diode laser of different polarisations. The
polarisation state is perpendicular (left) and parallel (right) to the grating grooves.

The origin of this observation is based on the selective excitation of the conjugated
polymer segments depending on the polarisation state of the pump light. Under the
dipole approximation, the excited polymer chains emit in a direction perpendicular to
the chain axis. Assuming that most of the chains lie in the plane of the film, then for a
polarisation state of the pump light perpendicular to the grating grooves, the organic
chromophores emit at an angle of 90° to the resonator axis. For the parallel polarisation

state, only the segments of the polymer chain perpendicular to the cavity axis are
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excited. Consequently, the spontaneous emission couples more effectively to the

cavity modes, since it is emitted in the same direction as the resonator axis.

Due to the limited output power from the GaN diode, the polymer DBR laser exceeded
threshold by only 50 %. It is intriguing that at the time of the thesis, other researchers
have not succeeded in demonstrating a diode pumped solid-state laser far above
threshold, despite the employment of significantly optimised material combinations
[11, 12]. In my experiments, commercially sourced materials were used and this

achievement is attributed to the optimisation achieved with the DBR resonators.

5.4.4 Summary

In conclusion, a solid-state polymer laser pumped with an inorganic diode laser was
discussed in this sub-section of the DBR polymer lasers chapter. The DBR resonator
acted as a low threshold, surface-emitting laser and its optimised performance allowed
this demonstration. A blend based on the dye Coumarin 102 and the conjugated
polymer MEH-PPV was used to allow the efficient energy transfer from the GaN laser
to the conjugated polymer. The importance of the state of the polarisation of low
power pump sources was analysed, in the context of the selective excitation of the
polymer chains that have a higher probability of coupling to the cavity modes and thus

achieving lower oscillation thresholds.

The demonstration of diode-pumped polymer lasers is of significant importance in the
field of solid-state polymer lasers, aiming towards less complex and more compact
optical systems. The historical review of this field is illustrated in figure 5.4.5, where
the size of the pump sources is plotted against their maximum output power. Since the
first demonstration of a solid-state polymer laser pumped with a frequency doubled

regenerative amplified Nd: YAG laser in 1996, a significant progress has been
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achieved, due to the optimisation of both the involved gain materials and the

resonators.
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Figure 5.4.5: A graphical illustration of the evolution in the field of solid-state
organic semiconductor lasers, from 1996 to 2006.

5.5 A silicon based polymer laser

5.5.1 Introduction

In this section, the demonstration of a silicon-polymer hybrid laser will be outlined.
This type of structure was realised by combining microstructured silicon resonators
and light-emitting organic semiconductors that provided the gain. Under optical
excitation, the structure operated as a visible surface-emitting laser. The motivation for
this type of device was to investigate as an alternative route to the realization of cost-
effective optical interconnects based on CMOS fabrication processes, in which the
integration of solution processible polymers adds only a simple supplementary

fabrication step.

To this end, two significant challenges had to be addressed. One is the high dielectric

constant of silicon, which presents serious constraints in realizing a polymer
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waveguide, necessary for high amplification factors. The next constraint is the high
absorption coefficient of silicon in the visible spectral range, which can act as an
efficient quencher of the luminescence of polymers in the vicinity of silicon. Both of
these challenges were addressed through a Distributed Bragg Reflector resonator

design, based on a silicon-on-insulator (SOI) wafer.

The SOI substrate used had a silicon epilayer of 220 nm and an oxide layer of 2 um on
a silicon substrate. The developed structure is shown in figure 5.5.1. Two periodically
microstructured Si segments act as Bragg reflectors and the Si epilayer in-between
them is removed completely until the underlying SiO, layer is reached. The organic
amplifying medium covers both regions and the area between the two periodically
microstructured Si reflectors acts as a defect, breaking the symmetry of the Si photonic
lattice. Due to the boundary conditions at the air-polymer and polymer-SiO, interfaces,
a polymer waveguide is formed with the confinement factor limited only by the
thickness of the polymer layer. The introduction of the polymer defect also served as a
method to minimize the interaction of the laser light with the Si regions and address

the high absorption coefficient of Si.

®m Si (30 nm)

SiO; (2 um)
™ Si(l mm)

Figure 5.5.1: A schematic of the hybrid Si-polymer resonator.

To fabricate the structure, the thickness of the epilayer was initially decreased from
220 nm to 30 nm using fluorine based reactive-ion chemistry. The Bragg mirrors were
defined using electron beam lithography on poly(methyl methacrylate) (PMMA),
followed by the evaporation of a 30 nm Ni layer that acted as an etch mask during the
pattern transfer into the Si epilayer. The Si microstructures were linear gratings with a

period of 360 nm and fill factor of 30 %. The low fill factor was chosen in order to

" The fabrication was performed by S. Moore.
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minimise the volume of Si within the unit cell. For this lattice constant, and at the
wavelength of 630 nm, the stop-band of the Bragg mirrors originates from second
order diffraction and provides both the feedback and surface emitted output coupling.
The emission wavelength of the polymer lies within the absorption band of silicon
photodetectors, and in conjunction with the surface coupling of the laser emission,
could be compatible with the prospect of lateral chip integration [16]. A 50 um long
defect area was defined between the mirrors and both components were coated with a

120 nm thick film of the conjugated polymer MEH-PPV".

ﬂMiMﬂﬂ

The laser characterisation involved the optical excitation of the hybrid structures using

Figure 5.5.2: SEM images of the side and top view of the Si on insulator
resonator in (a) and (b) respectively. Image (a) was provided by S. Moore.

5.5.2 Characterisation

the frequency-doubled microchip laser. The pump beam was focused to an excitation
area of 85 um in diameter and the emission from the polymer laser was collected from

the surface using a fiber coupled CCD spectrometer of 2 A resolution.

In figure 5.5.3, the emission spectra below and above threshold for a 50 um long
defect are plotted (left). Below threshold, the spontaneous emission from the
conjugated polymer couples to optical modes with frequencies within the stop-band of
the Bragg mirrors. These modes manifest themselves in a series of narrow peaks, with

a free spectral range of AL = 1.25 nm corresponding to an effective cavity length of

" The MEH-PPV film was spun from a chlorobenzene solution at a concentration of 5.2 mg/ml and at a spin speed of 1180 rpm.
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150 um. The band-edge modes are not evident below threshold in contrast to the case
where the mirrors were based on SiO,. The likely reason for this difference is that the
band-edge modes are Bloch modes, localised in the periodic lattice; consequently, they
suffer from high absorption losses at these wavelengths due to the Si, which does not
occur in Si0O,. For excitation energies above 45 nlJ, the intensity of the lower
wavelength resonant modes increases at a faster rate indicating the laser threshold
(figure 5.5.3, right) and at higher pumping levels they dominate the emission
spectrum. Not all the waveguide modes reach threshold and this is attributed to the
different absorption mirror losses that each mode experiences. These are expected to

be wavelength dependent due to the different localization of the light in the Bragg

mirrors.
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Figure 5.5.3: Left: The emission spectra above and below threshold for a 50 um
long polymer defect in the Si lattice. Right: the input-output relationship.

The number of longitudinal modes above threshold was found to be dependent on the
size of the defect area. By increasing the length of the mirror separation, more
longitudinal modes appear above threshold, broadening in this way the spectrum of the
laser emission. The reason for this is that for longer defects, the effective cavity length
increases and thus the resonant condition is satisfied at more wavelengths. In figure
5.5.4 (left), the surface-coupled emission spectra for three different defect sizes are
plotted, at an excitation level of 1.25 times above threshold. For each defect size, the
effective cavity length was deduced from the mode spacing. The optical dimensions of
the cavity were found to vary in a linear fashion with the size of the defect, with a

slope of 3.1 (figure 5.5.4, right). In DBR lasers, the effective cavity length is the sum
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of the optical length of the defect size and the effective grating length”. The slope in
figure 5.5.4 (right) corresponds to the group index of the polymer waveguide (ng)
through the following relationship [17]:

n_-L

eft.cavity = Mg Leteet T2 Mg * Ligr grating (5.1)

The group index for a 120 nm thick MEH-PPV film was calculated, considering both
the material and waveguide dispersion. The material dispersion was identified by
Ellipsometric measurements (chapter 3) and the waveguide dispersion was taken into
account by solving the wave-equation at each wavelength separately. In this way, the
group index can be determined from the slope in the relationship between the
propagation constant (f=2-m-ne/A) and the free space wavevector (inset of figure
5.5.4, right). The group index at the wavelength of 625 nm (or k, = 10.04 pm™) was

found to be 2.7, in good agreement within experimental error with the measured value

of 3.1.
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Figure 5.5.4: Left: The broadening of the laser emission spectra for increasing
defect sizes. Right: The relationship between the physical length of the defect and
the effective cavity length derived from the mode spacing (inset: the calculated
variation of the propagation constant as a function of the free space wavevector).

The functionality of this type of devices could be further enhanced by the possibility of
tuning the laser emission wavelengths and two main tuning mechanisms were
identified. The first is based on the tuning of the laser wavelength with the grating
period. It was found that by changing the lattice constant from 360 nm to 330 nm, the

" The effective grating length is equivalent to the photon penetration depth at each mirror.
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laser emission blue-shifted by 18 nm. In contrast to defect-free resonators, the tuning
rate in the Si based polymer DBR lasers is not equal to the change of the grating
period. In figure 5.5.5 (left), the contour plot of the reflectivity as a function of
wavelength and lattice constant is plotted and the black dots denote the experimental
values”. It can be observed that despite the linearity of the maximum of the reflectivity
of the Bragg mirrors, the tuning rate does not necessarily follow the same rate. The
origin of this effect is attributed to the broad spectral gain of the polymer and the broad
bandwidth of the Si mirrors. The threshold condition is satisfied at a wavelength where
both the material gain and the mirror reflectivity are at a maximum. This does not
necessarily occur at the centre of the stop-band (dotted line), since the reflection

coefficient is constant across its width.
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Figure 5.5.5: Left: A contour plot of the reflectivity as a function of wavelength
and lattice constant. The dotted line denotes the reflectivity maxima and the blue
dots the experimental values. Right: The emission spectra for a grating thickness of
220 nm (period: 280 nm) and 30 nm (period: 360 nm). The defect size in both cases
is 50 pm and the polymer film thickness 120 nm.

A different tuning mechanism can be also based on the thickness of the Si grating.
Thicker Si gratings correspond to an increased index contrast within the unit cell and
consequently the Bragg condition for lasing is satisfied at longer wavelengths for the
same lattice constant. This was confirmed for a 220 nm thick Si grating, where in order
to achieve laser operation at the wavelength of 630 nm and for the same polymer film
thickness, the grating period was decreased by 80 nm. The results are plotted in figure

5.5.5 (right). The values of the grating periods in both cases were found to be in good

" The calculation was based on the transfer matrix method, and the mirrors consisted of 20 layers.
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agreement with transfer matrix calculations [18]. However, an exact quantification

would require a three-dimensional calculation.

5.5.3 Comparison with SiO, mirrors

In order to further investigate the performance of the hybrid Si-polymer lasers, I
compared their lasing characteristics with those of DBR cavities of similar dimensions,
but fabricated on fused silica substrates (section 5.3). One difference is the multiple
longitudinal mode operation in the hybrid Si-polymer lasers, which is not observed in
the fused silica case. As discussed in section 5.3, the single frequency operation in the
Si0; case is attributed to the wavelength dependent scattering losses that each resonant
defect mode experiences across the stop-band of the Bragg mirrors. This type of
scattering loss is not expected to be significant in the Si case because the absorption
losses are dominant. In addition, the width of the reflectivity band in the Si case is
significantly broader and consequently the scattering losses are also not expected to

vary significantly in the wavelength range that lasing is experimentally observed.

The thresholds were also different between the two cases. The Si based laser had a
threshold of approximately 40 nJ, while the threshold for the SiO, based laser was
almost an order of magnitude lower at 4.75 nJ. The improved performance in the all-
silica case is attributed to the lower round-trip losses that the laser field experiences in
comparison to the Si based laser. This effect was quantified through the threshold
condition in the Si and SiO, based lasers, according to which the gain at threshold is
equal to the sum of the polymer waveguide and mirror losses. If ‘a’ and ‘R’ are the
waveguide loss and modal reflectivity respectively, then for a cavity length L and
confinement factor I', the gain at threshold (gw) can be expressed through the

following relationship [19]:

1 1
Fo. —a+—-In(— 5.2
Bn = & I n(R) (5.2)
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For a cavity length of 50 pm and similar polymer film thickness, the confinement
factor and the waveguide losses are the same in both the Si and SiO, case. The
waveguide loss and confinement factor have been measured at 20 cm™ and 0.35
respectively [20, 21]. The gain at threshold (gy) was determined through the product of
the stimulated emission cross section for MEH-PPV (o = 3-10"° cm? [22]) and the
singlet exciton density at threshold (Ng). The exciton density was determined by
numerically solving the exciton rate equation, where the exciton-exciton annihilation
(ataratey = 10" cm™/s [22]) and the exciton lifetime (t = 300 ps for MEH-PPV [20])
were taken into account [22]:

AN _ ¢~ NO

= N2 (t 53

dt T Y ® (5:3)
The time dependent term A accounts for the pumping rate, which for the purposes of
this calculation was assumed to have a top-hat shape during the pulse duration. The
pulse energy at threshold (Ey,), excitation volume™ (Vex) and pulse duration (t,) were
experimentally determined for both the Si and SiO, lasers. Consequently the pump rate

can be determined through the relationship:

E
At) = ——2 —— for0<t<t (5.4)
® V.. -h-v-t b

exc p
By determining the singlet exciton density and thus the gain at threshold, the modal
reflectivity can be deduced for the Si and SiO, cases from relationship 5.2. The results

are in the following table:

Mirror | L (cm) | Ep (0J) | Vege (cm®) | Nth (em™) | T gg (cm™) R
Si 0.05 41 6.60-10"° | 1.24-10" 371.8 17.20%
SiO, 0.05 4.79 2.22:10" | 9.78-10" 293.5 25.47%

" The excitation volume was determined via the product of the excitation area and film thickness, assuming that the pump light is
uniformly absorbed throughout the film.
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The Si modal reflectivity was calculated to be approximately 10 % lower than the all-
silica case. This result is anticipated, because the number of photons reflected back
into the defect in the Si case is expected to be lower due to the additional absorption
losses that are not present in the SiO, mirrors. This difference in reflectivity is the

origin of the observed difference in the thresholds between the two lasers.

5.5.4 Summary

A hybrid Si-polymer laser was the theme of this section. This laser was fabricated
based on Si processing and solution processible conjugated polymer provided the
optical gain. The motivation behind this study was to investigate alternative routes to
cost-effective silicon based optical interconnects. The laser resonator was based on a

novel DBR design on SOI substrates and was configured as surface-emitting.

In regards to the laser characterisation, this was performed both below and above
threshold. It was found that the presence of Si in the Bragg mirrors hinder the
appearance of the band-edge modes in the surface-scattered spontaneous emission
spectra. Multi-mode operation was measured above threshold and a functional method
to control the number of longitudinal modes based on the size of the defect was
investigated. The simultaneous presence of multiple longitudinal modes is favored by
the broadband gain spectra of conjugated polymers, which is of significant importance
for communication applications due to the possibility of transferring and processing
information through multiple wavelength channels [23]. This experiment allowed also
the determination of the group index of the MEH-PPV waveguide. The functionality of
this type of lasers was enhanced by investigating means to tune the emission
wavelength. Two basic mechanisms were identified, namely the change of the grating
period and the thickness of the silicon grating. A comparative analysis with an all-
silica resonator took place in order to investigate the quality of the hybrid Si-polymer
resonator. It was found that the round-trip losses are approximately 10 % higher in the

Si case due to the absorption losses at the Bragg mirrors.
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5.6 Summary

The introduction of a structural defect in a uniform Bragg grating induces resonant
modes at frequencies within the stop-band of the periodic structure and intensities
primarily localised within the defect. These are the DBR resonators and for second
order Bragg gratings can form a compact, surface-emitting polymer laser. DBR
polymer lasers offer the advantage of lower threshold in comparison to the absence of
the defect. The origin of this optimised performance is attributed to the planarisation of
the top-surface of the organic amplifier within the cavity area and the increased
chromophore density, which in contrast to DFB polymer lasers is not limited by the fill

factor of the grating (section 5.3).

The characterisation of this type of laser for different mirror separations below
threshold showed that the number of defect modes can be controlled by the size of the
defect. The Q-factor of the resonant modes was found to decrease with the wavelength,
indicating the presence of wavelength dependent scattering losses. Each defect mode
has a distinct optical frequency and consequently it samples a different area of the unit
cell, which is likely to play an important role in the scattering strength it experiences.
This wavelength dependent loss was the origin of single mode operation above

threshold, irrespective of the size of the defect, at least for the range used in this work.

The optimised performance of the DBR resonators allowed the demonstration of diode
pumped solid-state polymer lasers (section 5.4). An inorganic GaN diode laser was
employed to this end with a significantly lower output power, in comparison to the
frequency doubled microchip laser. Stimulated emission was observed from this
optical system, exceeding threshold by approximately 50 %. Such demonstration is
promising for practical polymer laser systems as it can allow the substantial reduction

of complexity and size of the pump laser.

A novel DBR resonator design based on silicon-on-insulator substrates allowed the

integration of polymer with silicon microstructures. With this architecture, the
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significant challenges of the silicon absorbance and high refractive index in the visible

were addressed and under optical excitation, the hybrid structure operated as a laser.

This could provide an alternative route to the realization of cost-effective optical

interconnects based on CMOS fabrication processes, in which the integration of

solution processible polymers adds only a simple supplementary fabrication step. The

laser was configured as surface-emitting, compatible with prospect of the lateral

integration with silicon photodetectors.
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CHAPTER 6:

Fluidic dye lasers based on photonic crystal fibres

6.1 Introduction

The experiments described in this chapter entail the demonstration of a fibre dye
fluidic laser based on photonic crystal fibres, in an attempt to further explore the
potential of this type of fibres for optofluidics. An additional motivation of this work
was to investigate the possibility of realising a laser based on a periodic structure,
where the feedback mechanism is provided by the periodicity transverse to the
propagation direction. In essence, the laser modes would be Bloch modes propagating
along the fibre axis, but originating from the transverse periodicity. Laser action was
achieved in these systems, however it was found that the transverse resonant effects
due to the periodic microstructure do not play a substantial role in the stimulated
emission process. Although the transverse periodicity was irrelevant, an interesting
frequency selection mechanism was observed, leading to a free spectral range that does

not correspond to the length of the liquid cores.

The detailed preparation and characterisation methods are outlined in section 6.2,
while the performance characteristics are analysed in section 6.3. It was found that the
energy transfer from the excitation source to the fluidic lasers and the length of the
liquid cores were critical in terms of their threshold and slope efficiency. In addition,
the practicality of these systems was greatly enhanced by a convenient gain-tuning
mechanism that allowed the emission wavelength to be varied from 608 nm to 652 nm

by changing the chromophore density in the liquid cores. The details of the



unanticipated intracavity wavelength selection mechanism will be described in section
6.4. This effect was extensively investigated and several physical mechanisms were
examined but excluded. The explanation of this laser mode structuring mechanism was
based on the experimental observation of the linear dependence of the laser’s free
spectral range with the physical length of the fibres. Such linear dependence is
attributed to a Vernier type resonant mechanism and experimental evidence will be

provided for the exact nature of this effect.

6.2 The methodology of photonic crystal fibre based fluidic lasers

The fluidic fibre lasers were based on the photonic crystal fibre ESM-12-01 (Crystal
Fibre), which consists of a hexagonal array of 54 capillaries with 3.68 um in diameter
and a silica defect core of 12 um in diameter. The fused silica cladding and acrylate
coating have diameters of 125 um and 220 pm respectively. The coating of the fibres
was removed and the inner side of the capillary walls was not chemically treated,
unless otherwise stated. The fibre was examined using a SEM and shown in figure
6.2.1. The preparation of the lasers involved the cleavage of the fibres at appropriate
lengths and their subsequent infilling by capillary action from dipping them in a

toluene solution of the organic dye Perylene Red.

Figure 6.2.1: SEM image of the ESM-12-01 photonic crystal fibre. Inset: a higher
magnification image designating the lateral dimensions of the individual cores.
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Capillary action is the tendency of liquids to rise up in capillary tubes due to surface
tension'. The surface tension is the consequence of the molecular interaction between
the liquid and the capillary walls that results in the curving of the free surface of the
liquid in the capillary. Such curvature implies that the pressure under the surface of the
meniscus is higher than the atmospheric pressure and consequently the excess external
pressure forces the liquid up the tube until hydrostatic equilibrium. At equilibrium, the
liquid has risen at a certain height within the capillary, where the additional pressure
induced by the mass of the risen liquid is equal to the pressure difference due to the

meniscus [1].

Toluene was chosen for its appropriate wetting properties with the capillary walls that
can effectively infill longer pieces of the fibre. It was found that the infilling process
was relatively rapid and was measured to be 1 um/sec on average for a 25 mm long
test capillary tube with a 5 um core diameter. The infilling process was monitored
using a specifically built microscope for both white light illumination and

epifluorerscence imaging (fig. 6.2.2 a, b).

Figure 6.2.2: Microscopy images monitoring the capillary action for an ESM-12-01 in
white light illumination (a) and epifluorerscence mode (b); Lower set (c, d) corresponds
to the same fibre, but imaged at the edge to demonstrate the air-bubble termination.

" The surface tension (y in N m™) describes the amount of work required in order to change the area of a surface by do: dW =y -
do.

139



In epifluorescence mode, the sample is illuminated with a continuous wave laser beam
at a wavelength that lies within the absorption spectrum of the chromophore and the
resulted fluorescence is collected through a microscope objective and imaged on a
frame grabber (Watec, WAT-902dm;s). Using this technique, it was found that
subsequent to infilling the fibres were characterised by the presence of on average 0.1
mm long air-plugs on either side, resulting in a mismatch of termination of the fluidic
regions with respect to the fibre facets (fig. 6.2.2 c, d) [2]. As will be discussed below,

such a mismatch was critical in terms of the optical excitation of the fibre lasers.

The final preparation step involved the dipping of the fibre lasers into a viscous
solution of the polymer CYTOP®". This step was taken in order to end-cap the fibre
ends and to delay the evaporation of the solution and the photo-oxidation of the
organic chromophore. A SEM image of a typical end-capped fibre fluidic laser is
shown in figure 6.2.3, where the CYTOP coating was partially detached in order to

image the sealing layers.

Figure 6.2.3: SEM images of a photonic crystal fibre, end-capped with the index-
matched polymer layer.

The infilled photonic crystal fibre features an array of waveguides that can also exhibit
gain. Toluene has a higher refractive index than fused silica so that each infilled core
can act as a cylindrical liquid waveguide within the silica matrix [3]. For the relevant
index difference and the waveguide diameter, seven transverse modes are supported at
the wavelength of 620 nm. Optical gain was provided by the excitation of the red
chromophore Perylene Red (BASF). This dye was chosen for its high photostability

" Sigma Aldrich 533572, 9 wt. % in perfluorotributylamine.
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and its proven improved performance in comparison to the commonly used
Rhodamine 6G [4-6]. The typical concentration of the organic dye was 0.5 mg/ml and
its absorption and fluorescence spectra at this concentration, along with its molecular

structure are shown in figure 6.2.4.
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Figure 6.2.4: The absorption (red) and fluorescence (blue) spectra of the organic dye
Perylene Red in toluene solution (0.5 mg/ml). Inset: the molecular structure of the dye.

The characterisation of the fluidic fibre lasers involved their longitudinal excitation at
a wavelength of 532 nm, which lies within the absorption spectrum of the red
chromophore. At this wavelength and for the aformentioned concentration, the
excitation light is absorbed in the first 800 um of propagation. In contrast to previous
reports where transverse excitation of fluidic fibre lasers was employed, longitudinal
excitation was chosen because of the need for homogenous excitation of the multiple
fluidic cores [7]. In addition, longitudinal excitation was found to be less sensitive to
external perturbations (e.g. optical table vibrations) and also provided long interaction

lengths between the pump light and the dye molecules.

The optical pump source was a frequency-doubled diode pumped Nd: YVOy laser with
repetition rate and pulse duration of 200 Hz and 7.5 nsec respectively. The laser beam
was first coupled to an 8§ um core diameter silica fibre through a 25x microscope

objective with a numerical aperture of N.A. = 0.5". The longitudinal excitation of the

" Melles Griot 17 HMOO001
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laser involved the butt-coupling of the ‘pump’ fibre to the fluidic fibre lasers (figure
6.2.5). Compared with the direct excitation of the fluidic cores through a microscope
objective, it was found that the employment of the pump fibre provided more
repeatable results and was attributed to the homogeneity of the pump light distribution.
The coupling efficiency of the laser beam to the ‘pump’ fibre was approximately 60 %,
while the same value from the ‘pump’ fibre to the fluidic cores is not expected to
exceed 30 %. In addition, the diameter of the pump fibre was found to be critical both
in terms of threshold and quantum efficiency of the fluidic lasers. The 8§ um core
diameter fibre provided the optimal coupling; the details of this study will be outlined

in the following section.

pump fibre .. .. fluidic fibre
" -’

Nd: YAG

Butt coupled Emission

Figure 6.2.5: A schematic of the experimental set-up for the longitudinal
excitation of the fluidic fibres.

The emission spectra of the photonic crystal fibre lasers was focused through the 25x
objective on to a fibre coupled CCD spectrometer, which in the majority of the
experiments had a 40 pm resolution. The output was also focused through the same
optics on to a CCD camera’ in order to obtain the near-field transverse intensity
variation on the fibre facet. This type of imaging does not involve the detection of
evanescent waves as in scanning near field optical microscopy, since the modes in this
experiment are radiating modes. A typical image is shown in figure 6.2.6, illustrating
the transverse distribution of the pump light at the detection end of the fibre. The cores
of the photonic crystal fibre are darker, suggesting the pump light has been absorbed at
this length (~ 20 mm). In contrast, the fibre cladding is bright, indicating that the

launching conditions allow the excitation light to couple to cladding modes as well.
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Figure 6.2.6: The distribution of the pump light at the end of the fibre.

6.3 Laser performance

6.3.1 Optical characterisation

When the fibres are longitudinally excited at low energy levels, the radially and axially
emitted spectra exhibit certain differences [8]. Typical spectra for a 40 mm long
photonic crystal fibre are shown in figure 6.3.1. The radial emission is similar to the
fluorescence of the red chromophore, while the axial spectrum is narrower and is
particularly reduced at the blue-end of the fluorescence in the wavelength range from
580 nm to 615 nm. In this window, the re-absorption losses are significant due to the
overlap of the absorption and fluorescence spectra of the dye molecules in solution.
This difference in the axially and radially emitted spectra is indicative of the likely
gain spectrum within the optical fibre. Due to the short absorption lengths (800 pum) -
in contrast to the total length of the liquid waveguide — the peak gain does not occur in
the highest oscillation strength 0-O transition. This effect was not observed in
transversely excited liquid waveguides, where re-absorption losses are comparatively

reduced due to the absorption saturation caused by the pump light.
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Figure 6.3.1: The radially and axially emitted spectra from the
photonic crystal fibre fluidic laser, below threshold (0.79x threshold).

Above threshold, the axial emission is characterised by a series of narrow linewidth
peaks with their intensity linearly increasing with the excitation density. In figure
6.3.2, the axially emitted spectra for different excitation densities are plotted for a 40
mm long fluidic fibre laser, pumped through a 50 pm core diameter fibre. For the
concentration of 0.5 mg/ml, lasing occurs around the wavelength of 615 nm with the
peaks typically spaced in the range of AL = 1.2 nm. In contrast, the above threshold

radial emission remains unstructured as in figure 6.3.1.
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Figure 6.3.2: The axially emitted spectra from the photonic crystal
fibre fluidic laser, at different excitation densities.

The near field images of the spontaneous and stimulated emission were captured using

the CCD camera as described in section 6.2 and shown in figure 6.3.3. Below
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threshold, the intensity distribution of the end-emitted light significantly leaks into the
cladding of the photonic crystal fibre, indicative of the isotropy of the spontaneous
emission. Above threshold, the emitted light is most intense within the fibre cores due

to the directional nature of stimulated emission.

Figure 6.3.3: The near field images of the end-emission from the
photonic crystal fibre below (i) and above (ii) threshold.

Similar geometries of lasers have been demonstrated in polymer photonic crystal
fibres, where the gain was due to the Raman scattering in the PMMA matrix [9-11]. In
order to confirm that in my experiments the laser action was not due to the Raman
effect, the fibres were also excited using a tunable laser source. This source was a dye
laser tunable over 50 nm, which itself was pumped by a Nitrogen laser. It was found
that the emission wavelength from the photonic crystal fibre remains constant when
the excitation wavelength was tuned from 510 nm to 535 nm (figure 6.3.4). This is a
clear indication that the stimulated emission originates from the transitions between
the electronic states of the dye molecules and not between the rotational and

vibrational states of the toluene molecules.
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Figure 6.3.4: The emission wavelength from the photonic crystal
fibre fluidic laser, as a function of the excitation wavelength.
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6.3.2 Coupling efficiency and waveguide length

The coupling efficiency from the pump fibre to the liquid waveguides is critical in the
context of the performance of the photonic crystal fibre fluidic lasers. This coupling is
naturally hindered by the mismatch between the pump fibre facet and the liquid core
termination due to the air-plug formation at either side of the fluidic lasers (section
6.2). The energy transfer to the liquid cores is less efficient for increasing lengths of
the air-plugs (x) and was investigated by performing a calculation using the beam
propagation method. The calculation was based on commercial software and in order
to reduce the computation time it was performed in two dimensions and for a single
liquid core. The coupling efficiency - normalized in the case of the absence of the air-
plug (x = 0) - is plotted in figure 6.3.5(a) as a function of the length of the air-plug (x).
In the case of the single fluidic core, the coupling efficiency decreases exponentially
with the mismatch length. A calculation to determine the coupling to the multiple
cores would necessitate a three dimensional treatment of the problem, but is expected

to be of the same nature.
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Figure 6.3.5: (a): The power coupling loss from an 8 pm core diameter pump fibre to a liquid
waveguide (diameter 3.68 um) as a function of the length of the air-plug. The normalisation
level is the loss value at x = 0. (b): A histogram illustrating the variation of the length
mismatch (x) for eight different fibres.

A quantitive investigation of the effect of the air-plug termination on the coupling
efficiency was not trivial due to the need to measure the exact excitation power within

the cores. For this measurement, one would need to discriminate between the
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excitation power coupled to core and cladding modes, which was not feasible in most
cases. In addition, this length mismatch (x) was found not to be consistent between
different experiments and illustrated in figure 6.3.5b for eight consecutive infilled

fibres.

To further investigate the effect of the coupling efficiency and optimise the
performance of the fluidic lasers, two different types of pump fibres were employed
(the number of fibres used was limited by their availability at the time of the
experiment). The first pump fibre had a core diameter of 50 um and the second of 8
um while the same photonic crystal fibre was used in both cases. The threshold and
slope efficiencies of the fluidic fibres were found to be different for the two cases and
the measurements for a 40 mm long photonic crystal fibre are shown in figure 6.3.6.
The change from the wider to the narrower core diameter resulted in a fivefold
increase in the slope efficiency and a decrease in threshold by a factor of

approximately 2.
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Figure 6.3.6: The input-output characteristics for a 40 mm
long photonic crystal fibre laser, when pumped through an 8
pum and a 50 um core diameter.

The difference in the laser performance depending on the core diameter of the pump
fibre is due to the different coupling efficiency in each case. Due to the air-plug
termination, prior to coupling to the liquid cores, the excitation light diffuses into the

defect core and cladding. The optimised performance when using the 8 um core
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suggests that this type of loss is more profound for the larger core diameter of the
pump fibre and that the power exchange between the cladding and liquid core modes is
negligible. In addition, the coupling efficiency would be dependent of the mode profile
at the end of the pump fibre. In regards to the mode intensity profile, this was
determined by the beam propagation method, where a Gaussian source of a 5 pum line-
width was used as the excitation and propagated for 50 cm along the two fibres. The
calculation was based on commercial software and for calculation speed arguments it
was again performed in two dimensions [12]. The results are plotted in figure 6.3.7. In
contrast to the 8 um core diameter, the mode intensity distribution is of larger diameter
and multi-mode for the case of the 50 um diameter core pump fibre. The non-uniform
radial intensity variation is expected to be of crucial importance in the context of

coupling efficiency.
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Figure 6.3.7: The mode intensity distribution after
propagating 50 cm along an 8 um (red) and 50 pm (blue)
core diameter fibres.

The threshold and slope efficiency were also found to be dependent on the physical
length of the liquid waveguides. For this study, an 8 um core diameter pump fibre was
used to excite three lasers based on the photonic crystal fibre with lengths 18 mm, 25
mm and 40 mm and the respective input-output characteristics are plotted in figure
6.3.8. For the increasing length of the fibre lasers, the thresholds were measured to be

333 nJ, 527 nJ and 664 nJ, while the slope efficiencies were 2.2 %, 1.4 % and 0.06 %.
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The increase in threshold is indicative of the increased cavity losses within the fibre

resonator.
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Figure 6.3.8: Comparative study of the input-output
relationship for a photonic crystal fibre laser for different
lengths. The black arrow designates the threshold energies
for the three lasers.

In essence, the excitation light that is longitudinally launched into the cores is
absorbed in the initial section of the fibre, which is approximately 800 um. This is the
absorption length and is equivalent to the gain length, since the emitted photons
experience gain only in this initial propagation distance. However, the boundary
conditions at either end of the liquid waveguide forces the optical field to propagate
along the total length of the fibre. Except for the initial amplification length, the rest of
the liquid waveguide acts as a source of loss due to the finite Stokes’ shift in the
electronic structure of the dye Perylene Red (figure 6.2.4). Hence the re-absorption
losses are expected to be significant for these long propagation lengths, with the
absorbance measured at the lasing wavelength to be 0.015 using a lcm long cuvette.
The length mismatch between the amplification section and the total propagation
length is also responsible for the decreasing quantum efficiencies with the fibre length,

since the re-absorption losses reduce the output intensity.
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6.3.3 Tuneability

The emission wavelength was also found to be tunable by varying the concentration of
the dye within the liquid waveguide. By increasing the chromophore density, the
wavelength of the laser emission increased and is plotted in figure 6.3.9 for similar
fibre lengths (~ 20 mm). The concentration of the solution was varied between 0.06
mg/ml to 4.2 mg/ml, thus achieving a tuning range of approximately 50 nm within the
spectral window of the 0-0 and 0-1 vibronics of the fluorescence spectrum of Perylene

Red (figure 6.2.4).
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Figure 6.3.9: The tuning of the laser emission with the dye
concentration for both a fibre fluidic laser (blue) and a dye laser
based on a cuvette (red).

In addition, the tuning rate was also found to be higher than for a dye laser based on a
Fabry-Perot resonator formed by the silica walls of a 10 mm long cuvette (6.3.9). The
main difference between the two experiments is the excitation configuration, which for
the fibre laser was longitudinal as described in section 6.2, while the cuvette based dye
laser was transversely pumped with a stripe with dimensions 1x0.3 mm®. In both cases,

the pump wavelength was 532 nm.

The origin of the tuning mechanism also lies within the re-absorption losses. Due to
the finite overlap of the fluorescence with the absorption spectra, the chromophores
can also act as absorbing species. Consequently, the increased chromophore density

results in a higher attenuation of the optical field that propagates along the fluidic
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waveguides, as expressed by the Beer-Lambert law (section 2.3.1). This effect was
investigated by measuring the end-emitted fluorescence spectra of the Perylene Red
solution in cuvette and at the aformentioned concentrations. The respective
measurements are plotted in figure 6.3.10a. It can be observed that the short
wavelength edge of the fluorescence red shifts with increasing concentration due to the
higher absorption at these wavelengths. Such red-shift results in a convenient gain-
tuning mechanism since the laser peak red-shifts accordingly for increasing
chromophore densities and laser action will occur at the wavelength of the highest net-
gain [13]. For the case of the transverse pumping of the dye laser in the cuvette, the
tuning rate is not as significant because the gain medium is uniformly pumped along
the cavity axis. It is also worth noting that the engineering of the re-absorption losses
does not significantly affect the laser performance as indicated by the slope efficiency

measurements for the same concentrations (figure 6.3.10b).
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Figure 6.3.10: (a): For increasing chromophore densities, the
blue-end of the fluorescence spectra red-shits. (b): Under the
same conditions, the laser efficiency does not vary significantly.

6.4 Wavelength selectivity

Above threshold, the photonic crystal fibre fluidic lasers exhibit a free spectral range
that is approximately 300 times longer than expected for a Fabry-Perot resonator

formed by the liquid waveguide and the solvent-air interfaces. The laser emission
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appears to be strongly modulated by an envelope function, allowing the appearance of
only certain longitudinal modes. This intracavity wavelength selectivity mechanism is
unanticipated though conveniently provides a functional mode spacing that does not
correspond to the fibre length. The study to identify the origin of this mechanism is the

theme of this section.

In terms of material effects, longitudinal mode structure has been attributed to the
diffusion of the excitation along the cavity axis. In this case, the standing wave creates
a periodic axial variation in the gain and depending on the rapidity in which the
excitation axially diffuses, other longitudinal modes may experience sufficient gain to
exceed threshold [14]. In liquid state dye lasers however, the diffusion constant is
relatively low in comparison to crystalline semiconductors and thus this effect is

ineligible as the origin of the observed wavelength selectivity mechanism [15].

The presence of an additional resonance constraint that imposes this broader spectral
selectivity is more likely. In order to identify its origin, several plausible scenarios
were investigated. The first extensive study was on the transverse periodicity of the
photonic crystal fibre. In this case, an antiresonant waveguiding mechanism
(ARROW) could provide the frequency selection, but was proven not legible either;
however it will be outlined for sake of completeness. The investigation of the length
dependence on the mode spacing also excluded several resonant mechanisms
previously considered responsible for similar observations, but also suggested an
uncommon mechanism that has been suggested in the context of coupled resonators: a

Vernier type resonant mechanism.

6.4.1 Antiresonant waveguiding

Antiresonant waveguiding was initially proposed in the 80’s by researches at Bell Labs
as a novel guiding mechanism, with applications such as higher order transverse mode

discriminators in large modal area guides and integrated optical polarisers [16].
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Antiresonant guiding originates from the resonant properties of the Fabry-Perot
formed in the transverse dimension of a waveguide when the finite cladding layers are
considered. At all wavelengths, there are modes whose wavevectors are below the cut-
off condition and thus can escape through the cladding layers; these modes are refered
to as leaky modes. However at specific wavelengths, the reflections from the core-
cladding and cladding-coating interface of certain leaky modes interfere destructively
and form a low transmission spectral window. Consequently, even below cut-off, it is
possible to obtain bound modes localised both in the core and cladding layers under
the antiresonant waveguiding condition (ARROW), which for a Fabry-Perot resonator

can be described as e’ = -1 (see p. 31 for the definitions of the constants).
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Figure 6.4.1: Left: A schematic of the waveguide with the direction of propagation depicted.
Right: The transmission spectrum in the direction perpendicular to the propagation (upper)
and the phase change in the same spectral range.

A typical example is shown in figure 6.4.1 for a waveguide formed by toluene (n;) in
silica (n;) with dimensions of 3.68 um and 4.32 um respectively. The transmission at
the cut-off wavevector at each wavelength was calculated with the transfer matrix
method for a two dimensional planar case [17]. It can be observed that there are certain
wavelength regions of high transmission, where the propagating optical mode leaks
out the sides of the waveguide (figure 6.4.1). In addition, the phase change is zero at
the peak of the transmission resonance. As one further decreases the value of the
longitudinal wavevector below cut-off, the linewidth of these resonant windows
increases, until they completely overlap. Such resonant mechanisms have been

recently suggested as the origin of the filtering behaviour observed in photonic crystal
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fibres, where the cores are infilled with high index inclusions, either liquid or solid
[18-24]. In these studies, it has been observed that only at certain wavelengths the loss
of a guided mode within the defect core is high. These wavelengths have been
identified as the cut-off wavelengths of the guided modes within the high index

inclusions.

The lasing experiments I performed were based on a similar photonic crystal fibre as in
the aforementioned references and to this end I investigated whether the antiresonant
mechanism would be feasible to form a feedback loop. In such case, the multiple
liquid cores of the photonic crystal fibre are resonantly coupled forming thus the basis
for stimulated emission. In addition, the condition of constructive interference is met

due to the phase change being equal to zero at the resonant wavelengths (figure 6.4.1).

However, the antiresonant mechanism was excluded due to several evidences based on
both experiments and calculations. The first one was based on the change of the
refractive index of the liquid within the cores. This was changed by An = 0.04 by
filling the cores with chlorobenzene instead of toluene. Under the ARROW scheme,
the transfer matrix calculation indicated that a wavelength shift of 65 nm should occur

(figure 6.4.2). However, only a red shift by 4 nm was experimentally observed.
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Figure 6.4.2: The dispersion relationship of the resonant wavelengths at the modal cut-off.
The refractive indices of toluene and chlorobenzene are indicated with the black dotted lines.
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In addition, similar lasing behaviour was observed when using a single core capillary
tube. The single core capillary had a core and cladding diameter of 2 um and 128 pm
respectively and as with the photonic crystal it was examined under the SEM (figure
6.4.3(a)). The infilling process, the liquid gain medium and the excitation conditions
were the same. Typical experimental spectra below and above threshold for a 25 mm
long capillary are shown in figure 6.4.3(b). In terms of threshold and slope efficiency,
the single core capillary fluidic lasers performed better than the photonic crystal fibre
lasers. However, the free spectral range above threshold exhibits the same
characteristics as with the multiple liquid core case, with the mode spacing being again
approximately 300 times longer than expected. This evidence indicates that the
ARROW mechanism is not eligible as a feedback mechanism, since the wavelength
selectivity appears to be the same, irrespective of the number of the liquid cores

present in the system.
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Figure 6.4.3: (a): SEM image of the capillary tube with the inset showing a higher
magnification image designating the lateral dimensions of the core. (b): The spectra
above and below threshold for the laser based on the capillary tube; the inset shows
an epifluorescence image of the infilling process of the capillary tube.

6.4.2 Length dependence and the Vernier effect

In order to further investigate the wavelength selectivity mechanism in the photonic

crystal fibre lasers, the dependence of the laser mode spacing was measured as a
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function of the physical length of the liquid waveguide. The fluidic fibre lasers were
cleaved at different lengths and their effective optical path lengths were determined by
Fourier transforming the emission spectra above threshold, a technique that has been
used in the context of the spectral analysis of polymer resonators and semiconductor
waveguide lasers [25-27]. The Fourier transform of the laser emission spectrum results
into a series of peaks situated at values equal to the integer multiples of the product of
the laser mode’s group index and the cavity length, which in essence is the resonator
optical round-trip path. Typical measurements for three different lengths of the
photonic crystal fibre are shown in figure 6.4.4, where the emission spectra above
threshold are plotted in the left figure and the respective Fourier transform in the right
one. The spectral resolution was 0.4 pum™, resulting thus in a length resolution of

approximately 7 pm.
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Figure 6.4.4: Left: The edge-emitted spectra for different fibre lengths, at an
excitation energy of 1.7 uJ Right: The Fourier transform spectra for the same fibres.

From the emission spectra, it can be observed that the mode spacing changes inversely
with the physical length of the fibre, resembling in this way the length dependence of
the spectral behaviour of a Fabry-Perot resonator. In addition, the linewidth of each
longitudinal mode decreases with the increasing length of the fibre, indicative of the

increased photon lifetime within the longer resonator. The effective cavity length was
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determined by fitting a series of Gaussian peaks in the Fourier spectra at each length.
The round-trip optical lengths were found to vary with the physical length of the
fibres. From the multiple fibre lengths that were examined, this type of variation was
observed to be linear and is present in both the photonic crystal fibre and the capillary

tube with the 2 pm core diameter and at approximately the same rate (figure 6.4.5).

The linear dependence of the laser mode spacing with the fibre length indicates the
primarily longitudinal origin of the wavelength selection mechanism. Under this
paradigm, random incoherent scattering from possible fluid non-uniformities and the
roughness of the inner walls of the capillary tubes are not eligible as a feedback
mechanism. In addition, a wide range of processes that have been reported to affect
the mode spacing in waveguide lasers can be excluded as well. These include the
resonant condition imposed by the lateral dimensions of the waveguide leading to
spatial hole burning effects [28, 29], the purely transverse interference effects with
substrate modes leading to a wavelength dependent depletion of the net-gain [30-33],
the gain modulation with a spectral spacing equal to the homogenous broadening laser
transition [34], the longitudinal resonances imposed by the periodic absorption
saturation due to the standing wave formation in fibre lasers [35-37] and the transverse

resonant mechanism due to the cylindrical morphology [38-42].
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Figure 6.4.5: The linear dependence of the cavity mode spacing with the fibre
length both for the photonic crystal fibre (e) and the capillary tube ().
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On the contrary, such linearity that in essence amplifies the mode spacing has been
observed in fiber lasers, laterally coupled and twin-guide semiconductor lasers and
attributed to Vernier type resonant effect [43-48]. This mechanism - analogous to the
length precision measurements - requires the presence of two (or more) cavities of
different spectral range. In such ‘superstructure’, the combination of the comb
characteristic transfer functions of each single resonator leads to a combined response
of a longer modal spacing. For instance, if the ratio of the free spectral ranges of two
cavities is equal to (N+1)/N then the resultant effective FSR will by N times that of the
one resonator [43]. The principle of operation is illustrated in figure 6.4.6 (a), where
two oscillators with typical reflectivity spectra R; and R, are combined to obtain a
broader reflectivity spectrum where the reflection peaks of the individual resonators

coincide.
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Figure 6.4.6: (a): A schematic illustration of the Vernier effect between two
resonators R; and R, and the resulting transfer function R,. (b): The Vernier effect
for two Fabry-Perot resonators (R; and R,) using the transfer matrix technique.

In figure 6.4.6 (b), the Vernier effect is demonstrated using the transfer matrix method
where, two 0.1 mm long Fabry-Perot resonators in series, each supporting a single

waveguide mode with indices of 1.482 (R;) and 1.587 (R;) are investigated. The

158



difference in the optical path length of the two resonators and the associated difference
in the free spectral range, results in longer mode spacing (R;), by approximately a
factor of 15. However the situation in the photonic crystal fluidic fibre laser is
expected to be different. There are no multiple cavities in series and the lateral spacing
between the liquid cores is not short enough to allow any energy exchange during the
propagation. On the contrary, the required multiple resonances for the Vernier effect

are attributed to the different order transverse modes that are supported by the system.

There are two different types of transverse modes, the ones supported by the liquid
cores (guided modes) and the ones that are supported by the composite system,
including the air-silica interface (leaky modes) as discussed in section 6.4.1. In regards
to the guided modes, they were investigated initially in the single capillary tube, as it
supports only two transverse modes and consequently is a much simpler system. The
group indices of the bound core modes were calculated as discussed in Chapter 5 and
were found to be 1.498+0.002 and 1.506+0.001, giving An, = 0.008+0.002.
Considering only the core modes, the Vernier effect would increase the mode spacing
by a factor ng/An, = 188+50, but experimentally this value is measured at 309+8. This
discrepancy would be accounted for if the effect of leaky modes is included, as

recently proposed in a planar structure [49].

Leaky modes are defined as modes that do not exponentially decay outside the core,
but are characterised by a propagating wave pattern in the cladding layers as well as in
the core, with effective refractive indices lower than the refractive index of the silica
cladding. There is experimental evidence that the leaky modes are associated with the
wavelength selectivity mechanism that is observed. In this experiment, the coating of
both the single capillary and the photonic crystal fibres was not removed, while the
infilling process and the excitation geometry and wavelength were not altered. It was
found that in the case of the photonic crystal fibre, the acrylate coating did not affect
the mode spacing and was confirmed for several fibre lengths that are plotted in figure
6.4.7 (left) for the coated and the uncoated fibre lasers. In contrast, in the single core

fluidic laser the polyimide coating was found to hinder the mode selectivity. This is
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illustrated in figure 6.4.7 (right), for two fibres of similar lengths (~30 mm), one
coated (upper) and the other stripped (lower). It can be observed that the coating
perturbation inhibits the mode selectivity mechanism and has been confirmed for

several lengths of the fibre (16 mm, 26 mm, 42 mm and 55 mm).
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Figure 6.4.7: Left: The linear dependence of the cavity mode spacing with the actual fibre length for
the photonic crystal fibre uncoated (e) and coated (o). Right: The spectral response above and below
threshold for the capillary with the coating (upper) and without the coating (lower).

The assumption that the feedback mechanism is similar in the photonic crystal fibre
and the single core capillary is based on the same amplification factor of the free
spectral range observed in both cases (figure 6.4.5). Consequently, the different
behaviour depending on the type of coating present in the two cases, suggests that the
optical constants of the coating are significant. In the case of the photonic crystal fibre,
the acrylate coating is transparent with a refractive index of 1.5, while in the case of
the single capillary the polyamide coating has a much higher refractive index than
silica (1.6) and is not transparent in the visible spectral range. Standard waveguide
theory cannot be directly applied to solve the wave-equation in the multiple layer
system and determine the propagation constants of the leaky modes. Such a task would
require demanding computations based on the three-dimensional beam propagation
method as suggested by the literature. For this reason, further investigations on the
effect of the leaky modes on the free spectral range of the fibre lasers were not possible
at the time of the thesis. However, the effect of the coating perturbation indicates that
the resonant coupling of core and cladding modes is responsible for this wavelength

selectivity mechanism.
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6.5 Summary

A fluidic laser based on the photonic crystal fibre ESM-12-01 was the core theme of
this chapter. The feasibility of multiple laterally integrated fluidic lasers was
demonstrated, hence enhancing the functionality of photonic crystal fibres within the
field of opto-fluidics. In addition, single core fibre fluidic lasers were demonstrated
based on single core capillary tubes. Both types of laser were prepared based on
capillary action, featuring thus a rapid and simple preparation technique, also
promising for increased throughput. The disadvantage of this technique is the
mismatch in the termination of the fluidic cores and the actual fibre facet and has been

observed in similar experiments by other groups.

Laser emission is observed when the fluidic fibres are longitudinally pumped above
threshold and manifests itself as an axially emitted beam with a spectrum of a series of
narrow peaks. Longitudinal excitation was employed in order to provide adequate
absorption length for the pump light, while keeping the chromophore density and thus
the concentration quenching at low levels. The threshold and quantum efficiency were
found to be dependent on the coupling efficiency of the pump light and the fibre
length. In regards to the coupling efficiency, this was not trivial to investigate both
experimentally and numerically. An indirect study took place instead, where it was
found that the diameter of the core of the pump fibre is important and a value of 8 pm
was found optimal. The operation characteristics of the fluidic lasers were found to
degrade with the length of the fibre and this is attributed to the significant re-

absorption losses of the laser field along the liquid waveguides.

The practicality of these optical sources is greatly enhanced by the possibility of tuning
their emission by varying the chromophore density within the liquid core. Both in the
single and multiple core lasers, the cavity mode spectrum was found to have a shorter
free spectral range that expected for a Fabry-Perot cavity formed by the ends of the
liquid waveguides. This advantageous spectral selectivity is attributed to a Vernier

resonant mechanism between transverse electromagnetic modes of the fluidic laser.
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The photonic crystal fibre features a hexagonal array of approximately 50 fluidic lasers

demonstrating the prospect of lateral integration and can be used for the formation of

an optical lattice with applications in optical tweezing. This type of laser is promising

for opto-fluidic sensing and spectroscopy applications, and provides a convenient

platform for rapid investigation of new types of liquids and organic dye molecules.

6.6 References

10.

11.

P.W. Atkins, 'Physical Chemistry', 3rd Edition, 154 (1986).

P. Steinvurzel, B.T. Kuhlmey, T.P. White, M.J. Steel, C. Martijn De Sterke, B. J. Eggleton,
'Long wavelength anti-resonant guidance in high index inclusion microstructured fibers',
Optics Express 12, 5424 (2004).

A. Samoca, 'Dispersion of refractive properties of solvents: Chloroform, toluene, benzene, and
carbon disulfide in ultraviolet, visible, and near-infrared', Journal of Applied Physics 94, 6167
(2003).

G. Quian, Y. Yang, Z. Wang, C. Yang, Z. Yang, M. Wang, 'Photostability of perylene orange,
perylene red and pyrromethene 567 laser dyes in various precursors derived gel glasses',
Chemical Physics Letters 368, 555 (2003).

M. Canva, P. Georges, J.F. Perelgritz, A. Brum, F. Chaput, J.P. Boilot, 'Perylene- and
pyrromethene-doped xerogel for a pulsed laser', Applied Optics 34, 428 (1995).

M. Faloss, M. Canva, P. Georges, A. Brun, F. Chaput, J.P. Boilot, 'Toward millions of laser
pulses with pyrromethene- and perylene-doped xerogels', Applied Optics 36, 6760 (1997).

T. Kobayashi, W.J. Blau, 'Laser emission from conjugated polymer in fibre waveguide
structure', Electronic Letters 38, 67 (2002).

M. Saito, K. Kitagawa, 'Axial and radial fluorescence of dye-doped polymer fibre', Journal of
Lightwave technology 19, 982 (2001).

U. Gibson, U. Osterberg, 'Comment on "Microstructured polymer fiber laser"'
30, 1827 (2005).

, Optics Letters

A. Argyros, M.A.V. Eijkelenborg, S.D. Jackson, R.P. Mildren, 'Reply to comment on
"Microstructured polymer fiber laser"', Optics Letters 30, 1829 (2005).

A. Argyros, M.A.V. Eijkelenborg, S.D. Jackson, R.P. Mildren, 'Microstructured polymer fiber
laser', Optics Letters 29, 1882 (2004).

162



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Beam Propagation Method, RSoft Design Group, Inc. BeamPROP 5.1.

S.K. B. Helbo, B.G. Kjeldsen, J.L.. Reimers, A. Kristensen, 'Investigation of the dye
concentration influence on the lasing wavelength and threshold for a micro-fluidic dye laser’,
Sensors and Actuators A 111, 21-25 (2004).

W. Streifer, R.D. Burham, D.R. Scifres, 'Dependence of longitudinal mode structure on
injected carrier diffusion in diode lasers', IEEE Journal of Quantum Electronics
correspondence, 404 (1977).

H.G. Danielmeyer, 'Effects of drift and diffusion of excited states on spatial hole burning and
laser oscillation', Journal of Applied Physics 42, 3125 (1971).

M.A. Duguay, K. Kokuburn, T.L. Koch, L. Pfeiffer, 'Antiresonant reflecting optical
waveguides in Si02-Si multilayer structures', Applied Physics Letters 49, 13 (1986).

A. Yariv, P. Yeh, 'Optical waves in crystals', Wiley Classics Library (2003).

A K. Abeeluck, N.M. Litchinitser, C. Headley, B.J. Eggleton, 'Analysis of spectral
characteristics of photonic bandgap waveguides', Optics Express 10, 1320 (2002).

F. Luan, A K. George, T.D. Hedley, G.J. Pearce, D.M. Bird, J.C. Knight, P.S.J. Russell, 'All
solid bandgap fiber', Optics letters 29, 2369 (2004).

N.M. Litchinitser, A.K. Abeeluck, C. Headley, B.J. Eggleton, 'Antiresonant reflecting photonic
crystal optical waveguides', Optics letters 27, 1592 (2002).

G. Renversez, P. Boyer, A. Sagrini, 'Antiresonant reflecting optical waveguide microstructred
fibres revisited: a new analysis based on leaky mode coupling', Optics Express 14, 5682
(20006).

A. Argyros, T.A. Birks, S.G. Leon-Saval, C.M.B. Cordeiro, P.S.J. Russell, 'Guidance
properties of low-contrast photonic bandgap fibres', Optics Express 13, 2503 (2005).

N.M. Litchinitser, S.C. Dunn, P.E. Steinvurzel, B.J. Eggleton, T.P. White, R.C. Mcphedran,
C.M.D. Sterke, 'Application of an ARROW model for designing tunable photonic devices',
Optics Express 12, 1540 (2004).

T.T. Larsen, A. Bjarklev, D.S. Hermann, J. Broeng, 'Optical devices based on liquid crystal
photonic bandgap fibres', Optics Express 11, 2589 (2003).

D. Hofstetter, R.L. Thorton, "Loss measurements on semiconductor lasers by Fourier analysis
of the emission spectra', Applied Physics Letters 72, 404 (1997).

R.C. Polson, G. Levina, Z.V. Vardeny, 'Spectral analysis of polymer microring lasers', Applied
Physics Letters 76, 3858 (2000).

R.C. Polson, M.E. Raikh, Z.V. Vardeny, 'Universality in unintentional laser resonators in p-
conjugated polymer films', C.R. Physique 3, 509 (2002).

R.H. D. Ouyang, N.N. Ledenstov, S. Bognar, R.L. Sellin, Ch. Ribbat, D. Bimberg, 'Lateral-
cavity spectral hole burning in quantum dot lasers', Applied Physics Letters 81, 1546 (2002).

S. Yokoyama, T. Nakahama, S. Mashiko, 'Amplified spontaneous emission and laser emission

from a high optical-gain medium of dye-doped dendrimer', Journal of Luminescence 111, 285
(2005).

163



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

E.P. O'Reilly, A.I. Onischenko, E.A. Avrutin, D. Bhattacharyya, J.H. Marsh, '"Longitudinal
mode grouping in InGaAs/GaAs/AlGaAs quantum dot lasers: origin and means of control',
Electronic Letters 34, 2035 (1998).

LLA. Avrutsky, R. Gordon, R. Clayton, J.M. Xu, 'Investigations of the spectral characteristics of
980-nm InGaAs-GaAs-AlGaAs lasers', IEEE Journal of Quantum Electronics 33, 1801 (1997).

A. Patane, A. Polimeni, L. Eaves, M. Henini, P.C. Main, P.M. Smowton, E.J. Johnston, P.J.
Hulyer, E. Herrmann, G.M. Lewis, G. Hills, 'Experimental studies of the multimode spectral
emission in quantum dot lasers', Journal of Applied Physics 87, 1943 (2000).

C. Ribbat, S. Bognar, R. Sellin, D. Bimberg, 'Spectral mode dynamics of short cavity quantum-
dot lasers', Applied Physics Letters 81, 147 (2002).

M. Sugawara, K. Mukai, Y. Nakata, H. Ishikawa, 'Effect of homogeneous broadening of
optical gain on lasing spectra in self-assembled In,Ga, ,As/GaAs quantum dot lasers', Physical
Review B 61, 7595 (2000).

M. Horowitz, R. Daisy, B. Fischer, J.L. Zyskind, 'Linewidth-narrowing mechanism in lasers by
nonlinear wave mixing', Optics Letters 19, 1406 (1994).

M. Horowitz, R. Daisy, B. Fischer, J.L. Zyskind, 'Narrow linewidth, singlemode erbium-doped
fibre laser with intracavity wave mixing in saturable absorber', Electronic Letters 30, 648
(1994).

B. Fischer, J.L. Zyskind, J.W. Sullof, D.J. Digiovanni, Nonlinear wave mixing and induced
gratings in erbium-doped fiber amplifiers', Optics Letters 18, 2108 (1993).

A.C. Lind, J.M. Greenberg, 'Electromagnetic scattering by obliquely oriented cylinders',
Journal of Applied Physics 37, 3195 (1966).

H.-M. Tzeng, K.F. Wall, M.B. Long, R.K. Chang, 'Laser emission from individual droplets at
wavelengths corresponding to morphology-dependent resonances', Optics Letters 9, 499

(1984).

H.-B. Lin, J.D. Eversole, A.J. Campillo, 'Spectral properties of lasing microdroplets', Journal of
the Optical Society of America B 9, 43 (1992).

H.C. Van de Hulst, 'Light scattering by small particles', Willey, New York, 297 (1957).

J.C. Knight, H.S.T. Driver, R.J. Hutcheon, G.N. Robertson, 'Core-resonance capillary-fiber
whispering-gallery-mode laser', Optics Letters 17, 1280 (1992).

Y.H. Ja, 'Optical Vernier filter with fibre grating Fabry-Perot resonators', Applied Optics 34,
6164 (1995).

R. Todt, T. Jacke, R. Laroy, G. Morthier, M.-C. Amann, 'Demonstration of Vernier effect
tuning in tunable twin-guide laser diodes', IEE Proceedings Optoelectronics 152, 66 (2005).

R.J. Lang, A. Yariv, J. Salzmans, 'Laterally coupled-cavity semiconductor lasers', IEEE Journal
of Quantum Electronics 23, 395 (1987).

S. Srivastava, R. Gopal, S. Sai, K. Srinivasan, 'Feedback Mach-Zehnder resonator with
'reflector': Analysis and applications in single frequency fiber lasers', Applied Physics Letters
89, 141118 (20006).

164



47.

48.

49.

A. Mihaescu, T.T. Tam, P. Besnard, G.M. Stephan, 'Effects of external cavities on laser
spectra: application to a fibre laser', Journal of Optics B: Quantum and Semiclassical Optics 4,
67 (2002).

A.J. Poustie, N. Finlayson, P. Harper, 'Multiwavelength fiber laser using spatial mode beating
filter', Optics Letters 19, 716 (1994).

L.M. Blinov, G. Cipparrone, P. Pagliusi, V.V. Lazarev, S.P. Palto, 'Mirrorless lasing from

nematic liquid crystals in the plane waveguide geometry without refractive index or gain
modulation', Applied Physics Letters 89, 031114 (2006).

165



CHAPTER 7:

Conclusions

Microstructured dielectric environments can significantly modify the optical emission
process in terms of number of photons emitted per unit area, time and wavelength.
Organic semiconductors are ideal candidates for both exploring the photonic properties
of resonant microstructures and employing the findings in order to develop laser
sources. This type of structures is a promising candidate in the field of visible lasers
and their prospects are significantly enhanced by the possibility of mass production
using cost-effective fabrication techniques, such as soft lithography. Several different
feedback mechanisms were explored in this thesis in order to control the stimulated
emission from these chromophores. These mechanisms were investigated both in the

context of solid-state polymer and fluidic dye lasers.

Periodically microstructured polymer lasers exhibit similar optical properties to
photonic crystals but under the weak index modulation regime. The periodicity of the
refractive index leads to strong effects in the weak regime, one of which is the
formation of Bloch waves due to interference effects within the polymer film. This
type of laser was examined in Chapter 4, using both experimental measurements and
photonic crystal calculation methods, with the ultimate aim to improve their
performance and reduce their oscillation thresholds. It was found that the coupling to
free space radiation is a major source of loss in surface-emitting polymer lasers. By
employing an alternative resonant symmetry and first order gratings (a/A = 0.5), the
coupling to free space was cancelled and the emission was re-directed to the edge of

the film. This resulted in a threshold reduction by almost an order of magnitude. The



edge-emitted laser beam however suffered from significant divergence. The poor beam
quality was addressed by integrating an output coupler in the vicinity of the resonator

and hence a low threshold surface-emitting polymer laser was obtained.

The effect of the symmetry breakage of a periodic feedback lattice by the introduction
of a structural defect was investigated in Chapter 5. These are the DBR resonators and
were configured as compact, surface-emitting polymer lasers. In comparison to DFB
lasers, the presence of the defect resulted in a higher net-gain and lower oscillation
thresholds. The laser performance was studied below threshold, where the defect
modes were identified. Above threshold a frequency selection mechanism was
observed and attributed to the variation of scattering losses across the stop-band of the
Bragg mirrors. In terms of applications, GaN diode pumped polymer lasers were
demonstrated. This is a considerable advance denoting the transition from complex
pump lasers to more compact and practical excitation sources. Also in Chapter 5, a
novel DBR resonator design was examined and a polymer laser based on silicon was
demonstrated. This demonstration offers a potential route to cost-effective optical
interconnects since it combines CMOS fabrication technologies and solution
processible light emitters. The hybrid structure was configured as surface emitting in
the visible spectral range. The emission wavelength lies within the energy gap of Si
and consequently it is compatible with the prospect of lateral integration with Si

photodetectors.

In chapter 6, the properties photonic crystal fibres infilled with dye molecules in
solution were analysed in the context of fluidic dye lasers. The photonic crystal fibre is
an alternative type of a periodically microstructured silica matrix, where the
periodicity is transverse to the propagation direction. Laser action was obtained from
these microstructures, enhancing thus their functionality in the field of optofluidics.
The emission spectrum of the laser consisted of a series of narrow linewidth peaks,
with a free spectral range that did not correspond to the length of the fibres. The length
dependence of the larger than expected free spectral range, indicated that a Vernier

resonant mechanism between transverse electromagnetic modes of the fibre is
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responsible for this effect. The effect of the cladding was also examined and the results
suggested that the cladding modes are likely to be involved. A method to tune the laser
emission wavelength was determined based on a gain tuning mechanism due to the
variation of the chromophore density within the liquid cores. The photonic crystal fibre
features a hexagonal array of approximately 50 fluidic lasers and can be used for the
formation of an optical lattice with applications in optical tweezing. This type of laser
i1s promising for opto-fluidic sensing and spectroscopy applications, and provides a
convenient platform for rapid investigation of new types of liquids and organic dye

molecules.

In regards to future work, preliminary results suggest that the surface-emitted quantum
efficiency is significantly higher in DBR than DFB lasers (figure 7.1). Further
experiments would support this argument and quantify this effect, while coupled-wave

mode theory calculation would be the simplest method to confirm this observation.
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Figure 7.1: The input-output relationships for a DFB (black) and three DBR lasers
(color). For this experiment, the microchip laser was employed and the collection
set-up was the same for all lasers. Apart from the reduced oscillation threshold,
DBR lasers exhibit enhanced quantum efficiency.

The outcomes of Chapters 4 and 5 could be combined to further improve the
performance of solid-state polymer lasers. The structural defect can be placed in-
between non-radiating Bragg reflectors, where the feedback is provided with a first
order diffraction process and a separate grating in the vicinity of the mirrors can
provide the advantageous surface emission. The combination of the low radiation and

scattering losses can potentially further decrease the threshold of polymer lasers.
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The Si based resonators offer a unique opportunity for electrical injection. P doped
silicon can be employed as a hole injection layer [1] and could consequently act both
as a contact and mirror with the prospect of realizing an electrically excited resonant

cavity organic LEDs and ultimately electrical injection lasing.

In the context of the fluidic fibre lasers, the employment of advanced numerical
methods would allow the determination of the propagation constants of the bound
waveguide modes in the liquid-silica composite system. With these values, the
identification of the modes that contribute to the Vernier effect would be possible,
since the periodicity in the emission spectrum is related to the difference of the

propagation constants between the core and cladding modes.

Alternative types of fibres could be explored, aiming to coherently couple the parallel
cores, given that these are more closely spaced. To this end, the infilling and optical
properties of the NL-1550-NEG-1 fibre (lattice constant: 1 um, Crystal Fibre) have
been explored, indicating that the same infilling process can be applied and stimulated
emission is possible. Alternative types of liquids could be employed and ionic liquids
are suitable candidates due to their electrical conductivity and low vapour pressure [2].
During this work, the ionic liquids based [N6][T:N] and [omp][Tf,N] were
employed*. However, it was found that the infilling process via capillary action was

not successful and surface treatment (silinization) is required.

Finally, the long interaction lengths in the fluidic photonic crystal fibre configuration
can be employed for the enhancement of non-linear processes within the liquid cores
and ultimately could be used to demonstrate an organic laser pumped by two-photon

absorption [3, 4].

" The ionic liquids used were supplied by M.J. Muldoon and the assistance of P. André is gratefully acknowledged.
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Appendix A:

Procedure for electron beam fabrication

Sample Preparation:

- The sample is thoroughly cleaned in Acetone and IPA ultrasonic bath. If there are
visible ‘comets’ after the resist is spun, the cleaning procedure must be repeated.

- The resist solution PMMA: Anisole at a ratio of 1:1, which for a spin speed of 4000
rpm results in a film thickness of approximately 140 nm. The resist is subsequently
baked at 178°C for four minutes, followed by the spin coating of a thin PEDOT layer
at 5000 rpm. A thin layer of Au approximately 15 nm thick is finally sputtered.

Sample Development:

- The exposed sample is placed in a solution of IPA: H,0 at a ratio 24 ml: 10 ml for
approximately one minute and then in IPA for 20°’.

- If the Au film is not completely removed, the process is repeated for half the

aformentioned durations.

Sample Etching:

The conditions for an etch rate of 20nm/min are:

- Ring position 31 cm.

- Set Point: 43 W.

- Strike/Etch Pressure: 2-10" mbar/ 5.2-10” mbar.
- CHF; gas flow set at 200.
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