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Abstract

Blue-green emitting stilbene dyes liave been incorporated into different inert polymer 

hosts. Steady-state absorption and emission spectroscopy revealed a considerable 

host dependence o f  the spectroscopic properties o f these dyes.

Gain spectroscopy was used to investigate the use o f  a stilbene dye-doped polymer for 

solid state amplifying or lasing devices. Initial investigations showed that the 

photostability o f the dye was dependent on the host with polystyrene providing the 

most stable performance o f the hosts investigated. The variable stripe length method 

was employed to measure the net modal gain o f  asymmetric slab waveguides under 

nanosecond UV pumping conditions. The modal gain measured was one o f  the 

highest reported to date for an organic material. Optically pumped low threshold 

lasing was also demonstrated in a rudimentary asymmetric slab waveguide laser.

The two-photon absorption cross-section o f  the dyes was measured in the 

femtosecond regime on both solution and solid-state samples using the z-scan 

technique and the two-photon induced fluorescence method. Large two-photon 

absorption cross-sections were measured in solution and in polystyrene hosts. 

However, the upconverted emission intensity was much weaker in other polymers. 

This has again been related to the increased rates o f  motion o f  the m olecular backbone 

o f the dyes due to heating from the infrared beam used in the experiments.
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H aving identified polystyrene as a suitable host polym er for stilbene dyes, it has been  

used as the host material for the fabrication o f  m icroring cavity lasers. Optical 

m icroscopy has been used to characterize the size , shape and surface m orphology o f  

the rings. M ode assignm ent has been carried out on the output spectrum and from this 

the m ode diam eter can be predicted. This is in good  agreem ent w ith the ring diam eter 

m easured using optical m icroscopy. In addition, the agreem ent betw een the position  

o f  the spectral peaks and that predicted for a w avegu ide m ode supported in the 

polym er m icroring indicates that the m ode is w ell confined within the polym er layer. 

Furthermore, a m ethod has been proposed based on surface chem istry, to provide a 

more controlled m ethod o f  producing the m icrorings. Very low  threshold lasing has 

been show n in 80 |0,m diam eter m icrorings under transverse U V  excitation  in the 

nanosecond regim e w hich  com pares very w ell w ith other m easurem ents on sim ilar 

d ev ices in the literature.

This study show s that from a spectroscopic point o f  v iew , stilbene dyes have excellen t 

properties for gain and tw o-photon absorption. Their w eakness lies in the flex ib le  

double bonds in their backbone, w hich a llow  tortional m otion. H ow ever, suitable 

ch o ice o f  host in the solid  state inhibits this m otion m aking them  extrem ely stable. In 

addition, low -threshold lasing has been dem onstrated in m icrorings under optical 

excitation.
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Chapter 1: Introduction

1.1 Motivation

The motivation for this work came from two distinct observations on the optical 

properties o f stilbene dyes doped into polymer host materials. Polymer thin film 

waveguides doped with a substituted stilbene dye were observed to exhibit evidence 

o f optical gain, showing drastic gain narrowing and a superlinear increase in 

emission with excitation length when pumped in the UV spectral region with a 

nanosecond (ns) pump laser. In addition, very intense fluorescence from a stilbene 

dye-doped polymer optical fiber (POF) was observed under two-photon excitation.' 

Figure 1-1 shows a photograph o f the fiber when it was longitudinally pumped at 

800 nm by 175 femtosecond (fs) optical pulses from a mode-locked titanium 

sapphire laser. The stilbene dyes used in this work emit in the blue-green spectral 

region which is a region o f interest in many areas such as next generation optical
'y

storage media, and data transmission systems using acrylate POPs. In addition, 

materials with large two-photon absorption and exhibiting strong upconverted 

emission are interesting in the area o f  two-photon fluorescence microscopy. 

Following the pioneering work by Denk et al.^ this technique has become a very 

popular technique for the characterization o f biological samples and has become an 

indispensable tool in many areas o f biological study. In this method, a fluorescent
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label is used to stain a sample which is then excited using a red or near IR laser, 

often titanium sapphire which generates upconverted emission. This technique is 

especially useful since the T dependence o f  the emission allows for site selective 

excitation and three dimensional imaging. Blue green emitting dyes are particularly 

suitable for this application since they are readily excited by TPA in the near IR, 

and many detectors are most sensitive in the blue-green spectral region. 

Furthermore, in recent years fluorescent green proteins have been used to stain cells 

since the protein is expressed differently in different parts o f the cell, an effect 

called cell transfection.'^ A further application o f  materials with good two photon 

absorption and upconversion properties is in the development o f upconversion laser 

devices. W hile upconverted lasing by two photon absorption in solutions o f organic 

dyes has been shown many times,^ there are far fewer studies illustrating two- 

photon pumped lasing in the solid state using an organic material.^ However, the 

POF shown in Figure 1-1 has been shown to exhibit no optical gain under one or 

two photon pumping. This is due to the photochemical instability o f the dye in the 

polymer host, thus showing that the performance o f the dye is very sensitive to the 

environm ent in which it operates. The fiber was made by Paradigm Optics' and the 

method by which the fiber preform was made and the drawing conditions were not 

available.

The aim o f  this work is to characterize materials with large induced emission cross- 

section and corresponding gain, for use in compact blue-green solid-state laser or 

amplifier devices including finding a suitable host material in which the chosen 

material can perform optimally and also incorporating the material into a high Q 

cavity. In addition, the possibility for two-photon pumped lasing in a solid-state 

device is investigated by measuring the two-photon absorption cross-section and its 

host dependence. Two types o f cavity were chosen for investigation, namely 

microring cavities formed by coating silica fibers and, the possibility o f  making an 

all polymer fiber laser by doping the dye into the core o f a POF.

' PARADIGM  OPTICS INC., Pullman, WA 99163, USA.
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Figure 1-1 Upconverted emission under two-photon excitation at 800 nm in a 
stilbene-dye doped PMMA step-index fiber.

1.2 Scientific Background

Photonics is the generation, manipulation, storage and detection o f  photons and 

covers such broad-ranging research areas as lighting, display technologies, data 

communications, data storage, photovoltaics, and sensors technologies as well as 

many laboratory-based research areas like nonlinear optics, optical computing, and 

optical interconnects for high-speed information processing. With the fundamental 

limits o f  electronics being rapidly approached, many researchers believe that 

information technology based on the manipulation o f photons instead o f electrons 

may provide the key to ever faster and smaller devices.

Most well-established optical technologies are based on inorganic materials such as 

the III-V semiconductors and silica which provide such high performance that much 

o f  the research has moved into optimising device fabrication and packaging to 

achieve low-cost manufacturing and high throughput.* There are areas however 

where an inherently low-cost and flexible alternative may be competitive. It is into 

these niche areas that organic materials have already, and may continue to fit. 

Essential to the realisation o f the full potential o f  organics is the design o f  well- 

characterised materials with the required level o f functionality. There is an almost 

endless array o f organic materials to choose from with chemists continually 

designing and synthesising new structures. Some examples o f  these include
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structural (saturated) polymers like poly (methyl methacrylate) and polystyrene, 

conjugated light-emitting polymers like polyfluorene and poly (phenylene vinylene) 

derivatives, small molecules such as Alqs or Rhodamine 6G and conducting 

polymers like polyaniline to name but a few. As the materials increase in 

complexity and sophistication, an ever increasing number o f applications can be 

found and at the high end o f the complexity scale, lie the naturally occurring 

biological materials which are now under intense investigation for fundamental 

studies but also as building blocks for future technological applications.^

The following review will attempt to give an overview o f  the history and current 

state o f research in the area o f organic materials for photonic applications with 

particular attention being paid to the area o f research most relevant to this thesis, 

namely that o f lasing. A review o f  organic materials for nonlinear optical 

applications will be given in Chapter 5.

1.2.1 Advantages o f organic materials

Carbon rich organic molecular materials are unique building blocks for many 

applications. The solid state is composed o f individual molecules held together by 

the relatively weak van der Waals interaction making them inherently soft and 

flexible. In contrast to covalently bonded semiconductors which are hard and 

brittle'® this flexibility is one o f the key advantages o f  organic materials (although it 

also means that they can be susceptible to environmental damage). Many processes 

that take advantage o f  this feature may be envisaged and have in many cases already 

been implemented such as ink-jet printing o f  active m aterials," patterning by soft
1 9  1 ^embossing and micromolding, and other simple scalable methods o f patterning 

to produce devices that emit light in a well-defined way. For example, Paloczi et. 

al}'^ have demonstrated a polymer M ach-Zender electro-optic m odulator produced 

using high throughput soft stamp replica moulding. In addition, it is possible to use 

simple spin-coating or screen-printing o f  solutions on large area substrates for large 

area displays.

Small laser resonators made from organic materials have been made in many 

different ways. One o f  the simplest structures is that o f a slab waveguide where 

lasing occurs along the length o f a stripe pump beam'^ with feedback being
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provided by reflections from the films edges. To provide lateral guiding, 

photolithographic methods can be employed to make channel waveguides.'^ Planar 

m icrocavity lasing in a thin polymer film sandwiched between two dielectric 

mirrors'^ and between a dielectric mirror and a m etal’* has been shown. Distributed 

feedback lasers have been formed on patterned substrates'^ and by micromolding.

In addition, whispering gallery mode lasing has been shown in microdisks,” 

microrings^' and m icrospheres.“  These studies illustrate the benefit o f  using 

organic materials for the study o f  interesting device geometries and related 

phenomenon without the need for expensive or unwieldy manufacturing processes.

Because it is the individual molecular unit that governs the photophysics o f  organic 

materials, tailoring the electronic transitions becomes possible by modifying the 

molecular structure. In contrast to epitaxially grown inorganic semiconductors, this 

is readily achievable at the synthetic level. Absorption and emission wavelengths, 

solubility, Stokes shift, quantum yield, and nonlinear response can all be tuned and 

optimised by suitable molecular engineering. Obviously, this requires detailed 

understanding o f the photophysics o f the molecules and much effort has gone into 

this in recent years.

In addition to this high degree o f  chemical flexibility, organic materials have other 

inherent advantages due to their m olecular nature. For example, the characteristic 

broad absorption and emission spectrum allows broadband amplification, a wide 

choice o f  wavelengths for pumping or nonlinear optical applications, and the 

possibility o f ultra-fast pulse generation.^^ In addition, the absorption cross-section 

o f  many organic materials is o f the order o f  10''^ cm^, which allows for the 

generation o f high excited state population densities under optical excitation. To a 

first approximation, the stimulated emission cross-section is o f the same order o f 

magnitude allowing for very large optical gain over short gain lengths leading to the 

possibility o f extremely small laser and amplifier devices. This may be contrasted 

with erbium for example, where several meters o f  doped fiber is used in a typical 

erbium doped fiber amplifier.^'^

Since most organic material have a low glass transition temperature, much o f  the 

processing required for device fabrication, can be carried out at low temperature. 

For example, polymer optical fibers can be extruded below 200 °C. Due to this and
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because o f  the low cost and inherently flexible nature o f POF, short-range 

communication applications are an ideal destination for this robust technology. 

Indeed, in the aviation and automobile industries, POF networks using visible light 

have already been implemented.*^ W avelengths o f interest in these systems are 520 

nm and 640 nm, and 840 nm, the former two being low loss spectral regions o f  

acrylate polymers while the latter being one o f  the communication windows o f  

polyimides and perfluorinated polymers. Recently, Matsuoka et al.~ , and Akhter et 

al  ̂ reported data transmission at 520 nm and 509 nm respectively in PMMA core 

polymer optical fiber in the green where PMMA has a low loss window. The cost 

o f these networks could be reduced further with the use o f low-cost sources, 

amplifiers and receivers that operate in the visible region. Although electrically 

pumped organic diode lasers and amplifiers are still far from being realised, this 

area is one o f  many where they could uhimately find their niche.

1.2.2 Organic materials for photonics

Active organic photonic materials can be roughly divided into two categories; that 

o f small molecular systems where the molecular weight is well defined and that o f 

conjugated polymers which are composed o f repeating monomeric units o f 

indefinite length.

Small M olecules

There is an almost endless array o f small organic molecules. For example, there are 

the many types o f laser dyes having absorption bands in the UV and visible parts o f 

the spectrum and showing high quantum yield photoluminescence like the 

Xanthenes and Coumarins. There are a whole range o f porphyrins and 

phthalocyanines which have interesting nonlinear optical responses and can be 

engineered to be excellent phosphorescent emitters.’  ̂ There are semiconductors 

such as Alq3 and TPD which have been used in thin film electro-luminescent 

devices^^ and there are molecules with a large dipole moment for electro-optic 

applications. These are only a few examples o f the wide-ranging areas o f  interest.

The first use o f an organic dye as a laser medium was demonstrated by Sorokin and 

Lankard, when they achieved lasing in a phthalocyanine dye pumped with a ruby 

laser.- (For an extensive bibliography on the early developments o f  dye lasers, the
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reader is referred to reference 30). Shortly thereafter, Sorokin and Lankard^' (1967) 

and Schmidt and Schafer ‘ (1967) demonstrated that a dye laser could be pumped 

with a flashlamp. Since then, many highly efficient laser dyes have been developed. 

The most successful o f these are probably the Xanthenes, especially Rhodamine6G 

and the Coumarin group o f dyes. Although laser dyes have been shown to lase in 

liquid, solid and gas p h a s e s , th e y  are most frequently used in solutions o f organic 

solvents. This is because high optical quality cuvettes can be used to house the 

solution and cooling and replenishment o f degraded dye molecules can be achieved 

by simply circulating the solution using a magnetic stirrer. However, organic 

solvents are in many cases toxic and although solution based dye lasers are very 

useful in the laboratory when a tuneable source is required, they have a limited 

range o f applications outside o f  the laboratory.

Since the early days o f  their developm ent attempts have been made to achieve 

lasing in organic dyes in the solid p h a s e . N e a t  films o f  organic dyes do not lase 

due to concentration quenching and aggregate formation so it is necessary to 

incorporate the dye into a solid host which is most often an inorganic glass or 

transparent polymer. A good host is one that is chemically stable under exposure 

to laser radiation and in addition, has a low thermal expansion coefficient. Low 

temperature sol-gel processes allow the incorporation o f  organic dyes into inorganic
‘  • 35silica glasses and have been shown to have good laser efficiency. Transparent 

organic polymers are also good hosts in many cases and there are two main ways in 

which the dye can be incorporated into the host polymer. I f  a solvent exists that can 

dissolve both the polymer and the dye, then thin films can be spin-cast from the 

solution to give high optical quality samples. Alternatively, the dye can be 

dissolved in the monomer (if they are compatible) and the monomer subsequently 

polymerised to form a doped-polymer bulk. The advantage o f  this is that the bulk 

takes the shape o f the container in which the polymerisation takes place, which can 

be a useful property. For example, the bulk can be formed in a small-diameter glass 

capillary tube which results in the formation o f  a glass-clad fiber. Alternatively, 

the bulk can take the shape o f a fiber perform which can then be drawn into a
-5 7   ̂  ̂ ^

POP. Unfortunately, the polymerisation process can result in degradation o f  the 

dye and other problems that will be discussed in more detail in Chapter 7.
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To find a real technological application, it seems likely that electrical pumping 

would be highly advantageous and in that sense it seems as though small molecules 

have a disadvantage over other organic materials such as conjugated polymers. One
• • • • 38method that may solve this issue is pumping based on energy transfer. In this case 

the dye is incorporated into organic or polymeric material capable o f charge 

transport and the electrically generated excited state is transferred by energy transfer 

to the emitter. The main problem with devices based on this system is the same as 

that encountered in all electrically driven polymeric/organic devices; that of 

absorption o f charge carriers (polaron absorption) and despite much research effort, 

this problem has remained prohibitive to electrically driven lasing in an organic 

material. Alternatively, it has been suggested that a two-component system 

comprised o f an inorganic InGaN laser diode could be used to pump a resonator 

made from an organic m a t e r i a l . T h i s  system takes advantage of the efficient 

InGaN laser diode while providing the high degree of tunability and low lasing 

threshold of organic materials.'*'' In this case, dye-doped polymers can compete just 

as effectively if not more so than conjugated polymers.

Optically pumped devices are still o f practical interest, since for example optically 

pumped erbium doped fiber amplifiers are commercially available. However, these 

are generally CW devices. The problems associated with triplet absorption mean 

that currently from a practical point o f view, pulsed pumping of organic materials is 

necessary.

Conjugated polymers

Since the discovery of electrical conductivity in doped polyacetylene,'” a large 

amount o f progress has been made in the design and synthesis o f conjugated 

polymers. Conjugated polymers are characterised by a large delocalisation o f the tt- 

electronic system due to the degree o f conjugation, making them distinct from 

structural polymers like PMMA and polystyrene. This delocalisation o f the tt- 

electrons along the polymer chain leads to semiconductor behaviour where the it* 

orbital can support mobile charge carriers, n-n* transitions occur at frequencies 

from the UV to the visible resulting in materials that are capable o f both electrical 

conduction and visible photoluminescent emission. The first demonstration of
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electroluminescence from a conjugated polymer was given by Burroughes et in 

1990 using PPV. This immediately prompted ambitions o f  electrically pumped 

organic light emitting diodes (OLED) and laser diodes (LD). The work on OLEDs 

has been very successful and has reached commercialisation.'*^ The organic laser 

diode however, has remained elusive.

In 1992 Moses demonstrated photo-pumped lasing from poly(2-methoxy-5-(2’- 

ethylhexyloxy)-l,4-phenylene vinylene (MEH-PPV) in solution.'*'* Photo-pumped 

lasing in the solid-state proved more difficult than expected and initial pump-probe 

studies on M EH-PPV films diluted with polystyrene"*^ implied that the interaction 

between neighbouring polymer chains played an important role (exciton-exciton 

annihilation). Finally, in 1996 stimulated emission and lasing in neat films o f 

conjugated polymer was demonstrated.'*^'*^’'**’'*̂  Subsequently the problems due to 

interchain interactions were removed by the addition o f bulky side-chains^° leading 

to materials with high luminescent quantum yields in neat films.

Estimates on the best photo-pumped organic lasers have shown that the theoretical 

threshold current density for lasing is at an achievable level^^ and yet no 

demonstration o f  electrically pumped lasing has been forthcoming. The two main 

reasons for this are the added losses due to metal electrode absorption and more 

importantly very broad-band carrier-induced absorption, neither o f  which are 

present in optically pumped resonator structures.^^ In addition, spin-statistics^' have 

shown that electrically generated excitons are formed with a triplet-singlet ratio o f 

3:1.

1.3 Thesis outline

The thesis will be outlined as follows;

Chapter 2 will give the formal theoretical background for the interaction o f light 

with matter in the linear regime using the Lorentz model to describe the response of 

an elastically bound electron to a time varying electric field. This will be followed 

by an introduction to the basic concepts o f  organic materials, and pertinent aspects 

o f  their photophysics.
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Chapter 3 will introduce the materials used in this study namely a series o f 

substituted stilbene dyes and present their basic spectroscopic properties in solution 

and solid state. Much o f this basic spectroscopic information is used in later 

chapters.

Chapter 4 will use gain spectroscopy on thin polymer films doped with a substituted 

stilbene dye to demonstrate very large modal gain under UV excitation. The gain is 

measured at a range o f wavelengths and pump fluences and the stimulated emission 

cross-section extracted. Low-threshold lasing is demonstrated in a rudimentary slab 

waveguide laser.

Chapter 5 will focus on the two-photon absorption behaviour o f several dyes, with 

particular focus on their upconversion abilities. The measurements use fs near IR 

excitation to measure the two-photon absorption cross-section in solution and in 

solid thin films using z-scan and two-photon induced fluorescence (TPIF) method.

The subject o f  Chapter 6 is the design o f  high-Q microring lasers. The relationship 

between microring cavity size, geometry and quality is investigated and low 

threshold lasing is demonstrated

Finally, a summary o f the work and outlook will be given in Chapter 7.
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Chapter 2: Light-Matter 

Interaction and Organic 

Materials

2.1 The interaction o f light with matter

2.1.1 Introduction

The way in which light interacts with matter gives rise to the optical properties o f 

materials. The absorption and emission spectra, quantum yield, lifetime, 

nonlinearity, and amplifying ability are all a function o f the way in which the time 

dependent electric and magnetic fields o f light interact with the charges in real 

matter. The interaction o f light with a dielectric material is most simply described 

via the refractive index n, which is the ratio o f the speed o f light in a vacuum to that 

in the material. This chapter will derive the form o f  the refractive index using the 

Lorentz model or classical electron oscillator (CEO) model which considers an 

electron elastically bound to a stationary nucleus under the influence o f  a time 

varying electric field. Despite the fact that this model does not take into account the 

quantum nature o f  matter, it is still a very useful model and leads to a description o f 

such phenomena as dispersion and refraction. To take into account the possibility
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o f absorption, a damping term is included in the model which leads to a complex 

refractive index. The Lorentz model as presented in this chapter represents the 

linear response o f  matter to impinging light. Nonlinear optics deals with the 

interaction o f matter with high intensity light and is the subject o f Chapter 5 where 

the theoretical background o f  the nonlinear response will be introduced.

In the following discussion and subsequent chapters, vectors will be denoted by an 

underscore while complex variables will be represented with a tilde.

2.1.2 The Lorentz model

Matter is composed o f charged particles such as protons and electrons. Under the 

influence o f the external electric field o f light, these charges respond and rearrange 

themselves setting up an internal electric field which in turn interacts with the 

propagating light. This back-and-forth exchange o f  energy between the applied 

field and the internal field o f  the material gives rise to the rich assortment o f optical 

phenomenon that are seen in the laboratory and in the natural world.

The mathematical description o f the interaction o f  light and matter is given by 
1M axwell’s equations:

Where E  and H  represent the electric and magnetic field vectors respectively. D  and 

B  are the electric and magnetic displacement vectors respectively which represent 

the total electric and magnetic fields in the medium. They may be written:

V.D = 0 (2 . 1)

V.5 = 0 (2 .2)

dt
(2 .3)

(2 .4)

D  = £qE  + ̂  = s E (2 .5)
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B = MaK (2 .6)

Where so it the electric permittivity o f  a vacuum, 8 is the permittivity o f  the 

material, /^o is the magnetic permeability o f a vacuum and P  is the polarization per 

unit volume o f  the material through which the electromagnetic wave propagates. 

This term is central to understanding the electric response o f  the material and is the 

only term in M axwell’s equations that refers directly to the medium.

Applying the curl operator to Eq. 2.3

describes the response o f a material to an external field via the polarization. For 

free-space propagation, P=0, and the equation reduces to the homogenous form. In 

order to understand the nature o f the polarization term in a material, it is necessary 

to consider the atomic nature o f matter and discuss how the charges within matter 

respond to the applied electric field. The Lorentz model can be used to describe this 

response in the linear regime.

The Lorentz model represents the response o f a single electric-dipole to an external 

electric field in terms o f  a restoring force that is linearly proportional to the 

displacement, leading to simple harmonic oscillation o f the dipole. In simplified 

terms, it is then possible to treat the atom as a classical dipole oscillator composed 

o f  a very large stationary positively charged nucleus coupled to a single electron

^  D ^  ^

V x ( V x £ )  = V x ^  = — ( V x 5 )  = - w„ — ( V x / / )  
dt dt^ ^  d r

(2 . 7)

and noting

V x ( V x £ )  = V (V .£ ) -V ^ £ (2 .8)

and applying Eqs. 2.4 and 2.5 leads to:

d^P
2 (2 . 9)

Where c is the speed o f light in a vacuum given by c = This equation
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w hich m ay be displaced from its equilibrium  position by an external electric field. 

The total polarization is then treated as the sum o f  the individual dipole responses.

In the 1-D approxim ation the electron under consideration is elastically  bound to the 

nucleus and upon being displaced from  its equilibrium  position by x(t), it will 

experience a restoring force F(t) due to the positively charged nucleus w hich is 

linearly proportional to the d isplacem ent according to  H ooke’s Law:

W here K  is the spring constant. In an undriven system , once initially displaced, the 

electron w ill undergo oscillations at a natural frequency given by:

W here rtie is the electronic m ass. The electronic charge cloud in a real atom  is 

sim ilar in m any w ays to this point charge model. W hen an electrom agnetic wave 

im pinges on such a cloud, it behaves as a driven oscillator. From  N ew ton’s second 

law, and assum ing a harm onic electric field with tim e dependence o f  the form: 

E{t)  =  E q coscot w here E q is the field am plitude, the equation o f  m otion o f  a driven 

oscillator in one dim ension m ay be w ritten as:

„  2 . . d^x ( t )
cE q cos cot -  m^coQx(t) = ----- -— (2.12)

d t

It m ay be anticipated that the electronic response w ill closely follow  that o f  the 

driving field and using a trial solution o f

x( t )  = cos cot (2.13)

the follow ing expression for the tim e dependent position is obtained:

F{t )  = - K x { t ) (2 . 10)

(2 . 11)

(2.14)
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The dipole moment associated with a charge e displaced by x(t) is:

M.iO = gx{t) (2.15)

If there are N oscillators per unit volume orientated in the x direction, the total 

polarization is given by:

P̂ {t) = N^Xt) (216)

and hence:

e^NE ît)
/ ), m

p . =  f , (217)

Using the relation

{ e - s , ) E ^ P  (2.18)

and the fact that = y  gives

e '^N /
E(t) / m

 ̂ - ^ 0 + 7 — ; ------------ TT (2 19)

Ne^

o " v  V 0
2 2 CO. -  CO

(2 .20)

Equation 2.20 is the dispersion equation which gives the frequency dependence of 

the refractive index of a material and according to this analysis, is a purely real 

number which tends towards infinity when a>=coo. This resonance frequency

AE
corresponds to the transition frequency cô  = —  of a real electronic transition

h

where AE is the energy gap o f the transition and is more suitably described using a 

quantum mechanical description which will be the subject o f section 2.1.3.
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Damped oscillations and radiative decay^

In a real atom , the electron cloud oscillations m ust lose energy in som e m anner and 

thus a real atom ic system  behaves as a dam ped driven oscillator. It is then 

necessary to  include a dam ping term  in the equation o f  m otion w hich m ay now  be 

w ritten as:

w here 7 is the dam ping rate o f  the oscillator. The electronic displacem ent in an 

undriven system  w ill, once disturbed at t=to oscillate and decay according to;

where coo’ is the resonant frequency o f  the dam ped oscillator w hich in the lim it o f  

w eak dam ping is approxim ately  equal to the resonant frequency o f  the undam ped 

system . The dam ping rate could also be w ritten as an inverse lifetim e r  such that the 

total energy, U  o f  the oscillator decays according to:

In light o f  this dam ping term , the relationship betw een the applied electric field and 

the polarization is not only frequency dependent but also com plex. Stated another 

way, the dipole response can be divided into an in-phase com ponent (real) w hich 

follow s the driving field and an out o f  phase com ponent w hich constitu tes an 

absorptive process (im aginary). H aving absorbed som e o f  the energy o f  the 

im pinging w ave, the dipole re-radiates according to Eq. 2.23

The electric susceptibility  ;t'(<y), w hich is the com plex, frequency dependent 

response function o f  a m aterial to an applied electric field may be w ritten in term s 

o f  the now  com plex refractive index as:

(2 .22)

(2 .23)

z{co)^n{(a) - 1 (2 .24)
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and

P = z(co)e^E (2 .25)

Using Eq. 2.18, the electric permittivity o f  the medium in terms o f  this susceptibility 

may be written as:

Thus, it can be seen that the complex susceptibility o f a material fully describes the 

materials response to an applied electric field. The real part o f the susceptibility is 

related to how the local electric field within the atoms changes the propagation of 

the electromagnetic wave as it passes through it, while the imaginary part o f  the 

susceptibility describes how the atoms can absorb and re-radiate a wave travelling 

through the medium.

2.1.3 Quantum description: electronic transitions

When the frequency o f the impinging light approaches a resonant transition in the 

material the imaginary part o f the refractive index approaches infinity and a better 

description can be obtained using quantum mechanics which can deal more readily 

with resonant transitions within the electronic system.

In general, any substance will have several resonant frequencies associated with 

transitions between the energy eigenstates y/ within the material. With this in 

mind, the susceptibility can be re-written in terms o f the sum o f these states:

^ = ^oO +  Z) (2 .26)

The susceptibility can then be written as

0)^-0} + lyco
(2 .27)

(2 .28)
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W here cOn denotes the resonant frequency o f  the transition. The term s f„ which 

satisfy ^ / „  =1 are called the oscillator strengths or transition probabilities o f  the
n

transitions.

"^According to  quantum  m echanics, the transition probability  or transition  rate in the 

dipole approxim ation betw een tw o states i and j  is denoted By and is proportional to,

(2.29)

w here is the m agnitude o f  the vector,

=  e (230 )
V

W here * denotes the com plex conjugate and u represents the am plitudes o f  the 

w avefunctions o f  the initial and final states. The vector quantity in Eq. 2.30 is 

called the transition dipole betw een states i and j  and its m agnitude depends 

strongly on the type o f  m aterial under study.

2.2 Organic materials 

2.2.1 Introduction

O rganic m aterials are those w hose chem istry is based on carbon. C arbon can form 

into a m yriad o f  structures due to its ability to form  single, double and triple bonds 

with itse lf and other atom s leading to the vast array o f  organic m aterials that are 

evident in the natural w orld. O rganic com pounds can be divided into saturated and 

unsaturated, the latter having at least one carbon double or triple bond. All organic 

m aterials absorb U V  radiation. The presence o f  a double or triple bond strongly 

influences the w avelength  at w hich this absorption occurs and saturated com pounds 

generally only absorb light below  160 nm.^ The photon energy at this w avelength is 

higher than the dissociation energy o f  m ost chem ical bonds and decom position is 

likely to occur. The m aterials studied in this thesis are organic dyes w hich are 

characterized by absorption at m uch longer w avelengths in the U V  and em ission in
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the visible part o f  the spectrum. This is due to the high degree o f  conjugation in the 

m olecules which shifts the wavelength towards the red end o f  the spectrum. 

Organic dyes com e in many different forms readily emitting light from the near UV  

to the near IR. Some o f  the more notable groups o f  dyes are the coumarins emitting 

in the near UV and blue, and the xanthenes including rhodamine 6G and fluorescein 

emitting between 500-700 nm. The class o f  dyes studied in this thesis are blue- 

green emitting substituted stilbene m olecules.

2.2.2 Basic concepts in organic materials^

Carbon is a unique element in its ability to form a variety o f  different bonds. The 

electronic configuration o f  carbon is Is* 2s^ 2p* which could be expected to provide 

a valence o f  2 and allow for the formation o f  compounds such as CH2 . However, in 

ethane (C2 H6 ) for example it is energetically favourable for the carbon atom to 

prom ote  an electron from the 2s orbital to the empty 2p orbital. The electrons 

arrange them selves in a process called hybridisation resulting in 4 identical hybrid 

sp  ̂ orbitals which arrange them selves with one lobe pointing to the corner o f  a 

regular tetrahedron with a bond angle o f  109.5°, as shown in Figure 2-1. Three o f  

the hybrid orbitals on each carbon bind with the Is electron in hydrogen leading to 

C-H bonds while the final sp  ̂ orbital com bines end-to-end with its equivalent on the 

other carbon atom forming a C-C single bond. All o f  these bonds are called sigma 

(c r ) bonds, and are characterized by cylindrical symmetry along the intemuclear 

axis.

109. 5‘109. 5‘

109.5 '109.5'

Figure 2-1 Schem atic view  o f  sp^ hybridization. ^

Ethane is a saturated compound and as such requires very high energy to dissociate 

it making it relatively inert.
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2.2.3 Light absorption and conjugation

Ethene C2H4 is an exam ple o f  a d ifferent type o f  bonding system . E thene form s sp“ 

hybrid orbitals using the 2 s electron and 2 o f  the 2p electrons leaving the o ther p 

orbital unchanged. The sp -orbitals arrange them selves in a plane as show n m 

Figure 2-2 at 120° angles leaving the rem aining p orbital perpendicular to them . 

The carbon sp" orbitals bind w ith the hydrogen Is orbitals to form  <T-bonds and 

additionally  form an end-to-end double bond. The p-orbitals overlap in a kind o f  

side-w ays configuration to  form a ;r-m olecular orbit, w hich is recognizable by its 

delocalised character as show n in F igure 2-3. These ;r-bonds are m uch w eaker than 

the (T-bonds w hich m eans they have a m uch low er energy and are m ore readily 

excited w hich extends their UV absorption w avelength further to the long 

w avelength end o f  the spectrum . All double (and triple) bonds have a ;?r-bond 

associated w ith them .

side view top view

Figure 2-2 Schematic view o f sp^ hybridized bonding showing also the remaining

unhybridizedp: orbitaf.
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Pz _______ Pz

Figure 2-3 Schematic o f  bonding structure o f  ethane C2 H 4

If two double bonds are separated by a single bond as in the molecule butadiene 

(Figure 2-4) the double bonds are said to be conjugated. Compounds with 

conjugated double bonds absorb light above 200 nm, the greater the extent of 

conjugation, the longer the wavelength in general.

H H

V “k I
H

Figure 2-4 Conjugated bonds in butadiene

The delocalisation o f ;r-electrons is most pronounced in the structure of benzene and 

its derivatives. Benzene is composed of 6 carbon atoms which are regarded as sp“ 

hybridized, bound in a ring with alternating single and double cr-bonds, with the 

n  electrons completely delocalised above and below the plane of the ring as shown 

in Figure 2-5.

The delocalizaton o f ;r-electrons is the key aspect to understanding the interaction of 

visible and near UV light with organic materials. Molecules with extensively 

delocalised ;^-electron systems can have the maximum of their absorption band 

extend far into the visible part o f the spectrum. The highly polarizable ;r-electron 

cloud associated with conjugated systems also means that they can have very 

pronounced non-linear response.*

39



Figure 2-5 P: orbitals in benzene resulting in highly delocalised electronic system 

above and below the plane o f  the benzene ring.^

From the foregoing discussion, it may now be possible to make a more strict 

definition of the term organic dye as “any substance containing conjugated double 

bonds’’.̂  O f course, the usefulness of a dye as a laser medium defined in this way is 

subject to many more constraints for example high photoluminescence quantum 

yield and stimulated emission-cross section. It should also be soluble in commonly 

available solvents and relatively immune to aggregate formation.

With this in mind, it is now appropriate to discuss the characteristic absorption and 

emission properties o f dyes as well as other aspects of their photophysics.

2.2.4 Absorption o f light by organic dyes

The most salient feature o f the absorption spectra of organic species as opposed to 

atomic materials, is the presence of wide, diffuse bands in the spectrum unlike the 

narrow line spectrum usually associated with atomic electronic transitions. This 

may readily be understood by considering the nuclear framework in which the 

electronic transition takes place, which may be achieved by considering the Franck- 

Condon principle: Because the nuclei are so much more massive than the electrons, 

the nuclei cannot respond over the duration of the electronic transition. The lowest 

electronic state in which a molecule can exist is one that contains two paired 

electrons of opposite spin. This type o f state is called a singlet state. It is also
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possible that one o f the electrons can be promoted to an energetically higher state 

where it has a change o f  spin meaning that the two paired electrons have parallel 

spin. This is called a triplet state. Transitions between states o f different 

multiplicity are not strictly allowed although this restriction may be relaxed in the 

case o f strong spin-orbit coupling for example. Classically speaking, when the 

electron is in the electronic ground state. S o  o f  the molecule, the nuclei are in 

equilibrium and stationary. Once the electron undergoes an upwards transition due 

to the absorption o f a photon (during which the nuclei remain stationary according 

to the Franck-Condon principle), there is a change in electron density which causes 

a change in the bond lengths in the molecule. This causes the nuclei to oscillate and 

what was the initially stationary bond length in the ground state becomes a turning 

point in the upper electronic state. From a quantum mechanical perspective, the 

idea o f a stationary nuclear framework is unacceptable and it may be replaced by 

stating that the ground state configuration is the one in which the electron is in the 

lowest vibronic level o f  the singlet state, denoted Soo-

Electronic
excited-state

Electronic
ground-state

Figure 2-6 Franck-Condon diagram showing the vertical transition o f  an electron 

in a diatomic molecule from  the lowest vibronic level o f  the electronic ground state 

to some high-lying vibronic level in the first excited electronic state

The most likely point for a transition to occur is when the nuclei have their 

equilibrium bond length and according to the Franck-Condon principle the nuclear 

framework does not change during this transition or immediately after, the electron 

making a vertical transition and finding itself in some highly excited vibronic level
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of the upper electronic state Sjn. This transition is depicted in Figure 2-6 which is a 

Franck-Condon diagram for a diatomic molecule.

O f course this is not the only vibronic level accessible to the electron since the 

vibronic levels are very closely spaced, but the spectrum will peak at a transition 

whose vibrational wavefunction peaks most strongly near the equilibrium bond 

length. In general, a dye molecule will have many vibrational levels superimposed 

on any given electronic level into which the electron may go due to the different 

vibronic modes of which molecule is capable. In addition, collisions between the 

molecules, and between the molecules and the surrounding host material further 

broaden the individual levels. Furthermore, on top of the vibrational sub-structure, 

there are many modes o f rotation for a given molecule many o f which can couple to 

a given vibrational level o f a given electronic level. These rotational levels are also 

broadened all of which results in an effective continuum of states within each 

electronic energy level. In the absence o f any incident photons, the population o f an 

energy level /, in thermal equilibrium with the surrounding material is given by the 

Boltzmann distribution:

Where No is the total population per unit volume, Ni is the population o f the excited 

state with energy £■„ T  is the absolute temperature and k is Boltzmann’s constant.

Since before absorption, most of the molecules will be in the Sqo state, the 

absorption spectrum gives information about the excited state o f the molecule. 

Most transitions that involve the absorption o f near UV or visible light involve n- 

electron transitions of the n*<—n  (pi pi-star) type although some molecules 

containing oxygen for example, may have transitions due to a lone pair of non

bonding electrons (n*<—n). Although a molecule may have several electronic states 

into which it seems energetically possible to excite an electron with a UV or visible 

photon, not all states are accessible. The selection rules that govern which 

transitions are allowed depends on the symmetry of the molecule and the geometries 

of the ground and excited states and are the realm of group theory. This is beyond 

the scope of this thesis but in general, the higher the degree of symmetry in a

(2 .31)
V /
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molecule, the more restricted the transitions. In molecules where the only 

symmetry operation is the identity operation, which consists of doing nothing, there 

are no symmetry restrictions on the electronic transitions.^ In centrosymmetric 

molecules, the only transitions that are allowed are ones that are accompanied by a 

change o f parity, i.e. ones that takes place between an orbital that is left unchanged 

under inversion in a centre o f symmetry and one that has a change o f sign under the 

same operation, and vice-versa. It should also be noted that distortions of the 

molecular backbone can cause a break in the symmetry and some transitions may 

become weakly allowed.

The strength of the absorption of electromagnetic radiation by a molecule, is 

described by a molecular absorption cross-section^’'® which can be thought of as an 

area o f capture for an incident photon of wavelength a ,.  In terms o f the transition 

rate B between levels 1 and 2 as defined in Eq. 2.29, the cross-section can be 

defined according to:

where F  is the photon flux and in terms of a change of intensity, the cross-section is 

written:

(2 .33)

Where 1(A,0) is the incident light intensity, N  is the number o f absorbing molecules
' i

in cm' , and d  is the sample thickness in cm. The absorption cross section is 

measured in cm“. Good laser dyes have an absorption cross-section of the order o f 

lO-'^cml

2.2.5 Relaxation and deactivation pathways for excited molecules

As stated in the previous section, the recently excited molecule finds itself in a non

equilibrium Franck-Condon state immediately after excitation. The molecule then 

relaxes very rapidly (10''^ to 10'" s) and non-radiatively to the lowest vibronic level 

o f the excited state via collision and/or dipolar-relaxation via surrounding
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solvent/matrix molecules. Once it has reached this level, there are several paths that 

the molecule can follow if left to decay spontaneously and these are depicted in the 

Jablonski diagram of Figure 2-7.

Energy ESA

TtipUt absorption

A.bsoiption ISC

T rip le t m anifo ldS in ^ e t m an ifo ld

Position

Figure 2-7 Jablonski diagram depicting some o f  the different photophysical 

processes seen in molecules. 1C: internal conversion, ISC: intersystem crossing,

ESA: excited state absorption

The most straightforward o f these processes is the radiative decay of the molecule 

into an excited state o f the ground state by spontaneous emission of fluorescence. 

Since this normally occurs from the lowest vibrational level o f the excited state 

manifold to several or all o f the vibronic levels of the ground state, the fluorescence 

spectrum provides information about the vibronic energy distribution of the ground 

state. In addition, the energy lost by the molecule in reaching thermal equilibrium 

in the Si state manifests itself as a red-shift in the emission spectrum relative to the 

absorption spectrum which is termed the Stokes shift. Greater Stokes shift implies 

lower ground state re-absorption o f the emitted fluorescence. In organic materials 

the radiative transition takes place with a lifetime r /̂ o f the order o f 1-100 ns and is 

directly related to the oscillator strength o f the transition which for a molecular 

material may be expressed by the “Strickler and Berg” formula:"
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—  = 2.880x 10 / v ' / \  ^sd \nv (2 .34)

Where n is the refractive index, (*^/)^^ *s the reciprocal of the mean of v in the

fluorescence spectrum where v is the wavenumber, e is the molar extinction 

coefficient measured in litre/(cm mole).

In addition to spontaneous emission,'^ there also exists the possibility that the 

electron can tunnel directly to the ground-state in a process called internal 

conversion if there is sufficient overlap in the wave-functions o f the initial and final 

states. Internal conversion involves the radiation of heat into the surrounding 

environment and often involves large amplitude motion of the whole molecule.

The transition from the excited singlet state to the triplet ground state is called 

intersystem crossing and is not spin allowed, however perturbations such as spin- 

orbit coupling due to the presence of atoms with high atomic number in the 

molecule may induce it. In fact, phthalocyanines with heavy central metals have 

been designed to increase this transition probability for applications in optical 

limiting.'^ Once in the triplet state the molecule may absorb light and make a 

transition to a higher triplet level. Indeed this transition energy often coincides with 

the spontaneous emission spectrum from the molecule and can be a very 

troublesome source of fluorescence and gain quenching. The other route for the 

molecule in this triplet state is that of phosphorescence which involves a radiative 

transition to the singlet ground state and is also a spin forbidden transition, since it 

involves a transition between two states with difference multiplicity. The result of 

this is the much longer lifetime associated with phosphorescence as compared with 

fluorescence lifetimes; of the order of |j.s-ms and in some extreme case, hours and 

even days.

There is also the possibility of excited state absorption of either the incident beam or 

the fluorescence from other molecules, which will raise the molecule to some higher 

lying singlet state. In many cases, the electron will return non-radiatively to the Si 

state with a quantum yield o f less than 100 %.
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All o f the processes mentioned above compete with the spontaneous emission to 

give a quantum yield o f less than 100 %. The quantum yield may be defined as:

pi

'■rf

(2 .35)

Where r„r is defined as the lifetime associated with all the non-radiative processes 

mentioned above and Tpi is the measurable photoluminescence lifetime.

2.2.6 Induced transitions and stimulated emission

As outlined above, an atom or molecule in the ground state can undergo a transition 

to a higher excited state under the influence of an external electromagnetic field, by 

absorbing a photon of the appropriate energy which is a stimulated absorption 

process and depends on the energy density of the incident field. From there is can 

undergo a downward transition with the emission o f a photon via spontaneous 

emission which is independent of the energy density o f the incident electromagnetic 

field. The final deactivation process that has not been yet mentioned but is o f central 

importance to the study of optical gain is that o f stimulated emission where an 

incident photon induces a downward radiative transition in a molecule already in an 

excited state producing a photon that is of the same wavelength and in phase with 

the incident photon. The transition rates due to these processes may be written:

dN,
dt

(2 .36)
y  abs

V d t  J  stim
(2 .37)

UN
y dt ^

(2 .38)
sponl

Where Ni denotes the population of the upper or lower level, is the spectral 

energy density, the subscripts abs, stim, and spont refer to the processes of 

stimulated absorption, stimulated emission and spontaneous emission respectively.
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The coefficients A,j and 5,y are referred to as Einstein’s A and B coefficients and 

give the transition probability per unit time o f a given transition.

Assuming that the atomic or molecular system is in thermal equilibrium, the rate of 

upward transitions must equal the rate o f downward transitions, therefore:

(2.39)

Dividing across by Nj and rearranging gives the relative population o f the upper and 

lower level:

TV, B^.u^
^ —  a  40)

^ 1 2

This expression should be equal to the Maxwell-Boltzman population distribution 

for 2 levels in thermal equilibrium:

e —  (2 41)

Solving for Mv-gives:

B. hv^JkT
(2.42)

Here it may be pointed out that as T^oo, the spectral energy density should also 

approach infinity, and the only way that this will be the case is if:

B ^ , = B , , = B  (2.43)

and since the B coefficients are independent of temperature, this must also be true at 

all temperatures. This means that the probability of stimulated emission is identical 

to that o f stimulated absorption. This also implies that the stimulated emission 

cross-section is o f the same order o f magnitude as the absorption cross-section for a 

given transition.

47



References

' A. Yariv, Optical Electronics in Modern Communications 5‘̂  Ed., (Oxford 
University Press, Oxford, 1997).

 ̂E. Hecht, Optics 3'’̂ Ed., (Addison-Wiley, Harlow, 1998).

 ̂A. E. Siegman, Lasers, (Oxford University Press, Oxford, 1986).

 ̂O. Svelto, Principles o f  Lasers Ed., (Plenum Press, New York and London,
1986).

 ̂F.P. Schafer, in Topics in Applied Physics: Dye Lasers 2"̂  ̂Ed, Editor: P.P. Schafer 
(Springer-Verlag, Berlin, Heidelberg, New York, 1977)

 ̂P. Atkins, J. de Paula, Atkins Physical Chemistry 7‘̂  Ed., (Oxford University 
Press, Oxford, 2002).

n

http://wps.prenhall.com/wps/media/objects/724/741576/chapter_01.html

o

G.D. Stucky, S.R. Marder , J.E. Sohn, in Linear and Nonlinear Polarizability: A 
Primer in Materials fo r  Nonlinear Optic: Chemical Perspectives, Editors. G.D. 
Stucky, S.R. Marder , J.E. Sohn., ACS Symposium Series, (American Chemical 
Society, Washington DC, 1991)

 ̂ W. Kemp, Organic Spectroscopy Ed., (Macmillan Press, Hampshire and 
London, 1992)

B.B. Snavely, in Topics in Applied Physics: Dye Lasers 2'“̂ Ed, Editor: F.P. 
Schafer (Springer-Verlag, Berlin, Heidelberg, New York, 1977)

“ S.J. Strickler, R.A. Berg, J. Chem. Phys. 37, 814 (1962).

K.H. Drexhage, in Topics in Applied Physics: Dye Lasers 2"‘̂ Ed, Editor: F.P. 
Schafer (Springer-Verlag, Berlin, Heidelberg, New York, 1977).

S. O ’Flaherty, PhD Thesis, Trinity College Dublin, 2003.

48



Chapter 3: Materials

3.1 Introduction

In this chapter, the materials used in this study will be introduced. Much o f the 

work was carried out on dye-doped polymer solid-state samples so in addition to the 

active dye molecules, some information will be presented on the inert polymers 

used as host matrices. Most o f  the work in the subsequent chapters focuses on two 

molecules namely l,4-bis(4-diphenylamino-styryl)-benzene abbreviated to SP35, 

and l,4-Bis[2-[4-[N,N-di(p-tolyl)amino]phenyl]vinyl]benzene abbreviated to 

B2080. Additionally some measurements were performed on a closely related dye; 

l,2-bis(4-diphenylaminophenyl)-ethylene or SP48 for short. The dyes emit in the 

blue-green spectral region.

The following sections will present the basic spectroscopic properties o f the dyes 

under study. Much o f  this information will be used in later chapters.

3.1.1 Stilbene dyes

SP35, B2080 and SP48 can all be classed as being stilbene-like molecules. A 

stilbene unit is a carbon-carbon double bond attached via single carbon bonds to 

phenyl rings. The m olecular structure o f ?ra«5-stilbene is shown in Figure 3-1.
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Figure 3-1 Molecular structure o f  trans-stilbene.

This molecular unit is the fundamental building block in the dyes studied in this 

work.

Table 3-1 Molecular structure o f  stilbene dyes and their fu ll chemical names and 
_______________________________abbreviations._______________________________

Molecular Structure Name Abbreviation

l,2-bis(4- SP48‘

diphenylaminophenyl 

)-ethylene

1.4-bis(4- SP35- 

diphenylamino- 

styryl)-benzene

1.4-Bis[2-[4-[N,N- 82080^ 

di(p-

tolyl)amino]phenyl]v 

inyljbenzene

The m olecular structure o f  the three stilbene dyes is shown in Table 3-1. The 

stilbene unit forms part or all o f  a conjugated bridge between the symmetrically 

substituted diphenylamine moieties. The diphenylamine moieties are electron 

donating in character and the central 7i-conjugated bridge slightly electron 

accepting. This D-7t-D m otif gives very characteristic spectroscopic properties 

which will be discussed in the next sections. Since the donor groups are

■ Synthesised at the University o f  Jena by the group o f  Prof Horhold. 
 ̂ Tokyo Kasei Kogyo Co., Ltd.

Ĥ C
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symmetrically substituted, the molecules have no net dipole in the ground state but 

are quadrupolar in nature.

3.1.2 Host polymer matrix materials

Three commercially available polymers were chosen as host matrices namely 

polystyrene, poly(methyl methacrylate) (PMMA) and poly(vinyl pirrolidone) 

(PVP). All three are transparent in the visible region and dissolve in commonly 

available solvents like chloroform that are also compatible with the stilbene dyes. 

They also show excellent film-forming qualities.

The molecular structures o f the three polymers are shown in Table 3-2.

Table 3-2 M olecular structure o f  host polymer: polystyrene, PVP and PMMA. n 
________________________denotes repeat unit.____________________________

Structure Polymer Name

-H C — CHj--
Polystyrene

a .N 
I

f-HC'
0

-CH,-

PVP

- C - C - C - 0 - C - -
CHj

PMMA

3.2 UV-Visible absorption and emission measurements

The molecular absorption cross-section o f  a material can be calculated from the 

transmission o f  a beam o f collimated light through a sample o f  thickness ciby:

, . - \ n T ( X )
ct{X) = ------- ^  (3.1)

 ̂ ’ N d
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Where N  is the number density of active molecules, which for a solution is given 

by:

N  =  N ^ M x \ Q - ^  (3.2)

where Na is Avogadros number.

3.2.1 Polymer Hosts

Solutions o f each o f the host polymers in chloroform were prepared at a 

concentration o f 50 g/1. Films were spun on glass substrates and cured in air 

overnight at room temperature. UV-Visible absorption spectra o f each o f the 

polymers was taken using a Shimadzu UV-VIS spectrophotometer and an uncoated 

glass substrate was used as a reference sample. The absorption spectra o f the three 

polymers is shown in Figure 3-2.

e

c.
o
.fi
■oVN

O
Z

■ Polystyrene
 PVP
■ ■ - - PMMA

Wavelength [nm]

Figure 3-2 Absorption spectra o f  host polymers; polystyrene, PVP and PMMA on
glass substrates.

There is no measurable absorption o f any of the polymers in the region from 300 

nm to 800 nm which is essential for any material under consideration as a host for a 

chromophore emitting in the visible region.
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3.2.2 Absorption spectra: Dye solutions

All o f the dyes studied dissolve readily in good organic solvents such as toluene, 

chloroform and DMSO. To prepare the solutions used for spectroscopic 

measurements the dyes were dissolved at a concentration of approximately 10'  ̂ M 

in the given solvent, and subsequently sonicated overnight in a sonic bath. This 

solution was then used as a stock solution from which lower concentrations could 

be made as desired. Spectrophotometric/HPLC grade solvents were used whenever 

possible. No further purification of the dyes was carried out, all being used as 

received. No evidence o f scattering due to aggregation occurred in any o f the 

solutions.

The UV-Visible absorption cross-section spectra of ~ 10'^ M toluene solutions of 

the three dyes are shown in Figure 3-3. The spectra were taken in a 1 cm quartz 

cuvette using a Shimadzu UV-VIS spectrophotometer with pure toluene in a 

matched cuvette as a reference.

All three spectra show similar spectral shape. The photophysics o f D-7t-D stilbene 

molecules has been much studied in the literature due to their large two-photon 

absorption cross-section.' Absorption o f UV radiation by such molecules results in 

a large rearrangement o f the 7i-electrons due to intramolecular charge transfer (ICT) 

from the electron-donating terminal groups to the central n-bridge. The strength of 

this transition depends upon a number of factors.^ First, the electron donating 

strength of the donor groups and the electron withdrawing abilities of the central 

bridge, which governs the amount o f ICT associated with the transition, and also the 

distance over which the charge is transferred which is governed by the conjugation 

length o f the molecule. In Figure 3-3, the strong absorption band at about 400 nm is 

associated with this charge transfer transition. The appreciable red-shift in 

absorption maximum between SP48 and the other two dyes is an effect associated 

with the conjugation length o f the molecule. In a quasi I-D system, the longer the 

conjugation length, the greater the width of the potential-well which the electron 

sees as it moves along the molecular backbone and hence, the longer the wavelength 

o f absorption.^ The difference in the strength o f the transition between SP48 and 

the other two dyes is also due to the shorter conjugation length o f that dye as 

outlined above. The difference in absorption strength between SP35 and B2080 is 

possibly due to the extra methyl groups which have the effect of increasing the
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solubility o f the dye which would reduce any effects due to aggregate formation. 

This could also be an effect associated with the purity o f the dye. The methyl 

groups also have the effect o f  making the molecule slightly longer which is borne 

out by the slight red-shift (4 nm) in the absorption peak o f B2080 relative to SP35. 

There is no measurable absorption o f any o f the dyes in the near IR region, which is 

the region o f interest for two-photon absorption studies.

 B2080
— — SP35
- - - SP48

^  2.0x10 '

1.0x10

0.0

300 350 400 450 500 550

Wavelength [nm]
600 650 700

Figure 3-3 Absorption spectra o f SP35, SP48 andB2080 in toluene at a 
concentration o f ~ 10'^ M.

3.2.3 Steady-state photoluminescence: Dye solutions

Figure 3-4 shows the photoluminescence spectra o f the three molecules at the same 

concentration (-10'^ M) measured on a Perkin-Elmer fluorescence spectrometer. To 

obtain each spectrum, the molecule was pumped at the peak o f  the absorption 

spectrum.

The peaks in the emission spectra follow the same trend as the absorption with 

B2080 having the longest emission wavelength. The Stokes shift associated with 

each o f  the dyes is approximately 40 nm for SP48 and about 48 nm for both SP35 

and B2080. This ensures low reabsorption o f  the dyes at the emission wavelengths. 

The Stokes shift is large due to the large degree o f electronic rearrangement that 

takes place upon excitation and the subsequent large amount o f  rearrangement
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which the molecule must undergo in the excited state before the lowest vibrational 

level is reached.

The vibrational substructure is more evident in the emission spectrum than in the 

absorption spectrum, with each o f the shoulders conventionally designated as 

transitions from the lowest vibrational level of the excited state to one o f several 

vibrational levels in the ground state, and may be written Sjo—̂ on- Again a possible 

reason for this is the very different electronic configuration of the Si state relative to 

the ground state due to ICT which would remove the normal mirror image similarity 

between absorption and emission spectra.

P< — B2080
— SP35
- SP48

C

"O  0.4 
U

s
i.oz

0.0

450 500 650400 550 600

Wavelength [nm]

Figure 3-4 Emission spectra o f  SPSS, SP48 and B2080 in toluene at a concentration
o f - M .

3.2.4 Solid state spectra

The behaviour of a molecule depends strongly on its surroundings. In solution, one 

manifestation of this is the solvatochromic effects such as the increase in Stokes 

shift with increasing solvent polarity especially in polar molecules.'* Another 

example demonstrated by Sharafy and Muszkat^ showed a strong dependence o f the 

fluorescence quantum yield o f /rara-stilbene and some of its derivatives on the 

viscosity and temperature of the surrounding solvent. It was found that in more 

viscous solvents, the rate of internal conversion was lower since the probability and
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amplitude o f twisting and out-of-plane bending modes around the central double 

bond was reduced.

The behaviour o f dyes in solid polymer hosts is not as well characterised compared 

to that in solution. Effects such as aggregate formation, absorption by trapped 

oxygen and conformational changes in the molecule can all affect the performance 

o f the laser dye. In addition, photodegradation can have a much greater effect in a 

solid host compared to solution since the molecules are fixed in place and cannot be 

replenished as is common in solution dye lasers.^

The solid thin films used for spectroscopic measurements were made by dissolving 

the polymer at a concentration o f  50 g/1 in chloroform and adding approximately 1 

wt % o f  dye and sonicating the solution overnight. While the solutions o f 

polystyrene and PMMA were very transparent, the PVP solutions were very slightly 

cloudy which may be an indication o f  reduced solubility.

Good optical quality films were spun from the solutions at spin speeds varying from 

600 rpm to 4000 rpm. Undoped polymer films were also spun as reference samples. 

All films were cured overnight at room temperature in air. The substrates used were 

either glass or pyrex. The final film thickness was measured using white-light 

interferometric profilometry. In film form, there was no visible evidence o f 

scattering from any o f  the films. The absorption and emission spectra o f the films 

were recorded as for the solutions.

Absorption and emission spectra-B2080

Figure 3-5 show the absorption cross-section o f  B2080 in different polymer hosts on 

pyrex substrates.

The shape o f the absorption spectrum is similar to that in toluene with the peak in 

the polystyrene and PVP hosts being red-shifted by about 5 nm, and the peak in 

PMMA blue-shifted by 2 nm. The spectrum in solid hosts is also slightly broader 

than in solution; a FWHM o f  66 nm was measured in toluene as compared to about 

70 nm in the solid host. The reason for this may be that doping o f  a dye into an 

amorphous solid could lead to increased inhomogeneous broadening because each 

molecule sees a different local environment.
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Figure 3-5 Absorption cross-section o f  B2080 in polystyrene, PMMA, and PVP. 

The magnitude of the absorption cross-section is also considerably lower in the 

solid hosts than in toluene, the effect being most pronounced in PVP which is a 

trend that is also repeated in SP35 doped films. This reduction could be due to the 

reduced ability of the dye molecules to orientate themselves with the incident 

electric field in the solid host as compared to in solution. Additionally, since the 

spectrum is broadened, some reduction in the absorption peak is to be expected 

since it is the integrated absorption spectrum that gives the oscillator strength.

Figure 3-6 shows the emission spectrum of B2080 in the three different host 

polymers. Clearly, the emission spectrum depends much more strongly on the host 

polymer than the absorption spectrum with the spectrum considerably broadened in 

PVP and PMMA relative to polystyrene. These spectral shapes are repeated in 

SP35 doped films but their origin is unclear.
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Figure 3-6 Emission spectrum o f B2080 in polystyrene, PMMA and PVP. 

Absorption and emission spectra-SP35

Figure 3-7 and Figure 3-8 show the absorption and emission spectra o f SP35. 

Similar qualitative agreement exists between these spectra and those o f B2080.
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Figure 3-7 Absorption spectrum o f SPSS in polystyrene, PMMA and PVP.
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Figure 3-8 Emission spectrum o f  SPSS in polystyrene, PMMA and PVP.

The stokes shifts o f both SP35 and B2080 in different host polymers are shown in 

Table 3-3. Both molecules show similar qualitative behaviour with the Stokes shift 

in solid-state hosts being considerably greater than that in solution.

Table 3-3 Stokes shifts ofSP35 and B2080 in different polymer hosts.

Host Stokes shift (nm)

SP35

Polystyrene 75

PVP 64

PMMA 87

B2080

Polystyrene 80

PVP 67

PMMA 90
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Absorption and emission spectra-SP48

The two-photon absorption cross-section o f  SP48 in different host polymers is 

measured in Chapter 5. For that analysis, the one-photon absorption cross-section 

must be known. The absorption cross-section spectra o f  SP48 in different polymer 

hosts is shown in Figure 3-9. This material follows similar trends to that o f B2080 

and SP35 with the cross-section being slightly lower in the PVP host. One issue 

that affects SP48 to a much greater degree than the other two stilbene dyes is 

chemical stability. Since it contains one less phenylene-vinylene link, SP48 is more 

susceptible to tortional motion and chemical degradation. After solutions are made, 

the dye chemically degrades quite rapidly, at a rate that depends on the polymer in 

the solution.

 Polystyrene
 PVP
— — PMMAW 1.50E-016

1.00E-016

U  5.00E-017

300 325 350 375 400 425 450 475 500 525 550

Wavelength [nm]

Figure 3-9 Absorption spectrum ofSP48 in polystyrene, PMMA and PVP. 

Figure 3-10 shows a photograph o f the three chloroform solutions o f  SP48 and the 

polymers about 1 hour after sonication. Also shown is a sample o f  SP48 and 

polystyrene in toluene which is a stable solution. It is clear that there has been 

chemical degradation o f  the compound in the chloroform with the formation o f  

some products that absorb in the visible part o f  the spectrum. The rate o f this 

formation is dependent on the polymer in the solution and occurs in chloroform and 

not in toluene which is likely due to the slight acidity o f  chloroform. When 

preparing samples from chloroform solutions, the films are spun immediately after
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sonication and the solution subsequently discarded. There is a possibility that some 

o f the dye has degraded even at this time but it is assumed that this has occurred on 

a low level since there is no evidence o f new absorption peaks in the spectrum of 

the films as shown in Figure 3-9. The undulations in the baseline o f  the spectrum 

are interference fringes that occur due to the thin film nature o f the samples.

Chloroform

Tolueno

Figure 3-10 Photograph ofSP48 and polymer solutions in chloroform 
approximately 1 hour after sonication. Also shown is SP48 and polystyrene in 

toluene which is a stable solution.

3.3 Photoluminescence quantum yield (PLQY)

3.3.1 Introduction

While the absorption cross-section spectrum gives information about the strength o f 

the upward transition in a particular molecule, the photoluminescence quantum 

yield gives information about other aspects o f the photophysics o f  the molecule, in 

particular, the ratio o f  the radiative decay rate to the decay rates due to non-radiative 

processes.

The measurement o f photoluminescence quantum yields was reviewed extensively 

by Demas and Crosby.^ Their article outlines in detail the experimental procedures 

which should be used to accurately measure PLQY in solution. Issues which arise 

include correction factors for refractive index, reabsorption rates and nonlinearity o f 

detectors. The most commonly used method for carrying out this measurement is 

the use o f a standard material with which to compare the fluorescence and 

absorption o f  the analyte. The biggest difficulty with this method is the absence o f
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suitable, well-characterized standards. The quantum yield is well known to be 

critically dependent on solvent polarity, viscosity and temperature as well as the 

method o f sample preparation, for example the inclusion o f  a nitrogen purge in the 

sample preparation to remove dissolved oxygen. In addition, the measurement o f 

PLQY in solid-state samples is further complicated by the asymmetry o f  thin solid 

film samples, and the propagation and reabsorption o f  light in the film. The 

standard procedure for PLQY solid films makes use o f  an integrating sphere. ^

Standard Method

Measurements o f  the PLQY o f  B2080 in solution have been carried out using the 

method o f comparison with a standard. The standard used for this measurement 

was coum arinl20 in methanol which has a quantum yield o f 77 % according to 

reference 9 although the details o f sample preparation are not given in that paper. 

This standard was chosen due to the reasonably good overlap between the 

absorption and emission spectra o f the two materials.

The method adopted was as f o l lo w s .S o lu t io n s  o f  B2080 in toluene and 

coum arinl20 in methanol were made such that the absorbance in a 1 cm cuvette o f 

the solutions was about 0.5 at the reference wavelength, i.e. the wavelength at which 

the samples will be pumped to observe the fluorescence. In this case, the 

wavelength chosen was 355 nm, the 3'̂ *̂ harmonic o f  a Nd:YAG laser which is used 

as a pump source in subsequent experiments. The absorption spectra o f  both 

solutions were recorded and are shown in Figure 3-11.

The solutions were then diluted by a factor o f  10 so as to be suitable for 

fluorescence measurements. A low concentration is necessary in order to minimize 

re-absorption effects. Both solutions were then excited at the reference wavelength 

and the emission spectra recorded. The fluorescence spectra are shown in Figure

3-12.

The quantum yield can then be calculated from:

sample sample
( ^  Yl'  v n tv m io

^sample .
sample (3 .3)
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Where the subscripts sample and re f refer to the analyte and reference material 

respectively, (j) is the quantum yield, A is the absorbance o f the sample at the 

reference wavelength, F  is the integrated emission spectrum, and n is the refractive 

index o f the solvent.

Coumarin 120/methanol ^ 
B2080/toluene /

1.0

5? 0.6

0.0
300 360 400 460

Wavelength [nm]

Figure 3-11 Absorption spectra o f  B2080 in toluene and coumarinl20 in methanol
measured in a 1 cm quartz cuvette

900
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Figure 3-12 Fluorescence spectra o f  coumarinl20 and B2080 when pumped at 355
nm.
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Using this method, the PLQY o f B2080 in toluene under normal atmospheric 

conditions was calculated to be 71 %. This is somewhat less than has been 

measured in the literature for similar molecules,^ however, all measurements were 

carried out in air with no attempt being made to remove oxygen from the solution 

which can strongly affect the quantum yield. Also, this method naturally depends 

on the accuracy with which the reference sample was measured.

3.4 Conclusion

This chapter has introduced the materials under investigation as well as their basic 

spectroscopic properties and the important aspects o f  their photophysics. The 

information contained in it will be used in subsequent chapters for qualitative and 

quantitative analysis.
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Chapter 4: Gain Spectroscopy

4.1 Introduction

The focus o f this chapter is the characterisation o f  B2080 as an amplifying medium 

in the solid state. The chapter will begin with a general discussion o f  lasing and 

amplification in dye molecules. The variable stripe length method is employed to 

measure the modal gain o f  thin films o f  B2080 at a number o f  pump fluences from 

which the stimulated emission cross-section is extracted. In addition, low threshold 

lasing is shown in a basic structure which behaves as a simple Fabry-Perot 

oscillator. The chapter will finish with a discussion and comparison o f this study 

with similar works in the literature.

4.2 The organic dye: A four-level laser system

The general electronic structure o f an organic dye and the transitions between the 

energy levels therein were outlined in chapter 2. As shown, under excitation by an 

external light source, the molecule is excited to a high-lying vibronic level o f the 

excited state from where it rapidly relaxes to the lowest vibronic level. Upon 

deactiviation by spontaneous or stimulated emission, the molecule reaches a high 

lying vibronic level o f  the ground state which it quickly leaves to return to the 

ground state. Thus described, an organic dye behaves as a four-level laser system '
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which is depicted schematically in Figure 4-1. In this analysis, it has been assumed 

that there is a negligible population residing in the triplet state. This is a reasonable 

assumption when the pump light source is pulsed with a rise time considerably 

shorter than the intersystem crossing rate.

Upper lasing level

Stimulated emissionpump

Lower lasing level

Figure 4-1 Schematic diagram o f  organic four-level laser system.

The rate equations for the population densities o f  the upper and lower lasing levels 

may be written:

dN^
dt

f
= A-, (A) / ,  + (^ ) / , )  -  Al,, <7, (A) / ,  + (A)  / ,  + - (4 . 1)

N = N^+N^ (4 .2)

Where N j and N 2 are the populations o f the lower ground state and upper lasing 

levels respectively, N  is the total population, ap(A.) is the absorption cross-section at 

the pump wavelength, aa(^.) is the ground state absorption cross-section at the 

emission wavelength, ae(A,) is the stimulated emission cross-section and (Tex(^) is 

the excited state absorption cross-section from Sj. Ip and le are the pump and signal 

intensities respectively. It is assumed that the populations o f  Ni and N o’ shown in 

Figure 4-1 are zero due to the rapid decay rates from these levels so the populations 

o f  only the levels No and N i need be considered. Eq. 4.2 is the conservation o f
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particle number which simply states that the total number o f active molecules is 

constant. The first term on the RHS o f Eq. 4.1 is the rate at which molecules make 

upward transitions due predominantly to pump absorption but also due to 

reabsorption o f  emitted photons. The second term on the RHS o f  the equation 

represents the rate o f  decrease o f  excited state population density by stimulated 

emission, excited state absorption and spontaneous emission.

Rearranging Eq. 4.1 in terms o f  the signal intensity and assuming steady state 

pumping such that = 0 gives:

I ,  ( N , < 7 , - N , a , - N , a ^ )  = (4.3)
'■ /

The term in the brackets on the LHS o f Eq. 4.3 represents the gain o f the signal le 

due to the net pumping rate on the RHS. From these equations, it can be seen that 

the molecule is raised into the upper lasing level by absorption o f the pump at a rate 

that depends on the pump intensity. From there it can undergo either spontaneous 

or stimulated emission, the latter obviously being preferable from the point o f  view 

o f  gain. Spontaneous emission in a macroscopic laser cavity represents noise as the 

emitted photons are not coupled to the input field and are thus emitted in all 

directions and bear no phase relationship to the laser signal. Hence spontaneous 

emission depopulates the upper lasing level without increasing the signal intensity. 

Also evident from these equations is the effect o f ground state re-absorption, which 

results in a loss in signal intensity. This effect is reduced in molecules with a large 

Stokes shift.

4.3 Amplified spontaneous emission (ASE)

Sometimes called travelling wave lasing, amplified spontaneous emission is the 

amplification o f spontaneously emitted photons as they propagate through a region 

o f  material which is pumped such that the net gain is greater than 1. It does not 

require optical feedback and its characteristics are a superlinear increase in emission 

intensity with excitation length and a narrowing o f  the gain spectrum with 

increasing intensity.
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4.3.1 Variable stripe length method (VSM)

Monitoring tiie ASE intensity from a sample can give valuable information about 

the amplifying abilities o f  a material. For a small signal o f  intensity I, the increase 

in intensity with length can be written:

where g„et is the net small signal gain. The assumption in this equation is that the 

propagation o f the signal I, does not cause appreciable de-population o f the excited 

state due to stimulated emission, i.e. that the gain is constant. This is not the case 

for arbitrarily long propagation lengths and saturation is evident beyond a length Lsat 

which depends on the pump intensity and the gain. APo is a constant proportional to 

the spontaneous emission rate.

A solution to this equation may be obtained by re-writing Eq. 4.4 as:

Where the subscript on g  has been dropped for brevity. This is a first order linear 

differential equation which can be solved using an integrating factor such that:

dz
(4 .4)

(4 .5)

dz
(4 .6)

The integrating factor )j, is:

(4 . 7)

such that Eq. 4.6 can be re-written more simply as:

{̂Ml) = /dAP  ̂
dz

(4 .8)

Integrating both sides leads to
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e ^ 1  =  j e  ^AP^dz (4.9)

which becomes:

I  = AP, ce^ -- (4.10)
g.

Now using the boundary condition:

1 ( 0) (4.11)

leads to:

c  =  — (4.12)
g

and the solution to Eq. 4.10 becomes;

This expression gives the evolution o f the signal intensity in a gain medium as a 

function o f excitation length z. From this equation, it can be seen that by 

monitoring the ASE intensity from a sample as a function o f  excitation length, it is 

possible to extract the net gain by fitting the data to Eq. 4.13. This experimental 

technique is called the variable stripe length method (VSM) was first developed by 

Shaklee and Leheny.^ Since then it has been widely used on both organic^ and 

inorganic materials.**

Figure 4-2 shows a schematic representation o f  the experiment on a solid sample. 

The excitation length is varied by use o f a beam block and the ASE measured as a 

function o f this excitation length.
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ASE

Figure 4-2 Schematic representation o f  variable stripe length experiment.

4.4 The asymmetric slab waveguide.

The VSM is often carried out on thin film slab waveguides where the ASE is guided 

to the edge o f the film before being detected. This is the case in this study and the 

waveguides were formed using B2080 doped polymer on suitable substrates. Thus 

formed, the samples can be described as asymmetric slab waveguides.

The dielectric slab wave-guide has been studied and discussed extensively in many 

texts.^’̂ ’̂  The Eigenvalue equation for the propagation constants o f  the guided 

modes is obtained using a rigorous electromagnetic treatment. The discussion here 

will treat only the TE modes with the assumption that the solutions for the TM 

modes may be found using the same approach.

This study will focus on the asymmetric dielectric slab waveguide as shown in 

Figure 4-3 consisting o f a thin planar film o f active material o f  refractive index 

on a dielectric substrate o f  refractive index nj such that The upper cladding

layer is air o f refractive index « /=7 . Confinement o f  the electromagnetic wave takes 

place in the x-direction by total internal reflection at the core-cladding boundary. 

There is no confinement o f  the light in the y-direction and as such all derivatives 

S/dy = 0. Additionally, the waveguide cladding is assumed to be semi-infinite in 

the x-direction such that there is no disturbance o f  the evanescent fields. In the case 

o f waveguides produced in this study, the substrates are o f  1 mm thickness which is
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sufficiently thick that the substrate evanescent wave has decayed to an 

infinitesimally small amplitude before being incident on the substrate-air boundary.

X
cladding (aiiO

Figure 4-3 The asymmetric slab waveguide. The upper cladding layer is assumed
to be air.

From a geometrical optics perspective, the guided light rays follow zig-zag paths 

propagating in the z-direction as shown in Figure 4-4 and suffer total internal 

reflection at the core-substrate and core-air boundaries, x = 0 will be defined at the 

core-air boundary, and the core thickness is t. The angle with which the ray strikes 

each boundary must exceed the critical angle at that interface for total internal 

reflection to occur. In addition, the sum of all phase shifts incurred by the wave on 

travelling from x = -t to x = 0 and back must be 27T. This condition, called the 

transverse resonance condition, constrains the angle o f incidence and hence the 

longitudinal propagation constants to certain discreet values. These values 

correspond to the guided modes of the waveguide.

Air-clodding

X=0
core

X=-t
substrate

Figure 4-4 Zig-zag ray path in an asymmetric slab waveguide
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As described in Chapter 2, the propagation o f light through a material is best 

described with Maxwell’s Equations and they are the starting point in the analysis 

o f the asymmetric slab waveguide. Combining Eqs 2.1 to 2.6 and noting that the 

refractive index n is given by,

the following form o f Maxwell’s Equations are obtained for the asymmetric slab 

waveguide:

Where is the refractive index and the subscript refers to the layer as shown in 

Figure 4-4. Plane monochromatic wave propagation w ill be assumed, the magnetic 

permeability w ill be taken to be the same everywhere and equal to that o f free 

space, and also the form o f the electric field w ill be given hy E x  exp(i(Pz-CL>t)), 

where f i is the longitudinal propagation constant and co is the angular frequency.

Applying the curl operator to Eq. 4.16:

s
n (4.14)

V x H  = n,£n 
—  ' dt

(4.15)

(4.16)

V.E = 0 (4. 17)

v . / /  =  o (4.18)

Vx (Vx £) = - / / ,V x  = - / / q  |^ (V x
y ot J u t

2 d^E2  C/ E j

IT

(4.19)

A simplification can be made by using the following expression:

V x ( V x E )  = V(V.E) -V^E (4.20)
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Which gives:

^  (4.21)

Since the time dependence of E  is o f the form exp(icot), defining k~=of juoSo, noting 

again that all derivatives S / ^  = 0, and that the z-dependence of E  is of the form 

exp(ij3z), the wave equation in the three regions of the waveguide becomes:

Air (4.22)
ox

Core ^  + {k^n] -  )E{x ,>̂ ) = 0 (4.23)
5x

Cladding + -  p ^ ) E { x , y )  =  0 (4.24)
dx

It is pertinent at this point to consider what range o f values o f the propagation 

constant will give solutions to these equations that correspond to guided modes in 

the waveguide.  ̂ For example, for yS>^«2 then 1/E(^E/Sx~)>0 the solution o f which 

is an exponential function in the core and does not correspond to a real wave. 

However if kns<fi<kn2 , then the solution is a sinusoid in the core region and decays 

exponentially in the substrate and since it must also decay exponentially in

the upper air-cladding. Thus values of >5such that kni, kns<fi<kn2 provide solutions 

to the wave equation that are real guided modes.

4.4.1 Transverse Electric (TE) modes

For transverse electric modes the only non-zero components o f E  and H  are Eŷ  Hx, 

and H:. The magnetic field components can be written in terms of ̂ ^as:

H ^ = - - ^ E  (4.25)
co/̂ ^

i dE^
H , = -----  ̂ (4.26)

cojUq dx
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Since tiie magnetic components can be written in terms o f Ey, all components o f the 

field can be calculated if  the Ey solutions to Eqs. 4.22-4.24 can be found.

The transverse functions Ey(x,y) can be written as:

Air: E = C  exp{-qx) (4.27)

Core: E , = C  ̂ q ^cos,{Jvc)-—s\n{hx)
h

(4.28)

Cladding: cos,{ht) +  — ?\n{ht) exp[/?(x + 0 ] (4.29)
h

Where:

= n \k ^ -0 ^

q^^p- -n]k^

p^=P -̂n]e
(4.30)

The choice o f coefficients in the equations above is such that the tangential 

components o f the field Ey, and H: are continuous at both interfaces. In addition, 

the derivative SEZ&c should be continuous at x=0. Applying this to Eqs. 4.27 to 

4.29 yields:

h sin(/z/) -  q cos(ht) = p  cos(ht) + — sln{ht)
{ h

(4.31)

and

tan(/?0 = ■
p  + q

1-4h
(4.32)

Equation 4.32 in combination with Eq. 4.30 is the eigenvalue equation for the 

propagation constants o f  the asymmetric slab waveguide. It may be solved most 

readily using a graphical method for given waveguide parameters «/, ri2, ns, X, t by
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plotting the left and right-hand side o f Eq. 4.32 against (5. The value o f >5for which 

the two functions intersect is an approximate solution.

4.5 S amp 1 e preparati on

Thin film slab waveguides were prepared by spin coating thin films of B2080 doped 

into polystyrene, PVP and PMMA. All samples were doped such as to have a 

constant number density o f 9.5 X lO'* cm'^. The substrates used were pyrex which 

has a refractive index o f 1.47 and is lower than the refractive index of any o f the 

polymers used which allows for the formation o f a waveguide structure. The 

refractive indices of the polymers were taken from the literature and no adjustment 

was made for the addition o f the dopant molecules since it would be expected to 

change the refractive index by only -0.005, which in the context of this 

measurement was assumed negligible. The final film thickness was measured using 

white light interferrometric profilometry. The film thickness measurements for the 

films are shown in Table Table 4-1

Table 4-1 Film thickness measurements for samples.
Host Material Film thickness (nm)

Polystyrene 620

PVP 1350

PMMA 2100

This method also allowed a measurement o f the surface profile of the films to check 

for inhomogeneity. A typical surface profile of each o f the polymer films is shown 

in Figure 4-5 to Figure 4-7.
[• Obli.qu« Wi>t -i

• • '  0 ooc
0 000 mm 0 370

(a)
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D is ta n c e  :mm

(b)

Figure 4-5 (a) Surface profile o f  polystyrene film  and (b) cross-section o f  film. 
Spikes on surface are dust particles that have settled on the surface.
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(b)

Figure 4-6 (a) Surface profile ofP V P  film  and (b) cross-section o f  film. Spikes on 
surface are dust particles that have settled on the surface.
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(b)

Figure 4-7 (a) Surface profile o f PMMA film and (b) cross-section o f film. Spikes 
on surface are dust particles that have settled on the surface.

Each o f  the samples has a certain amount o f “waviness” on the surface although 

there is approximately the same degree o f  inhomogeneity in each o f the three 

different polymer films which is o f  the order o f  about 6 % o f the film thickness. 

This level o f  inhomogeneity does not appear to have a particularly deleterious effect 

on the performance o f  any o f  the waveguides.

Prior to any measurements, the samples were cleaved by scoring the back o f  the 

substrates with a diamond tip and breaking the film. It is necessary to do this 

because o f  the ridge o f  material that runs around the perimeter o f  spin cast films. 

Such an inhomogeneity would certainly effect the VSM measurements since the 

thicker area would emit far more strongly than the smoother interior causing 

spurious results.

The mode profile in the final films could be plotted once the film thickness was 

known. Figure 4-8 shows a graphical solution to the eignevalue equation for the TE 

modes o f  a typical polystyrene waveguide. All samples produced were designed to 

have approximately identical mode profiles.

The calculated TE mode profile o f the polystyrene waveguide is shown in Figure 

4-9. The waveguide supports the two lowest order TE modes and the lowest order 

TM mode.
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Figure 4-8 Graphical solution to the eigenvalue equation for a typical polystyrene 
sample. Circles mark the intersection o f  the two functions which represents a

solution to the equation.
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Figure 4-9 Typical TE mode profde o f  polystyrene asymmetric slab waveguide.
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4.6 Modal gain measurements

4.6.1 Experimental procedure

The experimental setup for the modal gain measurements in shown in Figure 4-10

Experim ental setup

Sample Cylmdncal lens

Monochromitor

ASE

CCD PC

Laeer emifrsion

355 nm

Nd3+:YAG laser

Cylindrical lens

Figure 4-10 Experimental setup used fo r  modal gain measurements.

The samples were pumped using the 3'̂ *̂ harmonic o f a Nd:YAG laser with a pulse 

width o f 3 ns and a rep rate o f 10 Hz. The beam was shaped into a horizontal stripe 

with the use o f  two cylindrical lenses. The centre o f  the stripe was incident on the 

sample and the excitation length was varied by use o f a straight-edged beam block 

which was mounted on a translational stage with a manual m icrometer controller. 

Even though the horizontal beam profile is expected to be gaussian, the excitation 

lengths used in this measurement are very short compared with the full width o f  the 

beam which is 4-5 cm. For that reason, it is possible to assume that the beam 

intensity is constant over the excitation lengths used. The pump energy was 

measured using a digital energy meter and the pump fluence calculation outlined in 

Appendix I. To ensure that back reflections from the film facet are minimized, the 

sample is tilted to approximately 45 degrees as shown in Figure 4-2. The ASE was
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measured from the film edge and was detected with the use o f a 1 cm diameter 

liquid light guide coupled to a monochromator and cooled CCD array. Using the
o

method outlined by Negro et al. it was confirmed that the collection efficiency of 

the collection optics remained practically constant over the short excitation lengths 

used. The detection system resolution was approximately 1 nm.

4.6.2 Initial tests

As a first test of the samples to detect for the presence o f ASE an initial 

measurement was carried out whereby the sample was placed upright with no tilt to 

allow for back reflections, and the entire width o f the sample was illuminated using 

the stripe output from the pump laser. The ASE was detected as the pump intensity 

was slowly increased. In the case o f polystyrene films, there was a rapid collapse of 

the spectrum at very low pump fluences due to very strong ASE indicating the 

presence o f considerable gain. In the case of the other two polymers, the initial 

signs of gain narrowing were followed by pronounced photodegradation and after a 

short time complete bleaching o f the film was observed. Subsequently, 

considerable gain was measured in both the PVP and PMMA films but lasing was 

never observed due to this photodegradation. The reason for this requires the study 

of the possible photophysical mechanisms available to the molecule. The study of 

the photophysics of stilbenes has been underway for many years and a considerable 

amount o f literature is available on this basic unit. In its ground state, stilbene can 

exist in one of two forms, namely the trans or cis form^ as shown in Figure 4-11. 

The trans form is the lower energy state and since a large potential barrier exists 

between the trans and cis forms in the ground state, almost all o f the dye molecules 

in a particular sample will be in the trans state. Under the external influence of light 

however, it has been shown that the molecule can undergo trans-cis isomerization.

The photophysical path for photoisomerization followed by a stilbene-like molecule 

is as follows: From the trans form o f the ground state the molecule can absorb light 

in a n-7t* transition to the trans form of the excited state. From there if there is 

sufficient energy in the system, the molecule can undergo severe tortional motion 

about the central double bond which can lead to a “phantom state” from which the 

molecule can decay non-radiatively to the cis or trans form of the ground state
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(internal conversion). Obviously, this reaction is in direct competition with direct 

radiative decay o f the molecule and would hence reduce the fluorescent quantum 

yield. The work o f  Sharafy and M uszkat’° showed a marked increase in the 

quantum yield o f  stilbenes in viscous solvents due to the inhibition o f this tortional 

motion which effectively blocks the path o f  trans-cis isomerization.

(b)

Figure 4-11 Two isomers o f  stilbene. (a) trans-stilbene, (b) cis-stilbene.

hv

cis-stilb en e

tran s-stiibene

D

0—0

Figure 4-12 Possible route o f  irreversible photodegradation o f  symmetrically 
substituted stilbene molecule (adapted from  reference 11).

In the case o f B2080 and SP35, the large diphenylamine terminal groups would

probably stabilize the molecule to a certain extent, however it has been shown that

the molecules D A N S" (4-N,N-dimethylamino-4’ nitrostilbene) and DCM^ (4-

(dicyanomethylene-2-methyl-6(p-dimethyl aminostyryl)-4H-pyran) can both
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undergo trans-cis isomerization in polymer hosts even though both o f these 

m olecules contain reasonably large terminal substituents.

Furthermore, it has been shown that cis-stilbene is much more susceptible to 

photochemical degradation than the trans form. One such photochemical reaction is 

shown in Figure 4-12 which is adapted from reference 11. This route requires the 

formation o f singlet oxygen which can attack the carbon double bond and cause 

subsequent irreversible reactions resulting in the complete degradation o f the dye. 

Complete bleaching was achieved in DCM doped polymer films by irradiating the 

sample with the green 514 nm line o f  an Argon ion laser. As stated above, B2080 

has a much higher rate o f photodegradation in PMMA and PVP than in polystyrene. 

Indeed, even on multiple measurements on the same spots, very little 

photodegradation is seen in polystyrene samples. This fact suggests that the rate o f 

trans-cis isomerization is lower in polystyrene than in PMMA and PVP. Further 

study would be required to fully characterise all o f  the photophysical pathways that 

the molecules can undergo in the various environments but the pathway mentioned 

here is one that is certainly possible. The fact that SP48 is less stable 

photochemically than either SP35 or B2080 is further evidence that tortional motion 

is playing an important role in the these processes, since it is a shorter molecule and 

likely to be more prone to large amplitude oscillations. Since the three polymers 

used are quite similar in terms o f  glass transition temperature, hardness and density 

and other mechanical properties, it seems likely that the difference between them 

occurs on a microscopic level, for example with the presence o f  micropores or 

microstructure.

4.6.3 Modal gain in doped polystyrene

Since polystyrene was the most suitable host for B2080 from those tested, the 

variable stripe length method was used to measure the net modal gain. In the initial 

tests, the peak o f the ASE in the polystyrene hosts occurred at 501 nm indicating a 

peak in the gain spectrum at that wavelength. This is very close to the peak in the 

spontaneous emission spectrum at 500 nm.

Figure 4-13 shows the evolution o f  ASE intensity as a function o f  excitation length 

at a number o f  different pump fluences. The emission clearly follows a superlinear
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increase in intensity with excitation. Also evident in this graph is the onset o f 

saturation at longer excitation lengths. The lines in the graph are the best fit o f  the 

data to Eq. 4.13 which is restated in the inset o f Figure 4-13. In order to avoid the 

effects o f  saturation, only data points below saturation were included. The last data 

point included in each fit is indicated in Figure 4-13 by a red arrow. The 

considerable errors are taken from the standard error in the fit to the data. They are 

large because the fitting procedure is very sensitive to very small changes in the 

value o f  a given data point. Since the films used were very thin, the signal to noise 

ratio is low especially at low pump fluences.

<
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♦  130 nJ/cm'

•  97 nJ/cm'25

0
0.00 0.01 0.02 0.03 0.050.04

Excitation Length [cm]

Figure 4-13 ASE intensity as a function o f excitation length at pump fluences o f  97 
jjJ/cm^, 130fjJ/cm^, and 280 /jJ/cm^, giving modal gain o f 11 cm'’ and 20 cm'‘

and 33 cm'', respectively.

Figure 4-14 shows the measured net modal gain as a function o f  pump fluence. The 

values o f  the modal gain are the weighted average over several measurements. The 

error is the weighted average error from all the measurements. The solid line is a 

linear fit to the data which takes into account the error in each data point by 

assigning higher weight to points with lower error. At higher pump fluences the 

data deviates from linearity due to saturation o f the pump absorption.

The induced emission cross-section is given by the following equation:
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S„e, (^) ̂ ^2 -  { ^ ) N 2 - ( J a { ^ ) N , - a (4 .33)

w here cr^(A) is the induced em ission cross-section, cr^{A) is the absorption cross- 

section, is the absorption cross-section for excited state absorption from

to higher singlet states, Nj  and N 2 are the population densities o f  the m olecules in 

the first excited singlet state and ground state, respectively, and a  is the term  

describing the loss due to  scattering and surface im perfection. U sing Eq 4.33 and 

w ith the help o f  Eq. 4.2; N  = N^+  gives:

S g n e .  ( ^ )
dN,

= cr^(A)-cr,,(2) + o-„(A) (4 .34)
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Figure 4-14 Modal gain as a function ofpump fluence at 501 nm. Inset: Measured
optical loss at 501 nm o f 0.33 cm''.

Due to the large Stokes shift observed in B2080 it is assum ed that the absorption at 

the peak o f  the gain is negligible and hence cr^{X) is set equal to 0. The effective

induced em ission cross-section is defined as

(4 .35)
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Figure 4-15 shows the modal gain data replotted against excited state population 

density (the calculation of which is outlined in Appendix II). The line is a linear fit 

to the data. Using the slope of this line in combination with Eqs. 4.34 and 4.35 the 

effective induced emission cross-section a f  (A), is calculated to be (2.7 ± 0.3) x

10"'^ cm“ where the error quoted is the error from the straight line fit. This is in 

good agreement with the value of the peak absorption cross-section which has a 

value o f 2.45 x 10''^ cm^.
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Figure 4-15 Modal gain plotted versus excited state population density. Line is a 
linear fit to the data yielding a value o f  the effective induced emission cross-section

o f  (2.7 ±0.3) X 10-^^ cm \

Increasing the pump fluence further to 1.1 mJ/cm^ yields an average value o f the 

modal gain o f 84 ± 6 cm'' which is one of the highest measured modal gains in 

organic materials. This fluence value was limited by the experimental setup and is 

not indicative o f a saturation point of the gain.

All measurements thus far have been made at the peak of the gain spectrum at 501 

nm. Since the detection system used in the experiment is dispersive, it was possible 

to measure the gain spectrum by fitting data at each wavelength to Eq. 4.13. At 

each wavelength chosen, an average over the pixels on either side of the wavelength 

to a width of 0.5 nm was taken. Some data points in the spectrum are absent due to
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very noisy pixels in the detector at that wavelength. The results o f  one such 

m easurement at a fluence o f  1.1 mJ/cm“ is shown in Figure 4-16. The solid line is 

there to guide the eye. The errors are the standard error in the fit. As can been seen, 

there is appreciable gain over 100 nm spectral width. Shown in the inset o f Figure 

4-16 is the fitting parameter which is proportional to the spontaneous emission 

at each wavelength for a given pump fluence and should therefore have the same 

spectral distribution as the spontaneous emission spectrum. The excellent 

agreement between the two indicates a good fitting procedure at each wavelength.
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Figure 4-16 Gain spectrum o f  B2080 doped polystyrene waveguide at a pump 
fluence o f  1.1 mJ/cm^. Inset: Fitting parameterAPo compared to spontaneous

emission spectrum.

The sharp increase at the short wavelength side o f  the peak is due to a rapid 

decrease in the loss due to self-absorption. This can be seen in the loss spectrum in 

Figure 4-17 which was measured as described in the following section.

4.6.4 Loss measurements

In order to evaluate the loss associated with the waveguides, a loss measurement
• * 1 3  ‘was performed in the following way. A small region o f the film was weakly

W a v e l e n g th  In m j
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excited by means of placing an aperture in the expanded laser beam. The aperture 

was then translated such that the photoexcited region moved further from the film 

edge. Some o f the emitted photons are waveguided to the film edge and into the 

detector. In doing so, they must traverse an unexcited length of the waveguide. By 

measuring the emission intensity as the photoexcited region is moved from the film 

edge, it is possible to extract the optical loss. The loss is expected to follow the 

Beer-Lambert law:

Where a  is the loss coefficient, is the intensity after propagation through an 

unpumped region of length L, Iq is a fitting parameter proportional to the emission 

intensity at the excited region. The inset of Figure 4-14 shows the emission 

intensity at 501 nm as a function of distance from film edge. The solid line is the 

best fit to Eq. 4.36, giving a loss coefficient of 0.33 cm ''.

Since the emission spectrum can be measured, the whole loss spectrum can be 

evaluated in one measurement by fitting the data to Eq. 4.36 at each wavelength. 

The results o f this measurement are shown in Figure 4-17. The line is there to guide 

the eye.
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Figure 4-17 Loss spectrum ofB2080 doped polystyrene waveguide. The solid line is
there to guide the eye.
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4.7 Slab waveguide laser

In order to demonstrate lasing, thin films were prepared identical to those used to 

measure the gain using the variable stripe length method. The laser cavity was 

formed by cleaving two parallel facets in the film to produce a cavity o f 1 cm in 

length. The reflectivity at normal incidence o f each facet is given by Fresnel’s 

reflection coefficient:’̂

\ n ^ - n A  ___

Where n; and are the refractive indices of the incident and reflecting media 

respectively giving a reflection coefficient for a B2080-doped polystyrene 

waveguide of 0.05. A stripe geometry was used to transversely pump the 

waveguides and the emission collected as described in the previous section.

L

E, E.t, E,t,e-"" , , ^  -ikL

t,r2E.e-“ -

Mirror 1 Mirror 2

Figure 4-18 Fabry-Perot cavity o f  length L where Et is the incident wave complex 
amplitude and t„ and r„ are the transmission and reflection coefficients respectively.

The cavity is essentially an active Fabry-Perot cavity where the facets of the film 

are the end mirrors as shown in Figure 4-18 and the space between the mirrors is 

filled with the amplifying medium. ti and are the transmission coefficients of 

mirror 1 and mirror 2 respectively and ri and r? are the reflection coefficients such 

that r„ + tn,. = I The critical gain required to achieve oscillation, that is to say, the 

gain at laser threshold can be calculated under these assumptions.^
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Figure 4-18 shows an incident plane wave o f complex amplitude on mirror 1. 

The transmitted portion o f  the wave propagates through the medium with complex 

propagation constant k and is incident on mirror 2 where part o f  the wave is 

reflected and part transmitted. The total output is the sum o f all the partial waves 

that are transmitted at mirror 2:

E, +  + . . . . ]  (4.38)

This is a geometrical progression with a sum:

E , = E ,
- i k l L

(4.39)

The complex propagation constant k , can be separated into real and imaginary 

parts.

Where y is the intrinsic gain and a  is the loss. The propagation constant has been 

written using the relation:

k  =  k f^+Ak (4.41)

where

(4.42)
2n

where 2 ' (<y) is the complex dielectric susceptibility o f  the material far from 

resonance which was introduced in Chapter 2. I f  the intrinsic gain exceeds the 

losses associated with the material, then the denominator in Eq. 4.40 can approach 

zero. This happens when
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which implies E/Ej is infinite and a finite Et can result from zero input field. That is 

to say oscillation has occurred.

Just taking the amplitude terms in Eq. 4.43 gives:

- 1  (4 .44)

and

1 , f  1 ^
=    (4 -45)

where g„et is the net gain.

Using the values for the reflection coefficients for a doped polystyrene film and a 

cavity length of 1 cm it is possible to calculate the net gain at threshold to be 3 cm ''. 

From Figure 4-14 it is possible to estimate the pump fluence which results in this 

gain to be 37
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Figure 4-19 Input-output characteristics ofB2080 doped polystyrene slab 
waveguide laser. Kink in the data at approximately 23 juJ/cm^ indicates the onset o f

lasing.

The emission intensity from the film as fijnction of pump fluence is shown in Figure 

4-19. There is a clear kink in the data at about 23 )j,J/cm^ indicating the onset of
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lasing. This transition into the lasing regime is accompanied by a dramatic 

narrowing of the spectrum. Figure 4-20 is a plot o f spectral FWHM as a function of 

pump fluence showing this narrowing very clearly. The inset of this figure shows 

the spectrum above and below threshold. The spectral width above threshold is 

about 2.3 nm which is the expected width of a dye laser cavity without a wavelength 

selective element. In addition the lasing threshold predicted using the Fabry-Perot 

model is in good agreement with the measured threshold of 23 )o,J/cm .
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Figure 4-20 Evolution o f  spectral FWHM as a function ofpum p fluence fo r  B2080 
doped polystyrene slab waveguide laser. Inset: Emission spectrum above and

below threshold.

4.8 Discussion

Amplification and lasing in the blue-green spectral region is an area o f active 

research using both organic and inorganic materials. Tsutumi et a / . h a v e  

measured the gain in B2080 doped polystyrene films with a dopant concentration of 

10 wt % and a film thickness of 4.5 jam. They measured a maximum gain o f 13.9 

cm”' although they did not explicitly state the pump fluence used to achieve this 

gain. A summary of the results of some other research in this area is presented in 

Table 4-2. In addition to dye-doped polymer systems, neat films o f conjugated
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polymers and dendrimers have also exhibited large gain. One of the most 

extensively studied is PFO (poly(9,9-dioctyfluorene). For example, Heliotis et al. 

measured a net gain of 74 cm'' in PFO at a fluence of 750 |o,J/cm“ and Xia et al. 

showed a gain of 66 cm'' at the slightly lower fluence of 670 (o,J/cm“ in a fluorene- 

based polymer. Lawrence et al}^ measured a gain of 79 cm ' in a neat dendrimer 

film although they used a higher fluence of 3.0 mJ/cm“. Inorganic semiconductor 

lasers operating in the blue and UV spectral region rely mainly on GaN based 

material systems. Kim et al}'^ have measured the gain using the variable stripe 

length method of an epitaxially grown GaN based double heterostructure on a 

sapphire substrate and obtained a value o f 160 cm'' using a power density of 200 

KW/cm" which is lower than the power density used m this work. In comparison to 

these studies, B2080 doped polystyrene compares very well with other organic 

material systems.

Table 4-2 Summary o f  measurements o f  modal gain using variable stripe length 
__________________method in UV to green spectral region.__________________

/I (nm) /net (cm"') /,h

(MW/cm^) (mJ/cm^)

y^(nm)/Tp

(ns)

B2080^ 501 84 0.36 1.1 355/3

PFO'*^ 466 74 1.5 0.75 390/0.5

D endrim er’* 425 79 6 3.0 337/0.5

G aN “^ 370 160 0.2 1.6 337/8

4.9 Summary

In summary, the variable stripe length method has been employed to measure an
1 ^  average net modal gain o f 84 cm' at 501 nm at a pump fluence o f 1.1 mJ/cm‘ in

doped polystyrene waveguides in the ns regime. The stimulated emission cross-

section has been extracted and is in good agreement with the absorption cross-

section o f the material. The value of the gain obtained compares very well with

Present study; I,4-Bis[2-[4-[N,N-di(p-tolyl)amino]phenyl]vinyl]benzene.
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other organic materials in the same spectral range. Low threshold lasing has also 

been achieved in a very basic slab waveguide laser under optical excitation.
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Chapter 5: Two-Photon 

Absorption Spectroscopy

5.1 Introduction

This chapter focuses on the nonlinear behaviour o f stilbene dyes, with particular 

attention to their two-photon absorbing (TPA) properties. The measurements were 

carried out under fs excitation in solution and in solid thin films using z-scan and 

the two photon induced fluorescence (TPIF) method.

The chapter will begin with a review o f the aspects o f nonlinear optics theory most 

pertinent to the materials under investigation, specifically the third order 

susceptibility and effects associated with it. Next, a review o f current research in 

the area o f  two-photon absorption is given with particular emphasis on current 

design strategies for efficient materials. Following this, a review o f important 

experimental techniques in the area o f TPA characterisation will be given. The 

rem ainder o f  the chapter will be taken up with the presentation and discussion o f 

experimental results.
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5.2 Nonlinear polarization

In chapter 2, the response o f matter to an impinging electromagnetic wave was 

described in terms of the polarization P of the material, which is a function o f the 

input electric field E and a complex, frequency dependent dielectric susceptibility

to the harmonic oscillations associated with the classical electron oscillator, which 

gives rise to a polarization that is linearly dependent on the source wave.

This is an approximation, however, that only applies in the limit of low amplitude 

oscillations (elastic region) due to the relatively weak force of a low intensity wave. 

Under the influence of an intense laser beam, the electrons cannot follow the 

excitation in a linear fashion and the polarization can no longer be described by a 

linear function in E. A more suitable and general description o f the material 

response may be written as a power series expansion in the electric field strength:'

are tensors of rank n+l for n>l. During the course of the following discussion, the

discarded as the analysis will deal exclusively with the real part of the susceptibility 

unless otherwise stated.

The symmetry relationship = P(-E) means that even order susceptibilities do 

not feature in materials with centrosymmetry. Since the materials under study in 

this thesis are isotropic, the first nonlinear contribution to their polarization takes 

place viay^^^.

In the limit o f the classical electron oscillator model, the nonlinear response can be 

understood by including higher order correction terms in the restoring force 

experienced by the electron. For a centrosymmetric material, the restoring force is 

given, not by Eq. 2.10: F{t) -  -K x (t) , but rather by

X{co) according to Eq This susceptibility arises due

p { t )  = / * £ ( / ) + ( 0+ ( 0+ - (5 . 1)

The quantities are the n'^ order susceptibilities and since E  and P_ are vectors.

tensor properties of will be dropped for clarity and the tilde notation will also be
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^ re s t  =  - m o i l x  +  m bx^ (5.2)

where b represents the strength of the nonlinear contribution. In this case, the 

potential energy curve is no longer a parabola as is the case in the elastic limit, but 

has the shape shown in Figure 5-1. The function is symmetric as it should be for a 

centrosymmetric material.

Figure 5-1 Potential energy curve fo r  harmonic and anharmonic oscillator in a
centrosymmetric material.

As an example of the new types of phenomena that become apparent due to the third

order susceptibility, take the simple case of an electric field with time dependence

of the form:

E -  E^cosi^cot^ (5 .3)

The third order polarization is given by:

Para
Actu

Position X

(5 .4)

Since

cos^ (<y?) = —cos(3<y/) + —cos(&)/ (5 .5)
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the nonlinear polarization becomes:

(0  = cos(3^y/) + 1 cos(<y/) (5 .6)

In this specific case, it can be seen that the polarization can be composed o f two 

parts. The first term on the RHS o f Eq. 5.6 shows a response at 3 times the 

fundamental frequency. An electromagnetic wave with frequency co o f  sufficient 

intensity can cause a polarization that oscillates at in a process called third 

harmonic generation. From the point o f view o f  conservation o f energy, to generate 

a photon o f  energy 3ha>, it is necessary to take the energy o f  three o f the 

fundamental photons and convert them to one photon at the 3'̂ *̂ harmonic frequency. 

Thus, this third order process involves the mixing o f 4 photons where the 4̂ '’ is the 

sum o f the other three. The 3'̂ '* order susceptibility in this process can then be 

written as coi, 0)2, 0)3).

The second term in Eq. 5.6 gives a nonlinear contribution to the polarization at the 

fundamental frequency and is responsible for the nonlinear refractive index. The 

refractive index may be written in terms o f the linear value and a term that depends 

on the electric field strength.

where ni is the nonlinear contribution to the refractive index and the angular 

brackets denote a time average o f  the electric field.

Defining the general form o f the electric field as

where c.c. denotes the complex conjugate, the refractive index can be written

(5.7)

E{ t )  = E{co)e-‘“‘ + C . C . (5 .8)

(5 .9)

and the third order nonlinear polarization becomes
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:^y, +(^2 -< y 3 ) |£ '( (y ) |^  - ^ ( ^ )  (5-10)

giving a total polarization o f

P,o,ai^ X^'^E{o)) +  3 x ^ ''^ \E {co f  E { o i )  (5.11)

It is now possible to define an effective susceptibility that depends not only on the 

material but also on the electric field strength o f  the incident light:

Xeff =  \ E { o} ) \  = n ^ - \  (5.12)

combining Eqs. 5.9, 5.11 and 5.12, the linear and nonlinear refractive indices can be 

related to the linear and nonlinear susceptibilities by

—  (5.14)
4«o

In many experimental cases it is more convenient to measure the optical intensity o f  

the incident light as opposed to its electric field strength. The refractive index may 

then be written:

« =  Wj/ =  +  Art (5.15)

where the intensity is defined as

/  =  2 fo«oc |£ '|^  (5.16)

Since both definitions o f  the refractive index must be consistent, it is possible to

write the nonlinear refractive index as:

« 2
  (5.17)
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and hence the 3'̂ '̂  order susceptibility may now be written in terms o f  the intensity 

dependent refractive index as:

4 £ ' o W o C

The effect o f  the dependence o f  the refractive index on the intensity o f  the incident 

light is called the optical Kerr effect. In a laser beam with a non-uniform intensity 

profile, this effect is responsible for the phenomenon o f self-focussing (or de- 

focussing). For example, in a material with positive nonlinearity, the centre o f  a 

gaussian beam will experience a higher refractive index, which resuhs in the 

material behaving as a positive lens. This process is o f  great importance in many 

aspects o f  nonlinear optics and laser physics. It is self-focussing that is responsible 

for the characteristic trace seen in a closed-aperture z-scan. In titanium sapphire 

mode-locked oscillators, self-focussing in the crystal along with a variable aperture 

allows the intense mode-locked pulses to pass through the cavity while the 

background CW radiation is blocked, thus providing a method o f self-regulating 

passive mode-locking.

The foregoing discussion has focussed on processes whereby the initial and final 

quantum states o f the system are identical. This is shown schematically in Figure 

5 - 2 .

i
C 0 3

>c
C02

ssIIs
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>k kk,
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>

(a) (b)

Figure 5-2 Parametric processes (a) third harmonic generation and (b) the optical 
kerr effect. Dashed lines denote virtual levels.
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The dash lines in Figure 5-2 denote virtual levels in which the population may only 

reside for a length of time allowed by the uncertainty principle. There are some 

processes, however, that also depend nonlinearly on the intensity of the light but 

which result in a rearrangement of the population between real levels in the system. 

These processes are referred to as non-parametric process. One o f these processes 

is two-photon absorption depicted in Figure 5-3 whereby two photons o f the same 

frequency are excited to an upper excited state via a virtual level.

>

OD

i

CO

Figure 5-3 Two photon absorption via virtual level.

Unlike parametric processes, two-photon absorption results in the net absorption of 

the incident radiation and must be described by the imaginary part of the 

susceptibility:

= x f h + i x ? l g .  (5 19)

This implies a change in the absorption coefficient a, o f the material, which 

depends on the intensity of the incident light. This change may be written by 

defining a two-photon absorption (TPA) coefficient,

a [ l ) ^ a ^ +  p i  (5.20)

Where ao is the linear absorption coefficient and /  is the intensity as defined above.

The imaginary part of can be written in terms of /3a.s:

x L I , = ^ ^ J 3  (5.21)
CO
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5.3 Two-photon absorption

5.3.1 Introduction

M ultiphoton transitions involving the simultaneous absorption o f  more than one 

photon in a single quantum event w'ere first predicted by Maria Goppert-Mayer" in 

1931 and were subsequently demonstrated in the laboratory in 1961 by Kaiser and 

Garret for transitions in CaF2 :Eu“ with a ruby laser excitation at 694 nm. Since 

that time, there has been extensive research carried out into two-photon absorption 

from a fundamental point o f  view and also in applied research where this process 

can find many applications. Organic materials with a high degree o f Ti-conjugation 

exhibit a large third order nonlinear response/ and much o f the research in this area 

has been carried out on organic materials such as dyes and conjugated polymers.

5.3.2 Upconversion

The process by which the two-photon absorption transition is followed by a 

radiative decay is called upconversion. This process o f converting long wavelength 

radiation to shorter wavelength is a very useful and much investigated phenomenon. 

For example, two-photon excited emission has been used to generate coherent 

radiation. The first two-photon pumped stimulated emission was reported by Patel 

et al. who demonstrated 6.5 fim radiation from PbTe crystals that were pumped at 

10.6 |j,m.^ More recently two-photon pumped stimulated emission and lasing has 

been shown in a variety o f gain media. These include semiconductor crystals^ and 

organic dyes both in solution and in solid-matrices.^’*’̂ ’'^ In addition to being used 

to generate coherent radiation, two-photon pumped emission has found application 

in the area o f  two-photon fluorescence m icroscopy." This technique involves the 

staining o f  the sample under investigation with a fluorescent dye, which is excited 

with a laser beam, in this case, a beam in the red or infrared. Since two-photon 

absorption is a third order process, the up-converted fluorescence is proportional to 

the square o f  the light intensity and thus the emission is confined to the focal plane 

providing very precise excitation. For the same reason, this allows for 3- 

dimensional imaging. Since its inception in 1990, two-photon microscopy has 

gained wide acceptance in the scientific community especially in the study o f 

biological specimens.
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5.3.3 Optical Limiting

Optical limiting is the term designated to the process by which high intensity light is 

absorbed by a sample while allowing the transmission o f low-level background 

light. The applications o f  this process are immediately obvious in the area o f  the 

protection o f  light sensitive detectors, not least the human eye. A suitable optical 

limiting material will have high linear transmission (>70%) at low intensity light 

levels and display rapid, high extinction light-clamping behaviour at high intensity. 

O f the various mechanism that may be used to achieve this such as nonlinear 

scattering, reverse-saturable absorption’  ̂ and TPA,'^ the latter two processes have 

received most attention, since both o f these processes are controlled by the 

m olecular structure and are hence accessible to molecular engineering. O f the two, 

TPA is suitable for controlling optical intensity o f  short (ps) pulses whereas reverse- 

saturable absorption is more suitable for longer (ns) pulses.

5.3.4 Two-photon spectroscopy and photochemistry

The selection rules for the absorption o f two photons o f  incident radiation are 

different to those governing the absorption o f one photon and different final states 

are reached in cases where the molecule displays a high degree o f  symmetry. This 

makes two-photon spectroscopy a useful tool for probing states that are inaccessible 

with one-photon absorption, providing further information on the basic structure- 

property relationships and photophysics o f molecules.'"*

Furthermore, molecules in the excited state can, under certain circumstances 

undergo chemical changes. The site selective abilities o f two-photon excitation 

make it a very useful tool for inducing these photochemical changes at highly 

localized positions. For example, materials have been developed that produce acid 

upon absorbing two photons which can be used in microchannel fabrication.'^

5.4 Design strategies for two-photon absorbing materials 

5.4.1 Introduction

Since the realization that two-photon absorbing materials could have useful 

applications in the areas mentioned above, much research has been carried out into
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understanding the factors effecting the strength and position of the transition in a 

given material and several design strategies have been suggested and implemented.

Initial studies in this area focussed on characterizing molecules already known to 

possess reasonably high TPA cross-sections such as rhodamine B, rhodamine 6G 

and fluorescein.'^ '^ During these early investigations, much of the research was 

directed towards experimental techniques suitable for the accurate measurement of 

the TPA cross section.

Since then, a more concerted effort has been undertaken to understand the 

photophysics involved in TPA and much focus has been placed on linear conjugated 

small molecules with well-defined donor and acceptor moieties. A schematic 

representation of such molecules are depicted schematically in Figure 5-4 which 

shows the motif of dipolar, quadrupolar and octupolar molecules. Much of the 

research has focussed on explaining and engineering the effect of symmetry, 

conjugation length and the strength of the effect of donor/acceptor groups.

— ©
1. Dipolar

2. Quadrupolar

3. Octupolar

Figure 5-4 Schematic diagram o f  dipolar, quadrupolar and octupolar molecules. A:
Acceptor, D: Donor.

5.4.2 Quadrupolar molecules

The pioneering work by Albota et al}^ describes a means to systematically 

investigate the effect of factors such as conjugation length, and electron donating 

and accepting substituents on the strength of the two-photon transition in a set of 

homologous molecules. Their study was based on symmetric molecules with
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Donor-7i-bridge-Donor and Acceptor-TC-bridge-Acceptor motifs where the n-bridge 

was a series o f phenylene-vinylene linkages. Since the molecules have a high 

degree o f  symmetry, the TPA transition was expected to take place between the 

ground state and the second excited singlet state S2 which is the lowest two-photon 

allowed transition.

The TPA cross-section was found to be proportional to the transition dipole 

strengths for the So—>Si, and 8 1 ^8 2  transitions. It was also noted that the addition 

o f amine-based electron donating substituents to the ends o f the molecule had a 

two-fold effect:

1 . It caused an increase in the So~:>Si transition dipole.

2 . A large redistribution o f  the ;r-electrons upon excitation due to intramolecular 

charge transfer (ICT) took place. Specifically, a symmetrical charge transfer 

from the ends o f the molecule to the centre (in the case o f electron donating 

substituents) and hence an increase in the quadrupole moment, which leads to an 

increased delocalisation o f the ;r-electron cloud upon excitation, increasing the 

S i —>82 transition dipole strength. The strategies employed to investigate this 

ICT effect were as follows:

I. Increase in conjugation length, which increases the distance associated 

with the charge transfer, increasing the quadrupole moment.

II. Increase in the acceptor strength o f the ;r-bridge by addition o f suitable 

side groups which would increase the amount o f charge transfer.

III. Sense o f the charge transfer reversed to provide a Acceptor-;7r-bridge- 

Acceptor structure.

These strategies were successful in increasing the TPA cross-section in the 

molecules studied with the Donor-;r-bridge-Donor m otif being the most successful.

The molecules under investigation in this study are very similar to the quadrupolar 

molecules studied by Albota et al. and also He et al. and the values obtained for 

the TPA cross-section are in good agreement with those published.
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5.4.3 Dipolar “push-pull” molecules.

Another strategy employed in the design of efficient TPA materials is the “push- 

pull” motif where there is an asymmetric positioning of the donor and acceptor 

groups about the central conjugated bridge. Such molecules have a net dipole and 

since they are not symmetrical, two-photon excitation takes these molecules into the 

same excited state as one-photon excitation in many cases.

Lin et al?^ have used the stilbenoid unit as the conjugated backbone of their

molecules and have examined the effect of donor and acceptor substituents placed

asymmetrically at each end. They found that stronger acceptors produce more

efficient ICT and hence larger TPA cross-section although the molecules in this

study did not achieve the larger molecular TPA cross-section achieved in the case of
1symmetric doping. Antonov et al.~ have investigated the effect o f changing the 

nature o f the n-electronic bridge by insertion o f nitrogen on the TPA abilities of 

some push-pull molecule but found that this had little effect. Both o f these studies 

were consistent in their finding that the strength of the acceptor group is the most 

sensitive parameter in the molecular design of push-pull molecules. Reinhardt et al. 

underlined the significance of planarity in D-ti-A stilbenoid molecules. “ Recently 

Beverina et al. ~ provided the first demonstration of efficient two-photon 

absorption at telecommunications wavelengths in a dipolar chromophore extending 

the available TPA spectrum considerably to longer wavelengths.

5.4.4 Recent advances in the design o f  octupolar and branching molecules 
for multiphoton absorption.

A considerable amount of theoretical work has gone into understanding the precise 

nature o f the transition when a molecule absorbs two photons. Kuzyk’"̂ has used a 

sum-over-states quantum perturbation analysis to calculate the maximum 

theoretical limit of the two-photon absorption cross-section. One o f the main 

results o f that work was the fact that molecules with more ;r-electrons have a larger 

two-photon absorption cross-section and additionally, it is essential that the electron 

path remain conjugated if the cross-section is to be large. One approach to this is to 

consider branching or dendrimer structures which are basically very large 

conjugated molecules which posses an octupolar moment. In these materials ICT
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takes places upon excitation either from electron donating peripheral groups to a 

core with strong acceptor character or vice versa. In the past number o f years there 

has been a considerable surge in interest in these molecules and reasonably large 

TPA cross-sections have been reported in addition to high photoluminescence
• • • • . . .  25 "̂6quantum yield which is essential for upconversion applications.

5.5 Experimental Techniques-A Review

5.5.1 Introduction

There are several techniques for measuring the degenerate TPA (the absorption o f 

two photons o f  the same energy) spectrum o f a sample. The most common o f these 

can be roughly divided into two categories:

• Nonlinear transmission methods

• Two-photon induced fluorescence (TPIF)

It should also be noted that neither direct nonlinear transmission methods nor the 

TPIF method give information about the dynamics o f the absorption and/or 

subsequent relaxation. In order to understand the dynamic behaviour o f  a nonlinear 

system, it is necessary to use time resolved methods such as four-wave-mixing or 

pump-probe spectroscopy.

5.5.2 Nonlinear Transmission Methods

Nonlinear transmission methods have been used more widely in the past than 

methods based on photoluminescence since they do not rely on the secondary 

process o f fluorescent emission to measure the strength o f the nonlinearity, but 

rather measure the intensity dependent absorption directly. There are problems 

associated with the interpretation o f the data from such an experiment however, 

since it is not always immediately obvious what process is causing the effect. For 

example high order effects can make the measured TPA cross-section appear higher 

than it is especially in the ns regime, and also thermal effects can cause spurious 

results when using lasers with high rep rates.
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Direct Nonlinear Transmission

This method involves the direct measurement of the absorption of a laser beam as a 

function o f input intensity by externally varying the intensity o f the beam with 

filters or some other similar method. The advantage of this method is that it is 

readily applicable to samples that are not optically thin such as waveguides and 

fibers. Normally this measurement is carried out at a single wavelength with a 

pulsed laser source.

Lin et al. have developed a variation on this method by usmg a white light 

supercontinuum as the source. By comparing the transmission o f the continuum 

through a pure solvent and that obtained with the solution to be measured, they have 

been able to extract the TPA spectrum in one measurement. In order to ensure 

degenerate TPA, the wavelength components o f the continuum are spatially 

separated using a prism prior to being focussed into the sample. This is an 

extremely useful method since normally extracting the spectrum of values requires 

multiple measurements at closely spaced wavelengths across the region o f interest 

whereas this method allows the measurement of the complete spectrum in one step.

Z-Scan

90Sheikh-Bahae' and co-workers developed the z-scan method in 1990 and since 

then it has become one o f the most widely accepted experimental methods in 

nonlinear optics. It is similar to direct transmission methods in that the transmission 

of the sample is measured as a function o f beam intensity, however in this case, the 

variation in input intensity is achieved by translating the sample through the focus 

o f a lens.

Recently it has been shown that it may be possible to carry out the z-scan 

measurement with a white-light continuum to obtain the TPA spectrum in one 

measurement. While this method has not been used to measure the TPA spectrum 

of any organic materials, initial results indicate the method is at least feasible and 

should provide a very useful tool for future work.^°
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5.5.3 Two-photon induced fluorescence methods

In the case of molecules exhibiting sufficiently strong upconverted fluorescence, it 

is possible to use the two-photon induced fluorescence method. It involves 

comparing the two-photon pumped fluorescence to the emission from a reference
31 ‘ •sample or to the emission from the same sample under one photon pumping where 

the linear absorption coefficient is known. “ The second method has been applied to 

solid thin film samples.^^ Since this is a background free method, it has gained a 

large degree o f acceptance in the scientific community in more recent years.

In this study, both the z-scan and two-photon pumped PL methods have been 

applied.

5.6 Z-scan Technique 

5.6.1 Introduction

• 29Since its development by Sheik-Bahae et al. in 1990, the z-scan technique has 

gained rapid acceptance as the standard method for simultaneously obtaining 

information on the real and imaginary parts of the nonlinearity o f a sample. This is 

due to its experimental simplicity, and straightforward analysis.

Figure 5-5 Schematic open and closed aperture z-scan experiment. The beam is 
split after the sample allowing simultaneous recording o f  open and closed aperture 

trace. Det: photodetector, BS: beamsplitter

To understand the way in which the experimental procedure works, consider the 

experimental set-up shown in Figure 5-5. The sample is placed in the path o f a 

focussed laser beam as shown and as it is translated through the focus o f the lens,
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the transmission is recorded as a function o f position, which is equivalent to 

measuring the transmission as a function o f beam intensity. There are two types o f 

z-scan traces, called closed-scan measured at the detector marked Det. 1 which is in 

the far-field o f the beam and the open scan, measured at the detector marked Det. 2.

so

A(|) = 0.25A(() = -0.25

o
Z

A(|) = -0. A(j) = 0.5

Z

Figure 5-6 Theoretical closed-aperture z-scans fo r  a gaussian beam profile 
calculated with the use o f  Eq. 5.33. A(j) is the nonlinear phase shift which gives the 

strength o f  the nonlinearity and will be defined below.

Considering first the signal detected at Det. 1 and a sample with positive 

nonlinearity: When the sample is far from the focus, the intensity is low and the 

transmission is measured in the linear regime at Det. 1. As the sample is moved 

towards the focus from left to right as shown, the intensity will increase to a point 

where nonlinear changes in the refractive index will cause the onset o f  self- 

focussing. If  the sample is thin, it can now be considered as a thin positive lens, 

which will cause the far field beam to expand resulting in a drop in transmission at 

the aperture. As the sample moves through the focus and beyond, the positive 

lensing action will tend to collimate the beam resulting in an increase in 

transmission at the aperture until finally, the sample moves far from focus and 

returns to the flat linear transmission regime. This process results in a characteristic 

z-scan trace. Figure 5-6 shows theoretical closed aperture z-scans calculated for a 

laser beam with Gaussian intensity profile.
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Now consider the case where there is no aperture at the detector as in the case of 

Det. 2. Under these circumstances, the detector is insensitive to changes in the 

beam profile provided all the light from the transmitted beam is collected. This 

detector is sensitive to changes in the intensity o f  the transmitted light and as such 

can measure nonlinear absorption effects. The signal measured at Det.2 is called an 

open aperture scan and for two-photon absorption it has a characteristic shape as 

shown in Figure 5-7.
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Figure 5-7 Theoretical open-aperture z-scans fo r  a gaussian beam profile
calculated from  Eq. 5.36.

In the case where nonlinear refraction is accompanied by nonlinear absorption, the 

closed aperture scan becomes distorted with the absorption having the effect o f 

deepening the valley and lowering the peak. A simple method o f dividing the 

closed scan by the open gives a curve that closely approximates that which would 

be achieved if the sample had the same real nonlinearity but with no nonlinear 

absorption.^'*

5.6.2 Z-scan theory

In order to carry out a quantitative analysis o f  the curves generated in z-scan 

experiments, a mathematical description o f the effect o f nonlinear refraction and 

absorption on the propagation o f a Gaussian beam in the slow-varying envelope

113



approximation is necessary. This theory has been extensively dealt with in the 

literature"^’̂ "̂ and as such a full treatment o f  the derivation will not be given here as 

this would only serve to repeat an already well established procedure. The main 

details, however will be presented.

A Gaussian beam o f waist radius w propagating in the + z  direction may be written 

as

E { z , r , t )  = E ^ { t ) - ^ e x p  
w{z )

ikr^
0}^{z)  2R{z )

(5 .22)

where E^o(t) is the electric field at the focus and contains the temporal envelop o f  the 

electric field. a>o is the waist radius at the focus, w(z) is the beam waist radius which 

changes as a function o f z according to

w (z )  = 1 + ^, (5 .22)

2 Tt
where z^ - — ^ i s  the diffraction length o f the beam and k -  — , X being the 

2 X

wavelength. R(z) is the radius o f curvature o f  the wavefront and is defined as;

(5 .24)

The term ^(z,t) is the radially invariant phase term and since only radially varying 

phase terms are o f concern, the slow varying envelop approximation applies and all 

phase changes that are uniform in r are ignored.

In the following derivation, the assumption o f a “thin” sample is used; that is a 

sample in which the local phase variations do not change the beam profile within

the sample. The criterion for this is L «  zo /  where L is the sample

thickness. This criterion is automatically met under most circumstances since A<j) is 

small. In addition, it has been found that this criterion is more restrictive than it

need be and it is sufficient ifL  < z q /  A ^ ( O ) ? ' ^
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The assumption of a thin sample simplifies the situation and under these 

circumstance, the amplitude which is proportaionl to V7 and phase (/> o f the electric 

field are now governed by the simple set of simultaneous equations.

dz' ’
(5 .25)

and

(5 .26)

where z ’ is the propagation depth in the sample.

In the case of cubic nonlinearity and negligible nonlinear absorption, these two 

equations may be simultaneously solved to give the phase shift A<j) at the exit 

surface o f the sample:

A(zJ(2 , r , / )  = A 4 (z ,/)ex p 2r^
w (2 ) (5 .27)

with

AOq(/)

1+ ^ ' /
(5 .28)

where A (Pa is the on axis phase-shift at the focus and is defined as

A0>o (5 .29)

where L e f f= ( l - e ^ ) /a  is called the effective length of the sample where a  is the 

linear absorption coefficient. Ano is the intensity dependent change in refractive 

index at the focus given by Ano= ri2lo, where Iq is the irradiance at the focus within 

the sample.
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The complex electric field exiting the sample Ee containing the nonlinear phase shift 

can now be written:

a t
E^{z, r , t )  = E( z , r , t ) e (5 .30)

The method by which this exiting beam is propagated to the aperture is detailed in

field Ee is decomposed in to a summation o f Gaussian beams through a Taylor 

series expansion in the nonlinear phase shift. Each o f  these Gaussians can then be 

propagated to the aperture plane where the beam is reconstructed. The transmitted 

power through the aperture is then obtained by integrating this aperture field over 

the area o f the aperture. Including the pulse temporal variation, the normalized Z- 

scan transmittance can then be calculated to be

waist at the aperture in the linear regime. Assuming the far-field condition and via 

other simplifications detailed in references 29 and 34, it turns out that the 

transmission can be geometry independent and is given by

This equation applies to nonlinear phase changes in the absence o f  nonlinear 

absorption.

As outlined in section 5.2 the intensity dependent absorption coefficient is given by 

Eq. 5.20. This yields an irradiance distribution and phase shift at the exit surface o f 

the sample of:

references 29 and 34. The method is called Gaussian decomposition^^ where the

r(z) =
00

(5 .31)

where P,{t) = is the instantaneous input power in the sample and

aperture linear transmittance where Wa is the beam

(5 .32)
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(5 .33)

where q(z,r,t) = pi(z,r,t)Leff and

A<z5 = ^ l n [ l  + ̂ (z,r,/)] (5 .34)

Following a procedure similar to that used to obtain Eq. 5.32, the sample 

transmission as measured at the open aperture detector is given by:

approximation p i L e j j « l  and for instantaneous response times with respect to the 

pulse width, the normalized change in transmittance is;

For z  = zo , the change in transmittance is maximum and qo and hence /? can be 

deduced immediately from the scan.

5.6.3 Experimental Procedure

The Z-scan experiments carried out in this study were performed in the femtosecond 

regime at 800 nm using 100 fs pulses from an amplified titanium sapphire laser 

system. A 76 MHz train o f -  100 fs pulses was generated using a Coherent MIRA 

900-P oscillator. A Pockels cell extracted pulses which were first decompressed to 

~ 100 ps using a double-grating decompressor and subsequently amplified in a 

regenerative amplifier pumped at 30 Hz with the second harmonic o f  a nanosecond 

Nd:YAG. Subsequent recompression was achieved with a double-grating 

compressor to produce -1 0 0  fs, transform-limited pulses. Sampling was achieved 

using photodiodes and boxcar sampling was applied to the data collection.

{ 5 .35)

where qo(z) = where lo is the peak, on-axis intensity.

Van Stryland^^ et al, have further simplified this for a Gaussian beam, under the

(5 .36)
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Prior to each run the peak on-axis intensity at the focus o f  the lens was deduced in a 

comparative way from the closed aperture scan o f a 1 mm silica slide. The non

linear phase shift is given by

2 7T IL f f

<̂!> = ---------------------------------------------------------------------------(5.37)
A

Where n: is the non-linear refractive index, I  is peak on-axis intensity, Leff is the 

effective sample thickness taking into account the linear absorption at the 

wavelength 1. The non-linear refractive index o f silica was assumed to be 3 xlO"'^ 

cm^/GW.^^ By running a closed aperture scan on silica, the resulting intensities 

were deduced to be o f  the order o f 70 GW /cm“.

The z-scans were carried out on chloroform solutions up to a concentration o f  ~ 

0.75 wt % in a 1 mm quartz cuvette. The exact concentration was deduced from 

the absorbance o f the solution prior to each scan to avoid any errors due to 

evaporation o f  solvent. This measurement also confirmed no degradation o f  the 

sample occurred during the experiments.

5.6.4 Experimental Results

The closed aperture scans for concentrations up to 0.755 % wt SP35 in chloroform 

are shown in Figure 5-8 along with the curves calculated according to Eq. 5.32.

The peak-to-valley difference in the closed aperture scan is related to the real part o f 

the non-linear phase shift. However, as outlined above, in the presence o f  two- 

photon absorption, there is a distortion o f the closed-aperture trace since the two- 

photon absorption tends to lower the peak o f  the trace and deepen the valley. The 

procedure o f  dividing the closed scan by the open, has been applied to the data 

presented in Figure 5-8. The peak-to-valley height o f the traces decreases with 

increasing concentration indicating that the real part o f  the non-linearity o f  SP35 has 

the opposite sign to that o f  chloroform at 800 nm.

In order to extract an accurate value for the nonlinear refractive index from the z- 

scan traces, concentration dependencies o f the nonlinear phase shift can be used.^^ 

Measured z-scans on solutions contain information about both the solvent and
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solute. In addition, the solution is contained within a glass cuvette. Effectively the 

scan measures contributions from the solvent, solute and the walls of the cuvette. 

This fact can contribute to poor fitting in the wing regions of the scans.

f-*o

s

Solvent

1.1

1.0

0.8

-12 •8 0 4 B 12

Z/Z„ Imml

IsX
h.H

S

1.2 0.346 %

1.1

0.8

•12 -8 4 0 4 8 12

Z/Z„[mml

■o

1.2 0.242 %

1.1

•12 ■8 -4 0 4 8 12

Z/Z^|mml

0.755 %

Z/Z Imm

Figure 5-8 Closed aperture scans fo r  SP35 in chloroform solutions up to 0.755 % 
wt. Peak-to-valley difference decreases with increasing concentration indicating 

that the nonlinearity ofSP35 has the opposite sign to that o f  chloroform at this 
wavelength. Solid lines are theoretically calculated according to Eq. 5.32:

T l z  AO U l _____________________
 ̂ (zVzJ+9)(zVz„̂  + l)

For a dilute solution the complex refractive index can be approximated by

« 2  =  +  (1  -  ^ > 2 .s o , . e n ,  P -  3 8 )

where m is the mass fraction of the dye. Since the non-linear phase shift is directly 

proportional to the refractive index, it can be expected to follow a similar 

relationship according to:
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Figure 5-9 shows the relationship between the extracted value o f  Aureal and mass 

fraction. The error at each mass fraction has been estimated from experimental 

parameters to be approximately 10 %. Using the slope and intercept o f  the line in 

Figure 5-9, the refractive index o f  the solute may be obtained from

solute _  _ ^2,solute

solvent ^ l,s o lv e n t-e jf  ^

where n2,soivent-eff '̂  ̂ the effective «2 o f  the solvent which includes contributions from 

the cuvette and is measured relative to silica at the same intensity and given by

y .    ^^so lvertl .  < M

^<^s,lUca

o 0.8
33
<X

0.6

0.000 0.002 0.004 0.006 0.008

Mass Fraction

Figure 5-9  E xtracted value o f  Aureal o f  SP35 solution as a function o f  m ass fraction. 

The resulting real part o f  the refractive index extracted in this way is (1.02 ±  0.3) x
1 ^ 910' cm /W  where the error is the error in the linear fit to the data with weightm g o f  

the data points due to their individual error included.

Figure 5-10 shows the open aperture scans at the same concentrations along with 

the curves calculated according to Eq. 5-35. From the curves in Figure 5-10 it is
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possible to extract a value o f /3 for each concentration. To change this to a 

molecular cross-section, it may be noted that:

phco
N

(5 .42)

Where N  is the number density of active molecules in the solution. Figure 5-11 

shows the two-photon absorption coefficient as a function of number density. 

From the slope o f the linear fit, the TPA cross-section can be extracted. The value 

obtained from the graph is 184 ± 55 GM where 1 GM = 1 x 10' '̂’ cm'  ̂photon s.
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Figure 5-10 Open aperture z-scans o f  SP35 in chloroform fo r  concentrations o f  up 
to 0.755 %. Solid lines are curves calculated according to Eq. 5-3:

T (z) = exp { - a ,L )  ^
^o(^)

Using the approximation in Eq. 5-36, and the expression for the TPA cross-section 

from Eq. 5-42, the following expression for AT (z=zo) as a function o f number 

density is obtained:

(T.NLLfr
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Figure 5-12 depicts the maximum change in transmission at z=zo as a function o f 

number density. The solid line is a linear fit to the data. Using the value o f the 

slope o f  this line and Eq. 5.43 the two-photon absorption cross-section o f SP35 in 

chloroform is calculated to be 197 ± 40 GM. This value is in good agreement with 

the value obtained using the previous method.
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Figure 5-11 Two-photon absorption coefficient versus number density o f  active 
molecules for SP35 in chloroform. Straight line is linear fit to data.
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Figure 5-12 Maximum change in transmission as a function o f number density o f  
active molecules o f SP35 in chloroform.
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5.7 TPIF-Solid state measurements

5.7.1 Introduction

In this section measurements of the TPA cross-section using the TPIF method will 

be presented. Firstly, an outline of the experimental principle and procedure will be 

given, then results on several dyes in solid polymer hosts will be presented.

5.7.2 Experimental details 

Sample Prep

The host polymers chosen were polystyrene, PMMA and PVP. The polymer and 

dyes were dissolved in chloroform and spin-cast onto glass slides. The final dye 

concentration was 1 wt %. The film thickness was measured using white light 

interferrometric profilometry and in all cases films had a thickness of 2-7 .̂m.

Principle

The principle behind this experimental technique is depicted schematically in Figure 

5-13. This figure shows the process by which photoluminescence is generated 

under one and two photon pumping. In the case o f two-photon pumping, it has been 

assumed that the final state reached is the S2 state from where the molecule 

undergoes rapid relaxation to the Sj state. This is followed by a downward radiative 

transition from the same state as for one photon pumping. This assumption is 

justified in molecules with centrosymmetry where the upward transition from the 

ground state to the first excited state is spin-forbidden with two-photons. In dipolar 

molecules however, this transition is more strongly allowed and in many cases, the 

TPA spectrum peaks at twice the wavelength of the one-photon absorption spectrum 

indicating that it is the first excited state that is reached under two-photon pumping.

Since the generated photoluminescence intensity under both pumping conditions is 

related to the absorption cross-section, comparing this emission intensity under one- 

and two-photon excitation gives information about the two-photon absorption cross- 

section provided that the linear absorption cross-section is known.
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Figure 5-13 Schematic representation o f  TP IF  experimental procedure, (a) Two- 
photon pumped upconversion, (b) one-photon pumped photoluminescence.

Experimental procedure

The experimental setup for the measurement is shown in Figure 5-14. The source 

was a titanium sapphire mode-locked oscillator operating at 76 MHz with a pulse 

width o f  approximately 200 fs. The output was reliably tuneable over about 60 nm 

from 760 nm to 820 nm. The pulse width was measured at each wavelength using 

an autocorrelator. The beam was split into two sections as shown, one leg o f  which 

was frequency doubled in a BBO crystal, the other leg being left at the fundamental 

frequency. A dichroic mirror was employed which allowed the transmission o f the 

IR beam while reflecting the second harmonic. These beams were carefully aligned 

so as to co-propagate and overlap exactly at the sample. A second wide aperture 

lens captured the emitted PL and focussed it into the detection system. The pump 

beams were filtered from the detected signal using band-pass filters. The detection 

system used was a monochromator and CCD camera array with a resolution o f 

approximately 2 nm. This allowed the monitoring o f  the emission spectrum during 

the experiment. It also allowed any signal due to remnant pump to be eliminated.

During the experiment, the power o f  the fundamental and second harmonic and the 

pulse width were measured. Each o f  the beams was then alternately blocked and the 

emission due to the other beam measured.
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Figure 5-14 Experimental setup used for TPIF measurement. HR: High reflector,

5.7.3 Analysis

In the experiment described above the fluorescence spectrum is measured under one 

and two-photon pumping. The strength o f the resulting signal depends on several 

parameters such as the pump intensity and the absorption cross-section in each case. 

The signal measured is the time average of the generated photons over the pulse 

duration and over many pulses.

Assuming the pump beam in both cases has a gaussian temporal and transverse 

spatial profile, the intensity /  of the pump pulse may be defined as

Pav is the laser average power, rp is the repetition rate o f the laser and f(t), F(x,y), are 

the normalized temporal and transverse spatial distributions respectively and are 

defined as:

CCD: Charge coupled device.

P

(5 . 44)

(5 .45)

(5 .46)

125



Where w and rare  the 1/e spatial and temporal half-widths of the beam respectively. 

For a laser beam with a wavelength A, of beam diameter d  focussed with a lens of
-57

focal length / ,  the diameter of the airy disk at the focus of the lens is given by:

(5 . 47)
d

The 1/e half-width is related to the FWHM diameter by:

F W H M
w -

2^1" (0-5)
(5 . 48)

In addition, the propagation o f the beam in the longitudinal direction z, is expected 

to follow the Beer-Lambert law such that

where a  is the linear absorption coefficient. Nonlinear absorption effects are 

expected to be sufficiently weak and the samples sufficiently thin such that it is 

possible to ignore changes in the beam intensity due to nonlinear absorption.

Under one-photon pumping with femtosecond excitation, the number of emitted 

photons is proportional to the number of absorbed photons and the fluorescence 

quantum yield. The time averaged one-photon pumped photoluminescence signal 

PLj  is proportional to the number of emitted photons and is given by:

Where Ki is a constant, is the quantum yield under one-photon excitation, N  

number density of active molecules, L  is the sample thickness, <t/ is the one-photon

frequency and Ii(x,y,z,t) is the pump intensity as defined above.

Carrying out the integration, the one-photon pumped photoluminescence is given

/  (z) = /  (0) exp [ -a z ] (5 .49)

(5 .50)

2
absorption cross-section measured in cm , /z is Planck’s constant and v/ is the pump

by:
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(5 .51)

where Leff is the effective length defined as:

a
(5 .52)

L being the sample thickness and a  is the linear absorption coefficient.

Under two-photon pumping, the absorption and hence the PL intensity is 

proportional to the square of the pump intensity. The two-photon pumped PL 

signal, PL2 is then given by;

The quantum yield under two-photon pumping ^2 is divided by two since two 

incident photons are converted to one PL photon in the upconversion process.

The measured quantity in the experiment is S the emission spectrum which is 

integrated across all wavelengths. Combining Eqs. 5.51 and 5.53 results in the 

following expression for the TPA cross-section.

The factor involving the ratio of the quantum yields is often left out of the final 

expression under the assumption that it tends towards unity when the final state 

reached under one and two-photon pumping is the same and/or the quantum yield is 

the same under both pumping conditions. This is not the case for quadrupolar dyes 

under consideration in this study and the factor has been retained. The quantity on 

the LHS of Eq. 5.54 is a measure of the upconversion efficiency o f the molecule 

and is an essential property in the characterization of TPA molecules for use in 

upconversion lasing systems and microscopy and will be referred to as the 

upconversion efficiency parameter. In situations where the quantum yield ratio 

tends to 1, then this reduces to the two-photon absorption cross-section.

(5 .53)

<t>\
(5 .54)
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5.7.4 Experimental Results: Commerical Dyes: Rhodamine 6G and 
Coumarinl20

In order to verify the experimental technique, the upconversion efficiency 

parameters o f two commercial dyes were measured and the values obtained 

compared with those in the literature. There is almost no data in the literature 

reporting the values of the TPA cross-sections of dyes in solid hosts. Fischer et al. 

measured the TPA cross-section spectra of Rhodamine 6G and Coumarinl20 in 

ethanol solutions using the TPIF method. The values reported in that paper have 

been included here to provide some reference data.

Rhodamine 6G

2.50E-016
-  PS
-  PVP
- - PMMA2.00E.016

(N
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360 400 520 600440 480 560
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Figure 5-15 Absorption cross-section o f  Rhodamine 6G in three different polymer 
hosts. Inset: normalized absorption spectra.

Figure 5-15 shows the linear absorption cross-section spectrum and normalized 

absorption spectrum of Rhodamine 6G (inset) in the three host polymers. The 

spectrum in polystyrene is considerably broadened compared to that in the other two 

hosts and in addition, the absorption cross-section is lower. This is evidence that 

Rhodamine 6G is not well-dissolved in polystyrene and may be forming aggregates
■JO

as the solvent evaporates from the thin film.
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Figure 5-16 Upconversion efficiency parameter o f  Rhodamine 6G in PMMA and 
PVP. Also shown is TP A cross-section in ethanol as reported in reference 32. Solid

lines are provided to guide the eye.

Figure 5-16 shows the upconversion efficiency parameter o f Rhodamine 6G in solid 

polymer hosts and also, the values obtained in reference 32 in ethanol which were 

quoted there as the TPA cross-section. It should be noted that since Rhodamine 6G 

does not dissolve well in polystyrene, thin films o f that material exhibit much lower 

fluorescence under one-photon pumping and barely any upconverted emission 

making it impossible to use this method of measurement on those samples. The 

shape of the spectrum in the PMMA host is in good agreement with that in ethanol 

with the position of the peak indicating that two-photon excitation in Rhodamine 6G 

takes place into some state other than the Si state. The spectrum in PVP is blue- 

shifted and lower. The reason for this is unclear but may also be related to the 

solubility o f Rhodamine 6 0  in PVP.

Coumarinl20

Figure 5-17 shows the linear absorption cross-section spectra and normalized 

absorption spectra of Coumarin 120 in different host polymers. Again, there is a 

very strong dependence o f the linear absorption characteristics o f the dye on host 

polymer with polystyrene giving the lowest cross-section again. Additionally,
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C oum arinl20 is practically non-fluorescent in polystyrene so its TPA characteristics 

have not been measured in that host.
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Figure 5-17 Linear absorption cross-section o f  CoumarinllO in different polymer 
hosts. Inset: Normalized absorption spectra.
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Figure 5-18 Upconversion efficiency parameter o f  Coumarinl20 in PVP and 
PMMA. Also shown is TPA cross-section o f  coumarinl20 in ethanol taken from  ref.

32.
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Figure 5-18 shows the upconversion efficiency parameter o f Coum arinl20 in PVP 

and PMMA and the TPA cross-section in ethanol taken from reference 32. Due to 

its very low upconversion efficiency in PMMA, it was only possible to measure one 

wavelength o f  the spectrum o f coum arinl20 in that host and it is an order o f 

magnitude lower than that in PVP. The shape o f  the spectrum o f  the dye in PVP is 

in good agreement with that in solution although it is slightly higher. Overall, the 

TPA ability o f  coum arinl20 is many times lower than that o f Rhodamine 6G. This 

is a general property o f the coumarin class o f  dyes as compared to the Xanthenes 

and has been reported previously.

5.8 Stilbene dyes: SP35 and SP48

Figure 5-19 and Figure 5-20 show the upconversion efficiency parameter o f  SP35 

and SP48 in the three solid polymer hosts. Also shown in Figure 5-19 is the TPA 

cross-section o f SP35 in chloroform measured using the fs z-scan technique 

described in section 5.7.2. The upconversion efficiency parameter o f  both molecules 

in all three polymers increases towards shorter wavelengths as the peak in the S 0-S2 

transition is approached.

Comparing the magnitude o f the TPA between the two molecules, it is clear that

SP35 shows a much better performance than SP48. This is in good agreement with
1 8measurements and calculations carried out by Albota et al. which showed that 

increasing the conjugation length by inserting more phenylene-vinylene linkages in 

stilbene molecules increases the quadrupole moment upon excitation which results 

in an increase in the TPA cross-section. In addition, since the linear absorption o f 

SP48 is blue shifted relative to that o f SP35, it can be expected that the TPA 

absorption peak will also be blue shifted and it is possible that the wavelength range 

under consideration is further from that TPA peak in SP48 than that in SP35.
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Figure 5-19 Upconversion efficiency ofSF35 in different polymer hosts. Also 
shown is the result o f  z-scan experiment in chloroform. In addition, data on a 

similar molecule has also been included from  ref. 40.
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Figure 5-20 Upconversion efficiency parameter ofSP48 in different polymer hosts.
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Ehrlich et al.^^ have measured the TPA cross-section spectrum o f SP48 in the ns 

regime from 550 nm to 750 nm using the nonlinear transmission method and have 

shown a peak in the spectrum at approximately 675 nm. Although there are no 

reports o f measurements o f the TPA spectrum o f  SP35, Rumi et have measured 

the TPA cross-section (in toluene) o f  a molecule o f  very similar molecular structure 

containing additional methyl groups on one o f  the two terminating phenyl rings at 

both ends o f  the molecule. The data from that paper is also included in Figure 5-19. 

There is reasonable agreement between the two measurements once the different 

local environment is taken into consideration.

One o f the most salient features o f  both o f these graphs is the strong dependence o f 

the upconversion efficiency param eter on the host polymer. There can be several 

reasons for this although the precise nature o f  such a dependence is complex one 

and may be due to several contributions. Since the measured quantity in this 

experiment is the TPA cross-section times the ratio o f  the quantum yield under one- 

and two-photon pumping, this host dependence can be due to changes in either one 

o f  these quantities in the different hosts.

5.9 Discussion

The following discussion will focus on some o f the important parameters that 

should be considered in explaining the host dependence effect seen in the TPIF 

measurement results.

5.9.1 Local field factor:

The TPA cross-section is defined in terms o f the microscopic hyperpolarizability 

according to:

/  \  8 ^  hCO r 4  T /  \  /  \
^  (5 .55)

n c

where h is Planck’s constant, c is the speed o f light, n is the refractive index o f  the 

material, is the orientational average o f /a n d  L is the Lorentz factor defined as:'
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According to Eq. 5.55, it may be seen that the measured TPA cross-section o f  a 

material with a certain value o f y, will depend on the refractive index o f  the host 

material. Table 5-1 shows the factor Z% " for the three different host polymers and 

chloroform.

Table 5-1 Factor L*/n^ fo r  the three different host polym ers and chloroform.

Material

Polystyrene 2.05

PVP 1.87

PMMA 1.76

Chloroform 1.65

From this table it can be seen that for the same hyperpolarizability, the TPA cross- 

section in chloroform should be 80 % o f that in polystyrene. The actual measured 

ratio in the cross-section assuming unity for the QY ratio in polystyrene is 76 % 

which indicates good agreement between the measurements. It may be thus 

assumed that the quantum yield ratio in the case o f SP35 in polystyrene is unity or 

close to it. Due to the similar molecular structure o f SP48, it is likely that this is the 

case for that dye too. The difference in local field factor cannot however, explain 

the difference in observed upconversion efficiency parameter between the three 

polymers.

5.9.2 Sq-S i transition dipole

In symmetrically substituted quadrupolar dyes, it has been shown that the TPA
1 8cross-section, due to the S q-Sj transition can be expressed as:

K Ka  oc-----------— - —;—
{ E ^ - E , - h c j ) r

Where 1,0 and 2 refer to the So, Si and S2 state respectively, M„„ is the transition 

dipole moment between state m and n and F  is the damping factor or transition
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linewidth. The linear absorption cross-section gives information about the 

transition dipole from the ground state to the first excited state. In chapter 2 it was 

shown that the linear absorption cross-section o f SP35 in PVP is considerably lower 

than in either PMMA or polystyrene. Since this implies that the transition dipole in 

PVP is lower, this may go some way to explaining why the TPA cross-section is 

lower in PVP.

5.9.3 Quantum Yield Ratio

Since the linear absorption cross-section o f SP35 and to a lesser extent SP48 in 

PMMA is very similar to that in polystyrene in both strength and width it seems 

unlikely that the large discrepancy in the upconversion efficiency is due to a large 

difference in the TPA absorption cross-section. It may be more likely that the ratio 

o f the quantum yield is considerably less than unity. The possible reasons for this 

will be considered here.

It was noted in chapter 4 that the rate o f  photodegradation o f B2080 in polystyrene 

was considerably less than that in either PMMA or PVP. Due to the very similar 

molecular structure o f B2080 and SP35, similar spectroscopic behaviour can be 

expected and it is assumed that the same is true for SP35. A likely reason for this 

was also outlined as being related to severe tortional motion o f the molecule about 

the double bond in the excited state leading to an increased rate o f  internal 

conversion and subsequent photodegradation. Under the influence o f  the intense IR 

beam in the case o f two-photon pumping, it may be envisaged that there would be a 

considerable rise in temperature in the solid film that would increase the amplitude 

o f these twisting and bending modes leading to a further drop in the fluorescent 

quantum yield as internal conversion to the ground state becomes more dominant. 

This could reduce the ratio o f  the quantum yield considerably in PMMA since it 

appears that those motions are facilitated in that polymer more readily. This 

hypothesis is in agreement with the different rates o f photodegradation observed in 

B2080 in different host polymers as outlined in Chapter 4.
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5.10 Summary

In conclusion, it has been shown that SP35 has a very large upconversion efficiency 

parameter. Its performance is considerably higher in polystyrene than that in either 

PVP or PMMA. In addition, it is considerably higher in the wavelength region 

considered than that o f SP48 which is due to its better molecular design and 

detuning effects. Since it has been shown in previous chapters that B2080 doped 

polystyrene shows excellent photo stability and very large gain, it is clear that for 

nonlinear optics and laser applications using stilbene dyes, polystyrene is a well 

suited host material.

Table 5-2 Comparison o f  results o f  study o f  SPSS with selected results from
literature.

M olecule Xpump(nm) Emission Host/solvent a  2 \

reg io n  (chi'* s)

760 Blue green polystyrene 1000

Quadrupole molecule 745 Blue-green toluene 805

(Bis-(styryl)benzene

derivative)''®

Push-pull molecule 760 Green THF ~I00

(BT10I)^°

Octupolar propeller 740 Green toluene 1080

dye''

Table 5-2 gives a comparison o f  TPA properties o f  SP35 in polystyrene with some 

selected results from the literature. As mentioned above, a Bis-(styryl)benzene 

derivative which is similar to SP35 investigated by Rumi et al."*̂  gave very similar 

values o f the TPA cross section. To compare these results with molecules with 

differently engineered geometries, the results for a push-pull type molecule with a 

similar conjugated backbone to SP35 are also shown. In addition, recent results o f

'  Present study: SP35 in polystyrene

SP35'
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a study on octupolar dyes by Porres et al.^^ are shown. From these results it can be 

seen that SP35 doped polystyrene shows excellent performance, comparable to 

some o f the best materials available.
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Chapter 6: Micro ring Laser 

Cavities

6.1 Introduction

In Chapter 4, low-threshold lasing was presented in a Fabry-Perot type asymmetric 

slab waveguide laser. The feedback in this structure was provided by Fresnel 

reflections from the end facets which are by their nature lossy and hence provide 

quite a low cavity quality factor Q. In order to fully probe the potential o f a 

material for amplification and lasing it is useful to incorporate it into the best 

possible device structure. One approach to this that has been extensively studied is 

the use of a high-Q microresonator or microcavity. A microcavity is often 

described as one in which the cavity volume approaches that o f the wavelength 

cubed. While cavities of quite such small dimensions are not the subject of this 

study, the structures under investigation do have the property that the cavity length 

is sufficiently small that the longitudinal modes may be resolved.

Microcavities based on inorganic semiconductor materials have been studied 

extensively. Yamamoto and Bjork were pioneers in this field having studied the 

behaviour o f planar dielectric stack microcavities with particular attention paid to 

the enhancement o f spontaneous emission by the microcavity and resulting large 

spontaneous emission coupling coefficient into the laser m o d e s . S l u s h e r  et al.
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and Frateschi et al.^ produced microdisk lasers for use at telecommunications 

wavelengths using InGaAs/InGaAsP and Rex et al.^ showed whispering gallery 

mode coupled lasing in a m icropillar in the UV spectral region using GaN.

In addition to these studies, there have been many studies o f organic light emitting 

materials incorporated into microcavities. Geometries such as m icrodroplets/ 

microdisks,* planar microcavities^ and microrings'® have all been formed from a 

variety o f  organic materials such as conjugated polymers, dye-doped polymers and 

dye solutions. O f these, one o f  the most easily produced is the microring cavity 

which can be made by dip coating glass fibers. The first demonstration o f this was 

in 1971 by W eber and U lrich" who coated a glass rod with rhodamine6G-doped 

polyurethane. The ring was pumped with the output from a nitrogen laser and the 

emission coupled out o f the ring using a prism in loose contact with the rod. They 

noted that the modes in the ring could viewed as analogous to the modes in a Fabry- 

Perot laser resonator whose mirror spacing is equal to half the circumference o f the 

ring.

6.1.1 The microring cavity

In general, a microring laser is formed by thinly coating a cylindrical surface with 

an active material. Resonance occurs around the circumference o f  the cylindrical 

structure. Such microrings can be solution processed by dip coating glass fibers 

into solutions o f the active material. Subsequent evaporation o f the solvent leaves a 

coating o f the active material on the fiber surface. The final ring is heavily 

dependent on the material used and the diameter and wettability o f the glass fiber. 

The quality o f  the resulting resonator depends greatly on the ability to produce a 

good quality coating on the fiber surface. The rest o f  this chapter will present the 

results o f  a study into the formation and performance o f  microring cavities with 

particular attention focussing on the relationship between ring structure and laser 

performance and characteristics.
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6.2 The formation o f films on fiber substrates

6.2.1 Introduction

When placed on a flat horizontal surface, many liquids do not spread uniformly over 

the surface but form a droplet. The shape of this droplet provides information about 

the chemical bonding nature o f the surface to the liquid. This droplet has a contact 

angle associated with it, which is shown schematically in Figure 6-1 and is defined 

as the angle between the tangent to the droplet’s surface at the contact point and the 

tangent to the substrate surface.

Tangent to drop at
contact point

Contact Angle

Figure 6-1 Diagram showing the contact angle between a liquid droplet and a fla t
horizontal substrate.

More specifically, the contact angle between a certain liquid and a given substrate 

depends on the surface energy of the substrate and the surface tension yi o f the 

liquid. The nature o f the surface energy is the “dangling” unsatisfied bonds that 

exist on the surface of materials, which may be satisfied when another material is 

brought into close proximity. This is the source o f adhesion in materials. The 

source o f surface tension in liquids is the same as surface energy in a solid, the

distinction being made because fluids will change their shape in response to surface
12tension/energy. Solids and liquids tend to minimize their energy/tension and in 

general there is an equilibrium droplet shape for a given substrate which in the case 

o f a flat horizontal surface is a spherical droplet.’  ̂ If the surface tension o f the 

droplet is below the surface energy o f the surface, the droplet cannot hold its shape 

and the fluid will flow over the surface. In this case, the fluid is said to wet the
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surface. The thickness of the resulting film is dependent on the strength o f the Van 

Der Waals forces.'"* Thus high wettability is associated with vanishing contact angle 

on a flat substrate.

A fluid that fully wets a flat substrate of a given material may not wet the same 

material in cylindrical or fiber form and the wettability of a surface depends not 

only on the chemical nature o f the material but the geometry o f the substrate. 

McHale et al}^ have shown that the equilibrium shape of a droplet on a small 

cylindrical surface can be a barrel droplet type or a clam-shell type. These two 

shapes are shown in Fig 6-2. (adapted from reference 15). In this study only 

droplets o f the Barrel type have been observed which have coatings that cover the 

entire circumference of the fiber. While vanishing contact angle on a flat surface is 

indicative of complete wetting, the contact angle of a Barrel type droplet can go to 

zero (and in fact there is a point o f inflextion on the surface), without resulting in 

full wetting o f the fiber.

point of
inflexion

Fiber

(b)

Figure 6-2 Equilibrium droplet shapes on fiber substrates (adapted fi-om reference 
15). (a) Barrel droplet shape, (b) Clam-shell droplet shape.

Thus far, consideration has only been give to the formation of stable droplets on 

substrates where the volume of the liquid is constant. In this study, solutions of
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volatile solvents such as toluene were used, so it is important at this point to 

consider what happens to droplets made up o f material suspended in a volatile 

liquid. An everyday example o f this is the formation o f  ring-like deposits after the 

evaporation o f  water from coffee or salt solution. Deegan et al}^  have attributed 

this phenomenon to a type o f capillary flow and have shown that the evaporation o f 

the suspending liquid causes a flow o f material to the edge o f the droplet so that 

once all the liquid has evaporated, there will be more material at the edge o f the ring 

than in the centre.

6.2.2 Ring formation: Experimental results

The microring cavities used in this study were composed o f 0.1 -  1 wt % dye-doped 

polystyrene, drawn from 50 g/1 toluene solutions onto silica fibers o f  different 

diameters. Initial studies on dip-coating silica fibers showed that higher 

concentrations o f  polymer formed very thick and inhomogeneous layers. Lower 

concentrations meant that the solution slid o ff the surface providing very poor 

wetting o f  the fiber. To further probe the wetting o f silica with this material, 

contact angle analysis was used on flat silica substrates and optical microscopy was 

used to characterise the coated fibers.

Contact Angle Measurements

Figure 6-3 is a screen shot o f the contact angle analysis software used in this study. 

A small droplet o f  the particular solution was dropped onto the surface and a 

photograph o f  the droplet was taken after it had settled on the surface. Lines are 

drawn along the surface o f  the droplet and the software calculates the tangent to the 

droplet surface and the contact angle. From this the average contact angle o f  the left 

and right side o f the droplet is calculated. The measurement is repeated over many 

drops to reduce the inherent variance in droplet shape.

Contact angle analysis was carried out on silica substrates that were cleaned in an 

alcoholic potassium hydroxide (KOH) cleaning solution and subsequently washed 

in deionised water and solvents to remove any residual material on the surface. An 

identical pre-treatment was used on the silica fibers prior to dip coating.
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Figure 6-3 Screen shot o f contact angle analysis software used to calculated contact
angle on flat silica substrates.

The average contact angle o f  polystyrene and B2080 in toluene at a concentration o f 

50g/l on the cleaned substrates is 20°. Anything less than 20° is considered low so 

this material provides reasonably good wetting o f silica although it does not 

completely wet the surface.

Ring formation on fibers

As outlined above, the actual wetting o f a surface depends on both the chemical 

nature o f  the materials and the geometry o f  the substrate. While the contact angle 

measurements carried out give an indication o f whether or not a solution could 

provide good wetting on a fiber substrate, the degree o f wetting can only be 

assessed by carrying out measurements on actual fibers. To that end, 200-micron 

fibers were dip-coated in the same solutions and optical microscopy was used to 

examine the resulting coatings.

The images in the following section were taken on two different microscopes. One 

was an uncalibrated low-resolution microscope. The other had several objectives 

each o f  which was calibrated using a graticule. At each magnification, a 

fluorescence image o f the device was taken in addition to an image under normal 

illumination. In this way, it was possible to identify the coating material as opposed 

to other contaminants or inhomogeneities on the fiber surface. In images where the 

magnification is not stated, it is unknown. These images are just used qualitatively 

and no quantitative analysis is carried out on them.
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Figure 6-4 shows a 200 |a,m diameter fiber coated with doped polystyrene from a 

toluene solution. The rings have been excited with a UV photodiode for clarity. 

Figure 6-5 shows an image o f  the microrings at a magnification o f  lOX. There is 

evidence at this magnification o f bubbles and a large degree o f  surface irregularity.

Figure 6-4 Dye doped polystyrene microrings formed from toluene solutions on 200
fum diameter fiber.

Figure 6-5 Image o f microring on 200 jum diameter fiber at a magnification o f 10 X. 
Bubbles and inhomogeneities are evident on surface.

It can be seen from the images that the solution has not completely wetted the 

surface with the result that droplets have formed on the fiber. Subsequent 

evaporation o f  the solvent has caused the flow described in section 6.2.1 to make 

the ends o f  each ring slightly thicker than the middle. W hile the rings are 

inhomogeneous on a certain scale, there are sections o f  the ring where the surface is 

smooth enough to provide a good enough cavity for lasing.

Image-Pro© software was used to analyse the images. The sizes o f  the fiber and the 

microrings were measured using a line-length tool in order to get an estimate o f  the 

thickness o f  the coating. At 10 X magnification, the fiber diameter was measured
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using this method on several images and an average value obtained. There is 

inevitable error in this measurement due to the curved nature o f  the fiber surface. 

However, this method does provide an estimate and since the fibers and rings have 

quite a large diameter, the error is manageable. The average diameter o f  the fiber 

measured using this method was 200 )j,m. The thick rings at the ends o f each coated 

section had an average thickness o f  210 |im and the central smooth part o f the 

coating had an outer average diameter o f  204 |j,m.

2500

<
2000

1500

So% 1000 1
496 498 500 502 504 506 508

Wavelength [nm]

Figure 6-6 Emission spectrum from  thickly coated 200 mm diameter microring
laser

It was observed for devices o f this type that lasing occurred at the areas o f thicker 

coating. The emission was highly multimode and the mode spacing was such that it 

was not possible to resolve individual peaks in the spectrum as shown in Figure 6-6 

which is a typical emission spectrum from such a device. Since the coatings are 

quite thick, this is probably in part due to the presence o f  several radial modes in the 

spectrum which make it very complicated. Smaller diameter fibers and thinner 

coatings produced better results both in regard to lasing threshold and more well- 

defined spectral characteristics.
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Finally, the last method employed in the formation o f microrings used the inner 

surface o f glass capillaries as the substrate. The capillaries had a nominal core 

diameter o f  100 |j.m. The solution was sucked up into the capillary and 

subsequently blown out using a modified pipette. This resulted in a thin coating on 

the inside o f  the capillary walls, which could then be pumped transversely to give 

microring lasing. A schematic o f such a ring is shown in Figure 6-7.

Figure 6-7 Schematic o f microring cavity formed on the inside o f a glass capillary.

6.3 Characterization o f laser devices: Experimental set-up

In general, the microrings in this study were all characterized using the same 

experimental setup.

Figure 6-8 Schematic o f transverse pumping o f microring using s stripe pump beam
geometry.

The microrings were photo-pumped with the 355 nm output o f  a Nd:YAG laser. 

The pulse width was 3 ns at a repetition rate o f 10-15 Hz. The beam was expanded 

into a vertical stripe using cylindrical lenses and the microring pumped 

perpendicularly to the capillary axis. A 3 mm diameter light-guide was placed above 

the excited region to collect the radial emission and the spectrum measured using a 

m onochromator and CCD camera, which had a maximum resolution o f 0.07 nm.
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The pump pulse power was measured on a calibrated laser power meter or laser 

energy meter. The fluence calculation is outlined in Appendix I. This configuration 

is referred to in the following sections as transverse pumping and is shown 

schematically in Figure 6-8.

6.4 The wave equation in cylindrical coordinates

Maxwell’s equations were used in previous chapters to derive the wave equation 

and apply it to the asymmetric slab waveguide. In order to adapt this analysis to the 

cylindrical shape of the microrings under investigation, the wave equation must be 

transformed to cylindrical coordinates. Solutions will then describe the types of 

modes that a microring is capable o f supporting. The Helmholtz form of the wave 

equation is:

c the velocity of light in a vacuum. Since the waveguides in question have 

cylindrical symmetry, it is more convenient to re-write this equation in cylindrical 

coordinates which are shown schematically in Figure 6-9.

V^E + k^E = 0 (6. 1)

where where co is the angular frequency, n is the refractive index and

Z

Y

Figure 6-9 Cylindrical coordinate system.

150



The relationship between normal Cartesian coordinates and the new cylindrical 

coordinates may be expressed as:

r = ^x^+y^
r \

(j> -  tan”' — 

z - z

(6 .2)

In cylindrical coordinates, the Laplacian operator is given by:

V ' -■
r dr

r —
V

+  -
r dz

(6.3)

Treating the component o f the electric field polarized parallel to the cylinder axis 

(TE mode) and applying Eq. 6.3 to Eq. 6.1 gives:

d^E, , 1 , 1 , ,  2
- +  —

dr r dr r dz^
+ k ^ E = 0 (6.4)

The method o f separation o f variables can be used to find a full solution:

E = R{r)@{</>)Z{z) (6 .5)

Applying this to Eq. 6.4 and multiplying by r /R 0 Z  gives:

d^R r _ ^
R d r ^ ^  R dr

+ +
r  ̂ d^Z 

z dz^
+ ytV = 0 (6.6)

Unlike a cylindrical waveguide such as a fiber, the modes in a microdisk or 

microring are stationary in the z direction and propagate around the perimeter of the 

device. In the case of a microdisk of thickness d, Chin'^ et al constructed the 

eigenmodes of a microdisk of thickness d  and radius R by summing +z and -z  

propagating modes to form stationary modes in the z direction. In the case of the 

microrings studied here, there is no definite boundary in the z-direction. Frovlov'* 

et al. have measured the angular dependence of the emission from a polymer 

microring and found that the lateral size of the ring mode was smaller than the (100
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)im) excitation stripe used. In this case, it cannot be said that the ring is bounded by 

gain guiding but rather the z-limit is placed on the ring by inhomogeneities in the 

polymer film. In the absence o f a definite boundary in the z-direction, the z- 

dependence o f the mode will be neglected and focus will be placed on the solutions 

to the equation that are stationary in the radial and azimuthal directions.

A solution to the azimuthal function is:

0  d(j) 

which has a solution:

=  - m "  {6.7)

@ =  6 "”* (6.8)

If z  dependence in Eq. 6.6 is neglected, substitution o f  Eq. 6.7 into Eq. 6.6 and 

multiplying by R/r~ gives:

d^R  1 dR
dr r dr

R = Q (6.9)

This is a modified form o f  the Bessel differential equation, which has the general 

solution:

R { r )  =  A J ^ [ x : )  (6.10)

where Jm is a Bessel function o f  the first kind and A„ is a normalization constant, 

is a size parameter given by:

where cOm.N are the resonant frequencies o f the structure and rie/f is the effective 

index o f a given mode. The subscripts m and N  denote the azimuthal and radial 

mode number respectively. The final solution for the transverse field y/(r,<j)) can be 

written:
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(6 . 12)

It can be seen from this solution that for a given m there is a two-fold degeneracy 

representing two counter-propagating waves which interfere to form the resonant 

standing-wave mode in the azimuthal direction. The value of m gives the order of 

the Bessel function and the number of nodes in the azimuthal function. For each 

value o f m there are many resonant frequencies, each corresponding to a different 

number of nodes in the radial direction, which are denoted by the subscript N.

All of the microring devices studied this work, have a similar structure, namely that 

of a thin polymer coating on a transparent dielectric cylinder, o f either glass or in 

the case of the coated capillary devices, air. It is pertinent at this point to consider 

what types of modes this type o f structure is capable of supporting.

Whispering Gallery Modes

Waveguide Mode

Figure 6-10 Two types o f  modes in cylindrical cavity. Whispering gallery modes 
propagate by successive reflections at the outer boundary, while waveguide modes 

propagate by alternating reflections from inner and outer boundaries.

There are, in general two types of modes that can be supported by this type of 

structure, which can be described as either whispering gallery modes (WGM) or 

waveguide (WG) modes. These modes are depicted schematically in Figure 6-10. 

Waveguide modes are similar to waveguide modes found in asymmetric planar 

waveguides where total internal reflection from the air-polymer interface and the 

polymer glass interface guides the light around the circumference o f the cylinder. 

Whispering gallery modes are distinct in that total internal reflection only occurs at 

one interface. In the case o f a WGM mode in the polymer layer, successive

fiber
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reflections from the polymer-air interface guide the light in the layer, while in the 

case of a WGM mode in the actual fiber, reflections from the glass polymer 

interface guide the mode if the refractive index o f the polymer is lower than that of 

the glass.

The simplest mode of such microdisks or microrings is the whispering gallery mode 

where N=J in Eq 6.12. The resonant frequency o f a disk or ring with outer radius R 

can be obtained by making the approximation that the field is zero at the boundary 

Hence:

That is to say, the value o f the first zero in the Bessel function o f order m, which 

gives the resonant frequencies as:

where n ’eff is the effective index o f the whispering gallery modes in the disk.

6.13, have no net energy flux in the radial direction, i.e. no energy can escape the 

cavity. This does not correspond to the devices in this study which have a definite 

radial emission. However in the limit o f large m the radial flux is very small so the 

whispering gallery mode behaviour is a good approximation. For small nt, solutions 

depart significantly from the WGM approximation.

As stated above, the polymer layer can support whispering gallery modes. In the 

absence o f the polymer layer, light in the fiber can also propagate around the fiber 

circumference in a whispering gallery mode. When the polymer layer is deposited 

on the glass surface, the whispering gallery modes become lossy, since the polymer 

has a higher refractive index. However the structure is still capable o f supporting
1 Q

these modes as has been shown by Frovlov et al. Since these modes are lossy,

(6 . 13)

i.e. the root of the equation:

(6. 14)

Frateschi et al.  ̂ have shown that solutions subject to the boundary condition Eq.
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they will have a lower Q value than those in the polymer layer and will therefore not 

dominate the emission.

Equation 6.6 can be applied to the waveguide modes in the polymer layer, which 

also have cylindrical symmetry giving resonant modes defined by Eq. 6.12. In the 

limit o f large m, these modes can also be thought o f as similar to those in a Fabry- 

Perot resonator where the mirror spacing is equal to half the circumference o f the 

ring." The resonant wavelengths o f such a cavity are given by the simple standing 

wave condition:

M X  -  (6.16)

Where rie/f is the effective index of the modes, M  is the order o f the mode and for 

whispering gallery modes with large M, M  ^

The wavelength spacing between the modes is given by the cavity free spectral 

range (FSR), -  4  :

l ^ X = ------------  (6.17)
Inn ĵjR

Using Eq. 6.17 it is possible to calculate the factor Rrieff from the wavelength 

spacing in a particular part o f the emission spectrum from a given device, if the 

peaks are evenly spaced and well described by WG modes. Substituting this value 

into Eq. 6.15 allows for the calculation of the size parameter at the particular 

wavelength using mathematical tables. The size parameters on either side o f this 

value can then be used to predict the position of the neighbouring wavelength peaks 

by noting X -  . Good agreement between this theory and the measured

position o f the peaks indicates that the real modes are well described by the lowest 

order radial WG mode in the polymer layer.

An interaction between the WGM modes and the WG modes supported by a 

structure can also be used to explain some interesting phenomenon observed such as 

the modulation of the laser emission spectrum from a device, as the WGM and the
1 RWG modes move in and out o f resonance.
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A detailed  analysis o f  the m odes supported in a given device, allow s a better 

understanding o f  the physics o f  the device and provides potential for im proving the 

device further, for exam ple by m aking the polym er layer thin enough such that it 

only supports the low est order radial m odes. A dditionally , if  the radius o f  the 

device is sufficiently sm all such that the m ode spacing is w ider than the gain 

bandw idth, single m ode operation is possible. Devices w ith such sm all m odal 

density  o f  states are extrem ely interesting from a fundam ental po int o f  view  since 

the fluorescence from the m olecules can be enhanced (or inhibited) by the presence 

o f  the m icro-cavity  due to quantum  electrodynam ic effects (Q ED ). This can lead to 

a large spontaneous em ission coupling coefficient /?, and hence in theory 

“threshold less” lasing m ay be approached. In any case, even in the regim e w here 

QED  is not significant, lasers w ith sm aller m ode volum e and higher quality  are

desirable, because o f  their low er threshold since em ission takes place into only a
20few m odes o f  the cavity.

6.5 Quality factor

O ptical resonators and cavities have a quality factor, Q  associated w ith them  w hich 

is a m easure o f  the ability o f  the resonator to store up energy. The Q o f a  cold-cavity  

is used to define the cavity quality and is defined as 2;7rtimes the num ber o f  optical 

cycles for the field to decay to J/e tim es its initial value or

Q = cot  ̂ (6.18)

w here co is the angular frequency and tc is the photon lifetim e in the cavity. There 

are several factors that influence the ^  o f  a given cavity  and their contributions m ay 

be added as follows;^'

q ^ ' - q;L + q:L + q :L

W here the intrinsic radiation loss due to the surface curvature, a

contribution due to  surface scattering and inhom ogeneity , and represents the 

intrinsic losses associated with ground state reabsorption. decreases

exponentially  with increasing size and in the case o f  rings with d iam eter ~  100 |im
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this contribution may be neglected. Surface imperfections and inhomogeneities can 

make non-negligible. From the microscope images taken o f the devices

studied, there is evidence o f irregularity in the coating. This contribution can be 

considerably lowered however, by improving the production process for the 

microrings. The final contribution in Eq. 6.19 is a property that is inherent to a 

given material and cannot be changed. Its value may be estimated from the 

following equation:

Where n is the refractive index at wavelength A and a  is the residual absorption at 

the lasing wavelength.

There are several methods with which to estimate the Q of a laser cavity. In cavities 

that are sufficiently small such that spontaneous emission enhancement is evident, 

Q can be estimated from the linewidth AX of the enhanced spontaneous emission

In larger cavities where there is no spontaneous emission enhancement, no lines

approximation that the linewidth does not change appreciably above the lasing 

threshold and Eq. 6.21 can provide an approximate value for Q. It could also be 

argued that the free spectral range defined as the frequency spacing between modes 

in the cavity is the maximum value of the linewidth since if the lines were broader 

than the FSR, then the detection system would not be able to resolve the individual 

peaks’*. In this case it may be possible to get a lower estimate o f Q using Eq. 6.21 

where AX is the wavelength spacing between the emission peaks.

(6 .20)

peaks:’*

(6 .21)

appear in the spectrum below threshold. Some authors^^ have used the
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6.6 Device Characterization: Results and Analysis

6.6.1 Capillary D evice  

Device Description

The microring was drawn onto the inner surface o f a silica capillary which had a 

nominal inner diameter o f  100 +/- 4 ^.m, from a 0.1 wt % solution o f SP35 in 

polystyrene. The polymer was dissolved at a concentration o f  50 g/1 in toluene. 

Once the solution was drawn into the capillary, it was quickly evacuated using a 

modified pipette to leave a thin coating on the inner surface o f the capillary as 

shown schematically in Figure 6-11. While it w asn’t possible to estimate the 

thickness o f  the layer inside the capillary, it is assumed that the layer is o f the order 

o f 1-2 (im. This is confirmed by the presence o f only the lowest order radial mode 

in the emission spectrum.

Figure 6-11 Schematic representation o f microring cavity formed on inner surface
o f silica capillary.
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Spectral analysis
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Figure 6-12 Typical emission spectrum from  microring at a pump flue nee o f  1.9 
mJ/cm". Strong modulation o f  the emission spectrum is evident. Some o f  the peaks 

have been labelled with the order o f  the Bessel function.

Figure 6-12 shows the emission spectrum from the microring at a transverse pump 

fluence o f 1.9 mJ/cm^. The emission is highly multimode and contains only the 

lowest order radial mode of the ring. To show this, it is possible to apply the 

analysis outlined in section 6.4 to label the peaks in the emission spectrum with the 

azimuthal mode number and thus show that the emission spectrum is well defined 

by the lowest order WG mode in the polymer layer.

For example, the mode spacing between the peaks at 489.24 nm and 489.677 nm is

0.436 nm. Using Eq. 6.17; IS.X = ----------- , the product Rnejfcan be calculated to be
2 1̂

87.57 (im. Assuming that the modes are well confined within the polymer layer, the 

approximation nef = npoiymer can be made. This gives a ring diameter o f 110 |j,m, 

which is in reasonable agreement with the nominal ring diameter obtained from the 

manufacturer of 100 ± 4 )j,m.
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Taking this value of Rrieff Eq. 6.15 is used to calculate the value Xm. Using 

mathematical software (Mathematica©) it is possible to find the value of m that has 

its first root at Xm- In the case o f the wavelengths just mentioned this gives a value 

o f = 1104. This procedure can be applied to many peaks in the spectrum as 

described in section 6.4 and some of the peaks in Figure 6-12 are labelled 

accordingly.
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Figure 6-13 Measured position o f  spectral peak from  capillary microring versus 
predicted peak using method outlined above. Slope o f  very close to 1 indicates 

good agreement between theory and experiment.

In Figure 6-13 the peak predicted using this method against the measured value for 

several of the peaks around the centre of the spectrum has been plotted. The 

relationship is linear with a slope o f close to 1 which indicates good agreement with 

theory. The fact that the slope is not exactly 1 probably represents a slight offset in 

the calibration o f the detection system or a lack of sensitivity. It is thus possible to 

conclude that the emission from the rings is indeed well described by the lowest 

order radial mode in the polymer layer.

Another salient feature of the emission spectrum is a very strong modulation o f the 

emission with wavelength. Similar behaviour has been observed previously by 

Frovlov et al.^^, and Dou et al.^^ According to Frovlov, the explanation for this is
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that in addition to supporting WG modes in the polymer layer, the structure is 

capable o f supporting WGM propagating around the edge o f the core of the 

structure. Since the polymer layer has a higher refractive index, these modes are 

lossy but can cause a modulation of the Q of the WG modes which results in a 

modulation o f the spectrum as the WG modes and WGM modes move in and out of 

resonance. Frolov et al showed that a structure without a full ring structure was still 

capable o f supporting these WGM modes close to the fiber surface. In addition, it 

was shown that it was possible to predict the difference in effective index of the two 

types o f modes from the equation;

S v  =  A v —^  (6.22)

Where Sv  is the modulation frequency spacing, Av is the WG mode spacing, and 

Aneffis the difference in effective index of the two sets of modes. This analysis 

assumes that the only modes supported in the structure are the lowest order radial 

modes in both the fiber and the waveguide. This results in an evenly spaced 

modulation of the spectrum since only two sets o f modes are interfering.

Another way of approaching the problem is to think o f two (or more) different 

cavities or sets o f cavity modes that are supported in the same structure which are 

capable o f interacting. One represents a set of strongly confined modes in the 

polymer layer while the other consists o f a set o f modes that penetrate into the glass 

fiber or into the air surrounding the layer. It cannot be said that these cavities are 

predominantly outside o f the polymer layer since if this was the case, they would 

not experience any gain and thus lasing of the resonance modes would not be 

observed in an incomplete ring. However these modes penetrate further into the 

fiber or air than the strongly confined waveguide modes o f the polymer layer, and 

can be expected to have a lower effective index since the glass/air has a lower 

refractive index. It is the interaction o f these families o f modes that causes the 

modulation that appears in the spectrum. An analagous effect has been studied by
■y 4

Corbett et air in Fabry-Perot cavities made from InP/InGaAsP. In that study, 

controlled perturbations have been incorporated into Fabry-Perot cavities in the 

form o f slots. These slots constitute weakly coupled sub-cavities within the main
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cavity causing a modulation in the emission spectrum. When the number of slots 

exceeds a certain number, the laser is capable of emitting at just one wavelength 

with a very strong suppression of the other modes in the cavity. Additionally, the 

position o f the emission peak is controllable by suitable position o f the slots in the 

cavity. Tunable single mode lasers are very desirable for telecommunications 

applications especially wavelength division multiplexing devices.

It can be seen from Figure 6-12, that the modulation in the spectrum from the 

microring device used in this study is not evenly spaced in wavelength. This would 

suggest that there are more than two sets o f modes interfering to produce the 

resulting emission pattern. This considerably complicates the analysis of the ring 

although it is possible to say that the emission is certainly dominated by the lowest 

order ring WG modes, which would suggest that they have the highest Q.

Cavity Q

In estimating the cavity Q, some of the approximations outlined in section 6.5 were 

made. Taking the free spectral range as the distance between emission peaks gives 

an estimate o f ^  = 1120. This value can certainly be regarded as a lower end 

estimate. Assuming that the linewidth does not change above threshold gives a 

cavity Q = 2500. From these estimates it is fair to assume that Q for the WG modes 

is o f the order of 10 ,̂ which is in good agreement with similar structures from 

literature.'®

Input-output characteristics

To illustrate that the spectral lines observed are due to laser emission, the integrated 

emission spectrum was measured as a function of pump fluence. The results of this 

measurement are shown in Fig. 6.12.

A clear kink in the data exists at 1.1 mJ/cm^ which is indicative of a lasing 

threshold. The value of 1.1 mJ/cm* is quite a high threshold considering the cavity 

has a high Q value. Part o f the reason for this is the inefficiency o f the pumping 

mechanism since in addition to only pumping part of the ring, the pump beam must 

traverse the silica of the capillary before it reaches the ring. Therefore in addition to
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being absorbed by tlie silica, it will undergo reflection loss at the air-silica boundary 

and also at the silica-polymer boundary. Furthermore, a dopant concentration o f 

only 0.1 wt % has been used which may not be optimal. Improvements in device 

design will be shown to bring this lasing threshold down considerably.
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Figure 6-14 Integrated emission intensity as a function o f  pump fluence. Kink in the 
data at about 1.1 mJ/cm" indicates the onset o f  lasing.

6.6.2 80 micron diameter microrings 

Device Description

The microrings studied in this section are made from 1 wt % B2080 in polystyrene 

drawn from a 50 g/1 toluene solution.

Figure 6-15 shows a microscope image o f such a fiber, which has been illuminated 

by a UV photodiode for clarity. From the image it is clear that two regions o f 

coverage exist. In region A, the coating is thin and uniform while in region B, the 

coating has formed from droplets which has resulted in a thicker final ring. An 

initial experiment was carried out to assess the differences in behaviour o f rings 

from region A and region B.

163



Figure 6-15 Microscope image o f  coated SO/mn silica fiber. Regions A and B 
denote regions o f  different coverage.

Figure 6-16 shows the emission spectrum from a thinly excited stripe in region B. 

The emission is highly multimode with several well-defmed very evenly spaced 

peaks. The wavelength spacing is 0.588 nm. Rneff 'xs calculated to be 67.56 p,m and 

assuming the effective index can be approximated by the refractive index o f the 

doped polymer, this results in an estimated ring diameter of 85.4 )j,m. Assuming the 

layer thickness to be on the order of 1-2 ^m, this value is in excellent agreement 

with the nominal fiber diameter of 80 jam plus a coating. Typical threshold values 

of devices with this kind o f emission spectrum are of the order of 100 p-J/cm^ or 

higher. The presence of such evenly spaced spectral peaks is also indication that the 

emission is well described by strongly confined WG modes in the polymer layer.

The emission from region A however, looks very different as shown in Figure 6-17 

In this region the emission displays a much smaller number o f more widely spaced 

emission lines which are not evenly spaced. Since this device is formed from a very 

thin layer o f polymer on the fiber, it may be possible that the modes are not well 

confined to the polymer layer but penetrate more deeply into the glass fiber, in 

which case, the analysis outlined in section 6.4 may not be applied. The question 

arises as to what physical phenomenon could give rise to the emission spectrum 

observed from this device and if it is related to the phenomenon observed in this 

study and in others, of the modulation of one set of modes in the device by the 

presence of another.
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Figure 6-16 Typical emission spectrum from  Region B o f  Figure 6-15.
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Figure 6-17 Typical emission spectrum from  Region A o f  Figure 6-15

To further study this effect and to characterize the rings more carefully, a detailed 

analysis o f  the structure and laser emission from a device which shows emission 

characteristics intermediate between these two states was carried out.
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Microscope image analysis

As mentioned above, the fibers were cleaned in a KOH solution prior to dip coating. 

Figure 6-18 shows a 50 X image o f  an uncoated fiber. The image has been slightly 

defocused in order to capture the whole fiber since the surface is curved.

Figure 6-18 80 fjm diameter fiber after cleaning in KOH solution prior to coating. 
Fiber core is visible in centre o f  fiber . Magnification: 50 X

Figure 6-19 shows a 50 X magnified image o f the actual surface o f the fiber. There 

is evidence o f the presence o f  some surface contaminants. There are many possible 

sources o f this material since there are many stages in the cleaning process.

Figure 6-19 Surface o f  80 jum diameter fiber after cleaning in KOH solution prior
to coating. Magnification: 50 X

Figure 6-20 is an image o f  the m icrorings formed on the surface o f  the fiber and its 

corresponding fluorescence image at a factor o f 10 X magnification. While there is
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some level o f coating all along the fiber, most o f the material is confined to rings 

that have self-assembled on the fiber due to inadequate wetting o f  the fiber surface 

by the solution. Using the line length tool, the thickness o f the fiber was measured 

to be 82 )j.m while the outer ring diam eter was measured to be 85 )j,m with a 

resulting coating thickness o f ~ 2 |j,m.

(a)

(b)

Figure 6-20 Microrings formed on 80 jLon diameter fiber, (a) image taken under 
normal lamp illumination, (b) Fluorescence image taken with long exposure under 

excitation with a UV light emitting diode. Ring marked with ellipse is selected as an 
area o f interest for higher magnification measurements.

The area marked with the ellipse in Figure 6-20 (a) was imaged at higher resolution. 

Figure 6-21 shows this microring at a magnification o f  50X and its corresponding 

fluorescence image. The microring and fiber thickness was measured under this
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magnification. Tiie average fiber diameter was 80 )j,m and the ring diameter 84.0 

|j,m giving a coating thickness o f 2 |a,m which is in agreement with the measurement 

at 10 X magnification.

(b)

Figure 6-21 Image o f microring on 80 jum diameter fiber at magnification o f 50. 
(a) Image taken under normal illumination, (b) image taken under excitation with 

UV light emitting diode at long exposure.

Under 100 X magnification, the surface o f  this ring can be imaged further. This is 

shown in Figure 6-22. There is a high degree o f  inhomogeneity evident at this level 

o f magnification and the material appears to form phases on the fiber surface. This 

may be due to the presence o f  the surface contaminants shown in Figure 6-19 which 

become centres o f altered surface energy which then alter the morphology o f the 

film as it forms.
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Figure 6-22 High magnification (100 X) image o f microring surface showing 
microstructure on coating surface.

Lasing Characteristics

Despite these inhomogenities, the microrings shown in these images reliably and 

reproducibly provide low-threshold lasing. This could certainly be improved 

substantially with improvements in the method o f  production. There are many ways 

that this could be achieved and these will be outlined in section 6.8.1 .

It was observed in lasing experiments on these devices that lasing occurred from the 

thick ring region as opposed to the very thinly coated region between the rings. 

Typical emission spectra at different pump fluences is shown in Figure 6-23.

The spectrum can be seen to be somewhat more complex than that shown in Figure 

6-16. The regularly spaced peaks that are expected from a microring with strong 

confinement o f  the modes are strongly modulated with many o f  the modes not 

appearing at all.

I f  the assumption is made that the peaks appearing in the spectrum are WG modes 

in the polymer layer, and those that are missing have been quenched by an 

interaction with other modes supported by the structure such as whispering gallery 

modes propagating close to the polymer-air interface, it is possible to made 

predictions about where the missing modes should appear by using the analysis in 

section 6.4.
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Figure 6-23 Typical emission spectrum from  80 fMn microrings shown in Figure
6 - 20 .

Starting with the three peaks from 508.531 nm to 509.802 nm highlighted with a 

ring in Figure 6-23. The mode spacing between these three peaks is 0.635 nm. Rneff 

can be calculated to be 65.1 |j,m. Assuming the effective index can be approximated 

by the refractive index o f the polymer (although it can be expected to be somewhat 

lower than this due to the presence o f  the lower refractive index silica), this gives a 

value o f  82 |j.m for the diameter o f  the cavity. This is in reasonable agreement with 

the measurements made on the microscope images. If  the effective index o f  the 

mode is say 2 % lower than that o f  the polymer, this gives exact agreement between 

the results which would indicate that the mode is reasonably confined within the 

polymer layer.

c
Using Eq. 6.15, , Xm for this spectral region can be calculated to be o f

neffR

the order o f 800. Using a mathematical table, it is possible to find values o f  m that 

correspond to values o f  X„ in this region. Such a table is shown in Table 6.1. In 

addition, taking A A to  be 0.635 nm it is possible to predict the position o f  the peaks 

in the spectrum. This is also shown in Table 6.1.
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Figure 6-24 sliows the predicted peaks (triangles) versus the spectrum plotted on a 

semi-logarithmic scale for clarity. It can be seen that there is good correlation 

between predicted peak position and the actual peaks that are present especially in 

the middle o f  the spectrum. On this scale it is also evident that the some o f the 

“missing” peaks are present at a low level in the spectrum.

Table 6-} Values o f  m, Xm and predicted wavelength position fo r  the spectral region
shown in Figure 6-23.

m X™ P redicted  X,

774 791.151 502.381

775 792.158 503.020

776 793.166 503.660

777 794.173 504.230

778 795.18 504.939

779 796.188 505.579

780 797.195 506.219

781 798.202 506.858

782 799.209 507.498

783 800.217 508.138

784 801.224 508.777

785 802.231 509.417

786 803.238 510.056

787 804.245 510.696

788 805.253 511.336

In Figure 6-25, the measured wavelength peaks versus the predicted peaks have 

been plotted. Gaps have been left where it is evident that there are peaks missing 

from the spectrum. There is excellent correlation between the two, the slope being 

very close to 1. The slight discrepancy from slope o f 1 is probably due to a small 

calibration error in the detection system. Indeed this slope is identical to that 

obtained using the same analysis on the capillary device. This analysis indicates 

that the modes appearing in the spectrum are well described by waveguide modes in 

the polymer layer.
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Using tliis analysis, some o f  the modes in the emission spectrum in Figure 6-23 

have been labelled.
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Figure 6-24 Emission spectrum plotted on a semi-logarithmic scale. Triangles 
represent predicted position o f peaks.
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Figure 6-25 Measured wavelength peaks versus predicted peak position. Gaps have 
been left where it is evident that some o f the peaks are missing from the spectrum.

Taking these results in combination with the emission spectra in Figs. 6-14 and 6- 

15, it may be argued that the strength o f interaction between the different sub-
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cavities witiiin each device is governed by the thickness o f  the ring deposited on the 

glass fiber and hence the depth to which the modes in the layer penetrate into the 

fiber or air above. In thicker films such as those shown in region B o f  Fig. 6-13, the 

modes are strongly confined to the polymer layer. In addition, it is possible that 

since the layer is thick, the other modes o f the structure are highly lossy and cannot 

couple well to the WG modes. As the layer thickness is reduced, the interaction 

between the different types o f modes increases as does the number o f different types 

o f modes causing the number o f emission peaks to reduce dramatically.

Threshold: 12.5 nJ/cm^^  3000
<

S

150 20050 100

Pump Fluence [|iJ/cm ]̂

Figure 6-26 Integrated emission intensity as a function ofpum p fluence. Straight 
line method has been used to give a losing threshold o f  12.5 juJ/cm^.

The input-output characteristics o f this device have also been measured by 

monitoring the emission intensity from the ring as a function o f pump fluence. The 

results o f  this measurement are shown in Figure 6-26. At low pump fluences the 

emission from the ring is extremely noisy. As soon as the detection system is 

capable o f  detecting clear emission from the device, there are peaks in the spectrum 

making the point o f onset o f  lasing very ambiguous. For that reason, the data have 

been fit to a straight line from which it is possible to obtain the x-axis intercept. 

This value may be used to estimate the threshold for laser action. The value 

obtained is 12.5 |j,J/cm‘. This is an order o f magnitude lower than that obtained from 

the ring shown in Region B o f  Figure 6-16. This is a very low threshold value
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especially considering the fact that only a fraction o f the ring is being pumped so 

there is a considerable portion o f the ring exhibits has no net gain. This situation
O '}

can be improved by using longitudinal pumping as described by Dou" et al. In this 

case, a much lower threshold can be expected.

6.7 Comparison with literature

There have been very few demonstrations o f  microcavity lasing in the blue/green 

region using organic materials. The majority o f  studies have focussed on the 600 

nm region. Table 6-2 gives a summary o f results from the literature for microring 

devices using organic material.

Table 6-2 Summary o f  results obtained in this study and other similar works from
the literature.

^em

(nm)

Diameter

(M.m)

F,h

(MJ/cm^)

Epulse

(nJ)

Pth (W) "̂ pump

(ns)

B2080/PS* 505 80 12.5 2.3 0.77 3

DCM/PMMA^^ 620 63 6 4 40.8 0.1

DOO PPV ‘* 630 125 - 1 - 0.1

PDPA-Si(iPr)3 '* 530 25 No threshold provided 0.1

BEH PPV*'* 630 100 1000 10

Pyrromethene/PS* 600 125 1.6 16 0.1

As can be seen from this table, the devices under investigation in this study operate 

at a considerably lower wavelength than any o f the devices listed. It addition the 80 

|j,m device compares very well with other devices in its threshold characteristics.

* Results obtained in this study
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6.8 Future work

The following sections will describe directions for future work in the production of 

low threshold, high-Q laser devices using polymeric materials.

6.8.1 Microrings

Despite many reports o f microring lasing using silica fibers coated with organic 

material, there has as yet been no reports of a systematic study o f the formation of 

these rings or a study of the relationship between coating properties and device 

performance. To be o f any practical significance, controlled formation o f the 

microrings and the corresponding characterization o f the output properties is 

essential.
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Figure 6-21 Emission spectrum from 80 fMn microrings under longitudinal
pumping.

The image analysis in this chapter has shown that even in rings with rather poor 

surface quality and in the presence of surface contaminants, low threshold lasing 

has been achievable. This implies that improvements in the design and production 

o f the devices could lead to very significant improvement in performance 

characteristics. One such improvement that has already been demonstrated by Dou
23 • . . .  .et al. is the use of longitudinal pumping where the rings are pumped by launching
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the pump light through the fiber resulting in the rings being pumped uniformly from 

inside the fiber. An initial test on the 80 )a,m microrings described above 

demonstrated that this was achievable. The emission spectrum from such a test is 

shown in Figure 6-27.

While lasing was easily achievable, it can be seen from the spectrum that there is a 

very significant spontaneous emission background. In addition the spectrum is very 

complex. This is easily explained when considering the experimental setup used to 

measure the emission spectrum. The liquid light guide placed over the fiber to 

capture the light has a large numerical aperture and as such captures emission from 

all parts o f  the fiber with various degrees o f  coating, some areas o f  which are lasing 

and some o f  which are not. If  longitudinal pumping is to be useful, control o f the 

position o f  ring formation is necessary. By changing the surface properties o f the 

silica fiber it is possible to change and control the formation o f the micro-rings.

This was achieved by using a silane treatment o f  the surface which makes it more 

hydrophobic (note, that the use o f  the word hydrophobic in this sense refers to the 

coating solution used as opposed to the normal application o f this term to water). 

An area on the fiber was then defined by etching a ring shape on the fiber surface. 

Upon dip-coating o f the fiber, the solution should preferentially sticks to the etched 

ring which allows site selective formation o f  the rings.

The recipe used to achieve this was as follows. Firstly the silica fibers were soaked 

in potassium hydroxide solution for 24 hours. This removed surface grease and 

exposes the OH dangling bonds on the silica surface. After this treatment the fibers 

were washed in water, acetone and IPA and dried at 65 °C.

The silane used was chlorotrimethylsilane. The chlorine group reacts with the OH 

group on the surface to create a bond. The methyl groups then stick up from the 

surface and form a network completely coating the fiber. This treatment resulted in 

an increase in contact angle at the silica surface o f  10 degrees (measured on flat 

silica substrates) which indicates that the solution adheres less well to the silanized 

surface than to the bare silica.
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After this, thin rings were etched out o f  the silane surface by rotating the fibers over 

a sharp blade coated in potassium hydroxide. This removed the silane and exposed 

the OH bond on the silica again. The polymer solution adhered preferentially to 

these exposed regions when the fibers are dip-coated. Figure 6-28 shows a 

m icroscope image o f  such a ring formed on a treated surface.

Figure 6-28 Microscope image o f  80 /jm ring form ed on surfacesilane- treated
fiber.

While this demonstrates that site selective positioning o f  the microrings is possible, 

there are problems associated with this method. The “contrast” in surface energy 

between the silanized area and the etched ring is not sufficiently large that the rings 

only forms on the etched area. This means that it is necessary to wash the fiber in 

solvent after dip-coating to remove the material from the silanized area. This also 

removes some o f the material from the ring which means that the coating becomes 

extremely thin. The ring shown in Figure 6-28 was too thin to support microring 

lasing.

Further improvements in this method could be achieved by suitable choice o f  a 

different silane as well as a more controlled method o f  etching the ring. In addition, 

a controlled draw rate is essential for any coating formation. All o f  the fibers in this 

study have been drawn by hand which is obviously a highly uncertain method. This 

probably accounts for a considerable amount o f  the surface inhomogeneity observed 

in the rings. Also, the initial fiber preparation needs to be improved to eliminate the 

contaminants seen prior to dip-coating. However with these improvements it could 

be envisaged that microrings could be formed quite easily in defined areas o f a fiber 

with well defined surface profiles and lasing characteristics. In addition, if  the
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coating quality could be improved, these microring lasers could be expected to lase 

at a considerably lower threshold.

6.8.2 Polymer optical fiber production.

One area that has not been dealt with thus far is that o f  the production o f a doped 

polymer fiber. The manufacture o f a dye-doped polymer optical fiber necessitates 

the solving o f  many physical and chemical problems.

For example, the dye must be incorporated into a host matrix that is both chemically 

stable, and has thermomechanical properties that make it suitable for drawing into a 

polymer optical fiber. Furthermore, the material must be made into a shape that can 

be drawn into a fiber. In addition to this, a method for incorporating cladding onto 

the fiber must be found.

The following sections will give a summary o f  a method o f production for 

achieving these aims and while it is not yet perfect, it is a considerable step in the 

right direction.

In light o f the spectroscopic measurements carried out in previous chapters, the 

material chosen as the host matrix for the fiber perform was polystyrene. The dye 

was added to the styrene monomer at a maximum concentration o f 0.9 wt % 

dissolving immediately in the viscous material. The polymerisation was carried out 

via bulk polymerisation at 60 °C in a test tube which results in a preform o f suitable 

shape for drawing. AIBN was used as the initiator, attacking the double bond in the 

m onomer allowing it to react. Thiol was used as the chain transfer agent to 

terminate the polymerisation at a suitable molecular weight for drawing. There are 

some problems that can be encountered at this stage o f production. As the 

polymerisation proceeds, the solution becomes more viscous, which can result in 

residual monomer being trapped unreacted in the bulk. At the drawing stage this 

can bubble under the elevated temperatures necessary for the initial drop, which 

then results in breakage and microstructure in the core. For this reason, the 

temperature is increased during polymerisation to allow more motion o f  the chains 

providing the opportunity for further reactions. In addition, some o f  the thiol can
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remain unreacted in the bulk after polymerisation. Thiol has a boiling point o f 96- 

98 °C and this can also cause catastrophic failure at the drawing stage.

Fiber preform

Figure 6-6-29 Image o f  fiber preform after stretching stage. Black spots are bubbles
in the core o f  the fiber.

Gel permeation chromatography can be used to identify the presence o f these 

species in the bulk and to optimise the temperature profile and chain-transfer agent 

concentration to produce a suitable material. Figure 7-1 is a photograph o f  a fiber 

after stage one o f the drawing process from an unoptimized bulk. The severe 

bubbling has been caused by one o f the two processes described above. This fiber 

broke during the second stage o f  drawing.

Cladding and drawing procedure

A two-stage draw process was necessary since the preforms were too short to draw 

in one step. The first stage is a stretching step to produce a fiber preform long 

enough for the second continuous draw stage.

PM M A was chosen as the cladding for the fiber since it has a lower refractive index 

than polystyrene and also a similar glass transition temperature meaning that the
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two materials have similar thermomechanical properties and can be drawn together. 

The cladding was incorporated by drilling a hole in a 7 cm diameter Perspex rod 

(without drilling right through the bottom) and inserting the polystyrene preform. 

The sample was clamped at both ends so that it could be stretched and gradually 

heated up in progressive steps with the following temperature profile: 150 °C (1 hr), 

190 °C (20 mins), 210 °C (15 mins). At the same time, suction was applied to the 

top end o f the sample to seal the interface between the polystyrene and PMMA 

sleeve. The actual full draw is carried out at the lower temperature o f 180 °C. This 

resulted in a good join between the core and cladding however the bubbling 

described above has been prohibitive so far and improvements in the preform are 

currently underway.

Future outlook

With regard to making polymer optical fiber lasers, a “recipe” has been devised 

which is a significant step towards the realisation o f this device. It remains to 

optimise the chemical composition o f the doped preform prior to cladding so as to 

remove the possibility o f  bubbling. This device could be useful for one and two- 

photon pumped lasing, and also as an optical amplifier for use in the blue-green 

spectral region. It remains to be seen if the dye will fully survive the fiber 

m anufacturing process and if  it shows the excellent photostability that was observed 

in dye-doped polystyrene waveguides.

6.9 Summary

The aim o f  this chapter was to investigate a simple method for producing high 

quality laser cavities from the doped polymeric materials investigated in previous 

chapters. This has been achieved and low threshold lasing has been demonstrated in 

microrings where the coatings are o f  sufficiently good quality. This has also led to 

the demonstration o f  interesting behaviour involving lasing with an unusually low 

number o f modes.

In addition, a method has been proposed for the controlled formation and 

improvement o f these microrings which could lead to lowering o f  the lasing 

threshold and more controlled output characteristics.
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Furthermore, a method for producing doped polymer fibers has been proposed and 

initial characterizations on this method have revealed several issues which should 

be improved to achieve a blue-green emitting polymer fiber laser.
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Chapter 7 Conclusions and 

Future Work

7.1 Introduction

In chapter 1 o f  this thesis, the aim o f  the project was outlined as being the 

development and characterisation o f a luminescent polymer gain medium with large 

induced emission cross-section and corresponding large optical gain for the 

development o f  a compact optical amplifier or laser operating in the blue-green 

spectral region, compatible with the lowest loss communication window o f acrylate 

polymer based waveguides and fibers. By a judicious choice o f host polymer, very 

large optical gain (one o f the largest gain coefficients reported to date in the 

nanosecond regime) has been established in a planar waveguide structure. The 

lasing characteristics o f  microresonators have also been investigated. Two-photon 

absorption cross-section spectra o f  the molecules have been measured with a view 

to the development o f  a blue polymer laser that can be pumped with 800 nm 

sources. Two different and independent methods, one based on nonlinear 

transmission, the other based on two-photon-induced fluorescence, have been 

employed to identify a large two-photon absorption cross-section and its host- 

dependence.
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7.2 Summary

In chapter 3 the materials used in this study are introduced and basic spectroscopic 

measurements carried out, for example UV-VIS absorption and photoluminescence 

emission spectra.

In Chapter 4 the properties o f  B2080 as an amplifying medium in solid polymer 

hosts were investigated. It was shown that the photodegradation behaviour o f the 

stilbene dyes investigated in solid polymer matrices depends strongly on the host 

into which they are doped with the most stable performance being provided by 

polystyrene. This may be due to tortional motion o f the molecular backbone and 

subsequent trans-cis isomerization sensitising the molecule to chemical attack. The 

inhibition o f this tortional motion in the polystyrene seems to result in an effective 

blocking o f  the path o f photodegradation. The doped polystyrene was spin-cast 

onto pyrex substrates to form asymmetric slab waveguides and the gain measured 

using the variable stripe length method pumping at 355 nm in the ns regime. The 

dye-doped polystyrene waveguides showed excellent performance and the measured 

gain was one o f the highest reported modal gains reported to date in organic 

materials in this wavelength region. The gain was measured at a range o f  fluences 

and by plotting the modal gain versus the excited state population density at each 

fluence, the stimulated emission cross-section was extracted. Furthermore, the loss 

spectrum in the waveguides was measured and lasing was shown in a rudimentary 

slab waveguide laser cavity.

The subject o f Chapter 5 was the two-photon absorption properties o f  SP35 and 

SP48 in solid polymer hosts and in solution. Two methods were employed namely 

fs z-scan for the solution measurements and the two-photon induced 

photoluminescence method for the solid-state measurements. A larger TPA cross- 

section was measured in SP35 in agreement with theory and good agreement 

between the measurement in solution and the polystyrene host was observed. 

However, a poorer performance was observed in both the PM M A and PVP hosts 

again illustrating the importance o f suitable choice o f host to obtain the best 

performance from the dye.
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In Chapter 6, microring cavities were investigated with a view to using the 

favourable spectroscopic properties o f stilbene-doped polystyrene in a high quality 

cavity. Microring cavities were formed on the inner surface o f glass capillaries and 

also on the outer surface o f  silica fibers. Optical microscopy and contact angle 

analysis were used to gain insight into the formation o f the rings in order to control 

their formation. A large degree o f inhomogeneity was observed on the surface o f 

the microrings, however in spite o f this, low threshold lasing was observed in 80 |im 

diameter devices which compares very well to similar works in the literature. With 

improvements in the design and production o f the rings it was estimated that the 

performance could be significantly improved and a method o f  forming the rings in a 

more controlled manner was proposed.

Investigating the possibility o f  two-photon pumped lasing in a solid state device was 

another aim o f the project. At this point having measured both the optical gain and 

the TPA cross-section it is possible to make some predictions as to the threshold 

intensity for two-photon pumped optical gain and lasing.

Assuming a two-photon absorption cross-section o f  ~1 X 10'^’ cm^ s which is the 

cross-section o f  SP35 measured at 760 nm, it is possible to estimate the threshold 

pump intensity for the onset o f gain. For example, for the asymmetric slab 

waveguide, the transparency population is about 1 % in the ns regime. The 

corresponding threshold for the onset o f gain in a device with similar modal gain 

and loss characteristics would be o f the order o f 1 GW/cm . This kind o f  intensity 

should be easily achievable in the core o f  a polymer optical fiber. One problem that 

may be envisaged, however, is finding a suitable way with which to launch the light 

into the fiber without burning the cleave. Since the microrings in presented in 

Chapter 6 also show low threshold lasing, they should also be amenable to two- 

photon pumping. Unfortunately, at the time o f  writing no suitable laser was 

available with which to pump them. While they were observed to fluoresce very 

strongly when pumped with the output from a titanium sapphire oscillator, the 

energy per pulse (max ~ 10 nJ) was too low to observe lasing.
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7.3 Conclusions

In Chapter 1, a review was given o f the advantages that organic materials posses 

from a processing point o f view due to their molecular nature. In order to fully take 

advantage o f this flexibility, it is necessary to understand and control the processes 

used to make devices. In the case o f microring cavities, this has not been well 

covered in the literature and considerable scope exists for improving their 

performance. It was suggested in 2002 by Vardeny’ that microrings o f  sufficiently 

good performance could provide the key to electrical pumped amplification using an 

organic material. If  there is to be any progress made in this regard, a great deal o f 

improvement in the performance o f  the devices is necessary as well as the 

development o f  a highly controlled method o f production. Surface chemistry with 

surface characterization and the use o f optical microscopy and contact angle 

analysis is one approach to this.

From a spectroscopic point o f  view, it has been shown that stilbene dyes have 

excellent properties for gain and two-photon absorption. Their weakness lies in the 

flexible double bonds in the backbone which allow tortional motion, however 

suitable choice o f host in the solid state inhibits this motion making them extremely 

stable.
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Appendix I - Calculation of Pump 

Fluences

In both Chapter 4 and Chapter 6, a pump beam was used that had been expanded into 

a stripe geometry the intensity profile o f which is shown schematically in Figure AI-1. 

The fluence quoted due to such a beam was calculated in the following way.

Figure Al-1 Intensity profile o f  stripe beam used fo r  pumping laser devices.
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The first cylindrical lens expands the beam into an ellipse and the second lens is then 

used to focus the beam into a horizontal or vertical stripe depending on the 

application. The beam profile at the position o f  the sample is calculated taking into 

account the 1/e^ full width o f the initial beam and the focal length o f  the two lenses 

using geometrical arguments. Care is taken that the sample is not placed directly at 

the focus o f  the second lens so that a geometrical optics approach is valid.

The lateral position o f  the sample is adjusted so that the centre o f  the stripe is incident 

on it. Having calculated the 1/e widths o f  the short and long axis o f  the beam, a 

normalized 2-dimensional gaussian beam profile is assumed in order to calculate the 

percentage o f the full beam energy that is actually incident on the sample. Once the 

incident energy is known, the fluence is calculated by dividing by the cross-sectional 

area o f  the area o f intersection between the beam and the sample.
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Appendix II - Estimation of 

Excited State Population Density

In the case o f  nanosecond pumping o f an organic material where the pulse width is 

many times longer than the photoluminescence lifetime, steady-state pumping can 

be assumed making the calculation o f excited state population density from pump 

fluence a trivial calculation.

However, in the case o f  the measurements carried out for this thesis, the pulse width 

o f the pump beam was ju st over twice that o f  the photoluminescence lifetime. To 

calculate the excited state population density under these conditions, the rate 

equation for the excited state population must be solved which is:

dN, N , a -J
— ^  = -------- -̂ +  — ^ N  (A ll-1 )

dt Tf hco

Where N2 is the excited state population, Zf is the fluorescence lifetime, ap is the 

absorption cross-section at the pump wavelength, /  is the beam intensity and N  is 

the total population, assumed constant. In addition, the simplification will be made 

that the pump pulse has a square temporal shape:

(A ll-2 )
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w here U  denotes the norm alized tem poral profile, Tp is the pulse tem poral w idth and 

lo is the peak intensity. The decay due to spontaneous em ission has the form:

(All-3)

W here N 20 is the initial excited state population at the pum p leading edge. 

Substituting this into Eq. A II-1 :

d t ho) (All-4)

^ 2 0 = ^
ha>

(AII-5)
0

C arrying out the integration over these lim its gives:

a N L r .  
M  = — £. LX

no)

^ y   ̂
- 1

V y
(AII-6)

A pplying Eq. AII-3 to Eq. A II-6 gives the excited state population as:

'  - V "
\ - e

V y
(AII-7)

For a pulse w idth o f  3 ns and a fluorescent lifetim e o f  1.3 ns, the excited state 

population is about 90 %  that o f  steady state population at the sam e intensity.
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