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Introduction and overview of organic 

solid-state dye lasers 

 

Introduction 

The first demonstration of a laser device in 1960 was the initial step of a major 

breakthrough in science and technology. Today the impact of such devices in our lives is 

evident and one can find them throughout everyday life in CD/DVD players, printers, 

scanners and so on. The gain media in such devices can be in shape of gas, liquid or solid 

state. Among several varieties, solid-state lasers based on inorganic materials have been of 

great interest mainly because of their efficiency and compactness. However, for 

applications such as spectroscopy, these inorganic-based laser sources are only available for 

limited number of wavelengths. In this regard, materials developments have paved the way 

in development of new class of lasers based on organic dye compounds. The large gain 

bandwidth of these materials makes it possible to have tunability ranges extended over the 

whole visible spectrum. The first demonstration of such devices dates back to mid sixties 

where they appeared for the first time in liquid phase. However, liquid dye lasers have 

rather complex and expensive operating systems and one has to deal with toxic dye solvents 

as they have to be replaced periodically due to dye photodegradation. Therefore, from the 

early days of development of dye lasers, attempts were made to overcome the problems 

related to the use of organic solvents by incorporating the dye molecules into solid 

matrices. Solid-state dye lasers avoid the problems of toxicity and flammability. They are 

compact, widely tunable and easy to operate and maintain. In addition, they have the 

potential to be easily processed at very low costs via spin coating or thermal evaporation 

techniques. Because of these advantages, during the past three decades they have become 

the main focus of interest and have found applications in different areas such as 

spectroscopy or bio/chemo sensing. In most of the already realized devices the pump 

source is generally a bulky and expensive laser source which may be a limiting point toward 

widespread use of such devices. Therefore, following the successful realization of Organic 
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Light Emitting Diodes (OLEDs) and then Organic Thin Film Transistors (OTFTs), the 

people thought of realizing an organic laser diode where the excitation is given by the 

electrical current. However, despite an enormous amount of effort made for this goal, no 

direct electrically-driven organic semiconductor laser has been achieved so far mainly 

because of several loss mechanisms which are led to very high lasing thresholds. The 

ongoing failure in realization of an electrically-injected organic laser has inevitably led the 

researchers toward exploration of inexpensive, simple-processed and low-threshold devices 

where the excitation is given by compact optical sources such as Light Emitting Diodes 

(LEDs) or inorganic laser diodes. In the context of electrical excitation and also to realize 

devices which are compatible and operational with the compact optical sources, the main 

objective has been to lower the lasing threshold. Therefore, structures that enable reaching 

this goal, such as diffractive resonators and/or vertical microcavities have been extensively 

addressed. However, using devices with the privilege of lowered lasing thresholds is at the 

cost of losing some other important emission aspects such as good beam quality and high 

output energy as they are hardly achievable elements in a single device.  

In this thesis, two research axes that consider both of the above issues in optically-pumped 

devices, which are, low threshold organic devices against those with high output powers and 

well-defined beam qualities, are defined and developed.  

The first subject is treated via exploration, optical characterization and lasing demonstration 

in a novel organic material that can be easily processed in neat film configuration. This 

material with its interesting properties can solve many existing problems associated with the 

optically pumped organic thin film devices such as low absorption, quenching, etc. and can 

be very promising toward realization of low-threshold devices and perhaps future electrical 

pumping.   

The second axis focuses on some of the less-considered emission aspects of organic solid-

state lasers such as the beam quality and output energy in an inexpensive and simple-

processed device based on thin films. This has become true through design and realization 

of an optically-pumped organic Vertical External Cavity Surface Emitting Laser (organic 

VECSEL) which is fully characterized and optimized through simulations and then proved 

via experiments. Furthermore, it will be seen how the special emission characteristics of 

this simple device made it possible to extend the emission wavelengths to the ultraviolet 

part of the spectrum. 

Now, before entering into the main discussion of this thesis, let us have an overview on the 

current issues within the context of organic solid-state dye lasers.  
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Overview of organic solid-state dye lasers 

Nowadays, organic dye lasers have established their place as one of the most indisputable, 

successful laser sources among several existing varieties. This is indeed thanks to the 

numerous available materials incorporated into various laser architectures leading to a class 

of tunable devices covering a range from near-UV to near-infrared in both pulsed and 

continuous regimes. The first of these laser sources working in a pulsed regime appeared 

in 1966 as a result of the work realized by Sorokin and Lankard where a Q-switched ruby 

laser was used to pump a solution of phthalocyanine [1]. Later on, in 1970, the first 

continuous-wave (CW) dye laser was demonstrated by Peterson et al. [2]. In that case, a 

solution of Rhodamine 6G was used as the gain medium excited by an Ar ion laser.  

Today, liquid dye lasers are still among the most effective tunable laser sources in the 

visible, especially, in research laboratories. Before the invention of Titanium-sapphire 

lasers, they were widely-used sources for femtosecond pulse generation purposes because 

of their broad emission bands that enable generation of ultra-short pulses as low as 6 fs [3]. 

However, in these devices we have to deal with filthy laser dye solutions which are 

carcinogenic and need to be replaced periodically because of the irreversible dye 

degradation upon optical excitation. Although, the causes of this effect (often referred to as 

photobleaching) are not completely understood, photo-oxidation of the excited dye 

molecules together with some other destructive photochemical effects are known as the 

main possible reasons of this phenomenon [4].  

Forgetting about this issue, liquid dye lasers are very cumbersome in size and the 

technology used in their fabrication seems to be rather complicated. Perhaps, the ensemble 

of the above-mentioned issues can be accounted as negative points which limit the 

application of such devices in various occasions and also explain why they have not been 

able to put a step outside the laboratory environments.     

Optically-pumped solid-state dye lasers  

Not very late after the invention of liquid dye lasers, it was in 1967 that solid-state dye lasers 

were introduced by Soffer and McFarland [5]. The medium was based on Rhodamine 6G-

doped PMMA (poly (methylmethacrylate)) and was pumped by the second harmonic of 

Nd laser. This experiment was then followed by the work of Peterson and Snavely in 1968 

[6] where in separated experiments two dyes within the Rhodamine family (Rhodamine 6G 
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and Rhodamine B) were incorporated into PMMA rods and pumped by a flashlamp-

excited laser. Solid-state dye lasers are advantageous over their liquid-state rivals by being 

non-volatile, non-toxic, mechanically stable and compact. Accordingly, they have caught the 

attention of researchers and have become the subject of growing interest during the past 

few decades. For several years after their invention, the gain medium in such devices was 

based on dye-doped polymer matrices such as PMMA, poly (carbonate), poly (styrene) and 

poly (vinyl alcohol) [7, 8]. These host materials, however, have been shown to be 

inherently lacking mechanical and thermal resistance, photostability. This reason made 

people turn toward the use of other host materials with more rigidity. Consequently, several 

reports with the host medium based on a copolymer (a polymer constituted from two or 

more monomer units) [9-14] or obtained from sol-gel process (a method by which glass-

like, simple oxide or mixed oxide matrices can be obtained through low temperature 

solution processing) [15, 16], appeared in the literature. In all these reports, the gain media 

were bulk size ( cm∼ ). 

Following the discovery of electroluminescence in organic semiconducting materials and 

the considerable interest in the development of optoelectronic devices (specially, the 

organic light emitting diodes (OLEDs)) based on these materials, in 1996 Tessler et al. [17] 

reported on an optically-pumped organic microcavity based on vacuum-evaporated, 100-

nm-thick film of poly (p-phenylene vinylene) (PPV). 

This successful work paved the way for several other reports of this kind. On this basis, 

there are several reports where the gain medium is based on thin film of an organic 

semiconductor [18-23], that is, a material with carbon structure having semiconducting 

properties. These materials fall into two categories of conjugated polymers and small 

molecules. The gain medium can be also a thin film of neutral or ionic material like 

Coumarin or Rhodamine [24], without semiconducting properties .      

Thus far, organic thin-film devices have appeared in different configurations including 

diffractive resonators (DFB [25] and DBR [26]), vertical microcavities (VCSEL) [17] and 

microlasers (microdisk [27], microring [28] and microsphere [29]). In depth case study and 

comparison of these various laser architectures will be the subject of discussion in chapter 

3. Meanwhile, one can make a distinction between devices of this category and the bulk 

dye-doped lasers being introduced just earlier. This discrimination must be done 

considering the positive and negative features associated to devices of each kind since one 

cannot get all the desired points, for instance, high output power together with low lasing 

threshold within a single device. Bulk dye-doped lasers have shown to be very promising in 

terms of providing high output powers thanks to rather rigid lasing media which are 

capable to withstand fast photodegradation under high incident intensities on the order of 
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tens of 2
MW.cm

− [30]. Furthermore, these devices have well-defined beams and also good 

conversion efficiencies due to optimum overlap between the pump beam and the cavity 

mode in the used configurations. In this regard, there exist some works reporting on output 

energies of more than a hundred mJ  and optical slope efficiencies up to 86% [30, 31]. 

However, the major drawback of such devices is the long and elaborate fabrication process 

of the gain medium via traditional radical polymerization, sol-gel or copolymerization 

techniques which sometimes may take several days and up to several weeks. In addition, 

once the dye-doped matrix is prepared via one of these techniques, it also requires 

mechanical processing (cutting, grinding and polishing to optical grade quality) prior to its 

use as a laser gain medium.  

On the other hand, there are thin-film based devices which offer inexpensive, fast and 

simple fabrication via different methods such as thermal evaporation (suitable to small-

molecular weight organic semiconductors) spin coating, dip coating, doctor blading and 

inkjet printing. In terms of lasing characteristics, except high output energies, all other 

desired features are achievable from devices of this category. For instance, diffractive 

resonators (DFB and DBR) are viable for the lowest possible lasing thresholds due to 

efficient feedback while vertical microcavities can provide diffraction-limited beam qualities 

and modest conversion efficiencies. 

Similar to liquid dye lasers and bulk dye-doped solid-state lasers, one unpleasant point 

about organic thin-film lasers is their limited lifetime because of the dye degradation under 

optical excitation. However, considering many positive features of such devices (mainly the 

fabrication simplicity and rapidity with the consequence of considerably reduced setup 

price), the degradation issue could not have become a real hurdle towards practical 

applications of these devices. Furthermore, their popularity can be further increased if one 

considers that steps can be taken to enhance the lifetime. On this regard, one proposed 

technique has been the application of a rotating system for the solid gain medium as the 

dye jet flow in liquid dye lasers [32]. In the family of thin film devices, another reported 

technique has been through device encapsulation in order to prevent formation of non-

emissive radical species as a result of the interaction between the excited dyes and oxygen. 

An example of this kind among several [33-35], is the encapsulated structure realized by 

Richardson et al. [36] where a 2500-fold improvement was observed in lifetime when 

compared to non-capsulated device excited at ambient condition. 

Thanks to all the advantages discussed above, today we can see that optically-excited 

organic thin film solid-state lasers have successfully raised as potential candidates for 

practical applications in spectroscopy domains [37-40], bio/chemo sensing [41-44] and 

short-haul data telecommunications via plastic optical fibers [45, 46]. 
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One major issue about organic solid-sate lasers in general, is the choice of the excitation 

source. In most cases that are reported in the literature, the excitation source is an 

expensive bulky laser such as harmonics of a flashlamp-pumped Nd: YAG laser 

(picoseconds to nanoseconds), Excimer laser, frequency-doubled Ti-sapphire femtosecond 

lasers, etc. which certainly impose a limit on final device cost and mainly, its compactness 

and portability for practical applications like in situ spectroscopy. Therefore, following the 

successful realization of the Organic Light Emitting Diodes (OLEDs) [47] and then 

Organic Thin Film Transistors (OTFTs) [48] based on semiconducting organic materials 

and considering that these materials are also able to be easily incorporated into several 

resonant configurations, the researchers got enough reasons to go towards realization of an 

organic laser diode. This means an organic laser where the excitation energy can be simply 

given through the electrical current, e.g. a battery, as in OLEDs. However, despite an 

enormous amount of efforts made on this issue, up to date, no electrically-injected organic 

laser has been reported so far owing to the very high lasing thresholds encountered in the 

coursework of this goal realization. In the following, it would be interesting to open a 

window and having an overview of the several existing challenges together with some of the 

very recent references addressing these problems.  

     

 

Difficulties toward realization of an organic laser diode 

 

There are two essential requirements in the design of an organic laser diode. First of all, it 

has to provide for efficient current injection in the optically active material, and second, it 

has to form an optical resonator with charge-injecting electrodes, whose optical losses are 

smaller than the gain. 

The first problem is related to optical losses in the waveguide structures proposed for the 

electrical injection which is generally a film (100 – 200 nm) of semiconducting organic gain 

medium sandwiched between two metallic electrodes. These losses are due to absorption 

in the electrodes because of the substantial penetration of waveguide modes into the 

contact layers [49]. Configurations are suggested to resolve this issue but with considerably 

increased lasing threshold in the presence of the metallic contacts [27, 50-52] with 

exceptions proposed by Reufer et al [53] and Wallikewitz et al [54]. Recently, optical 

excitation of an elaborate ambipolar LEFET
1

 is also reported as a solution since the 

emission can be made to occur far from the electrodes upon using  this architecture [55]. 

                                                 
1

 Light-emitting field-effect transistor    
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The second problem is the substantial absorption owing to the high density of injected 

charge carriers, thus increasing losses compared with an optically pumped laser. A 

molecular ion with an extra charge (electron or hole) has a broad absorption spectrum that 

efficiently overlaps the emission spectrum of the organic material [56].  

 

The third hurdle in realization of an organic laser diode is that when the opposite charges 

recombine in an organic semiconductor, they frequently (approximately 75% of the time 

[57]) form a triplet exciton, that is, an excited triplet state bounded to the ground state in a 

molecular system of the organic species which is not emissive in fluorescent materials and  

can also contribute to loss through its absorption. Moreover, created excitons upon charge 

injection may also dissociate into single charge excitations, or polarons. Finally, in a recent 

report [58], it is found out that singlet-triplet annihilation (STA), is a major barrier to 

electrically-pumped lasing.  

 

The fourth problem, which becomes troublesome as the consequence of the above 

problems, is related to intrinsic low mobility of organic semiconducting materials. Given 

the above loss sources, very high current densities are required. It is shown that current 

densities in the range of thousands of amperes per 2
cm  [59] are necessary to even 

approach the lasing threshold.  The current density is estimated by J .(V / d)≈ µ where, µ  

is the charge mobility, V is the applied voltage and d is the film thickness. Based on this 

relation, given the low mobility of organic semiconducting materials, high current densities 

are more easily achievable for thin films. However, having a thin film makes it difficult to 

pass very high current densities as most of the semiconducting polymers won’t be able to 

withstand such current densities.  

 

“Indirect electrical pumping” approach  

Given the above-mentioned challenges in realization of an electrically-injected organic laser 

and the undergoing keen interest of some researchers on this regard, there exists another 

group of scientists who came with the idea of “indirect electrical pumping” of organic lasers 

[60, 61](One of the current leading groups is Samuel et al. at saint Andrews University). 

That is, an electrically-injected inorganic source mediated between the organic gain 

medium and the electrical current, served to optically pump the organic laser structure. 

They believe that reaching the predefined goal of simple, compact and inexpensive devices 
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operating at low powers can be achievable in this way with much less difficulties in 

comparison with direct electrical pumping. Their belief might be significantly due to major 

recent progresses in the technology of solid-state laser sources. On this regard, one 

approach has been the use of rather compact microchip lasers as the excitation source [38, 

62-65]. A further compact and miniaturized device can be obtained upon using inorganic 

laser diodes. The very first laser diodes were emitting in the infrared part of the spectrum. 

Using laser diodes to pump the organic dyes is not a novel approach as the first 

demonstration of diode-pumped dye laser was reported in 1974 in liquid phase where a 50-

ns pulsed AlGaAs laser diode operating at 820 nm was used to excite an IR 140 dye 

solution in a waveguide laser structure [66]. However, the organic dyes are not very good 

emitters in the infrared part of the spectrum due to their poor fluorescence quantum yield 

in this region. During the years after, upon gradual development of laser diode technology, 

the emission wavelength of such sources could be extended to visible part of the spectrum. 

This achievement became the basis of several reports on optically-excited dye lasers using 

diode lasers as the excitation source [67-71]. This fact has become even more noticeable 

after the appearance of powerful InGaN-based blue-emitting laser diodes, being capable to 

provide output peak powers in the order of few a kW. This makes them ideal sources to 

easily reach lasing threshold of organic lasers which is typically on the order of few 
2

kW cm . Recently, Riedl et al. [67] reported for the first time on an organic “thin-film” 

istributed feedback (DFB) laser pumped by an InGaN blue-violet laser. Since then some 

other reports of this type have been appeared in the literature [68, 69].  

The idea of indirect electrical pumping could 

become even further simplified in the report 

of Yang et al. [60] where the authors 

demonstrated a hybrid organic/inorganic 

device pumped by an inorganic incoherent 

light emitting diode (LED)(above-illustrated 

figure). However, one limitation of the LED 

pumped laser is that the power density from 

the LED is very limited even when it operates 

in pulsed regime at high currents. 

Furthermore, the incoherent emission 

together with high divergence intrinsic of LEDs, make it difficult to tightly focus the light.  

The above-given review on organic solid-state lasers evidences the amount of realize work 

done in this area. As one could see, these devices still need to be improved in several 

aspects. That is one of the goals of the present thesis. 

Image of the hybrid organic/inorganic laser 

configuration realized by Samuel et al at Saint 

Andrews University (Image taken from [60]).  
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Thesis organization 

The present manuscript is structured in the following manner.  

 

In the first chapter, some of the fundamentals on photo-induced intramolecular and 

bimolecular interactions in organic media are described which gives the necessary tools to 

proceed throughout the whole text. This is continued by some generalities about 

amplification and lasing and at the end, development of the rate equations governing the 

laser operation in a four-level system, adapted to molecular structure of the organic dyes.  

 

Following the given insight on the organic solid-state dye lasers, one can observe the 

current trend is mainly focused on realization of compact devices with low thresholds for 

the possibility of diode or LED pumping or even for future electrical excitation. As already 

said in the introduction, laser geometries such as diffractive resonators (DFB and DBR) 

and/or vertical microcavities which make it possible to achieve this goal are extensively 

studied. In the contest of realizing low-threshold devices, some other important emission 

aspects such as beam quality, conversion efficiency etc. are being less investigated as all 

these concepts cannot be obtained in a single device. Therefore, in this thesis, two axes that 

consider both of the above issues in optically-pumped devices, which are, low threshold 

devices against those with high output powers and well-defined beam qualities, are 

discussed in detail.  

 

The second chapter is devoted to the exploration of a novel small-molecular weight organic 

compound called, “fvin”, which was synthesized and provided by Prof. Elena Ishow at ENS 

Cachan. On the contrary to most of the organic dyes which suffer from concentration 

quenching with the consequence of small doping rates and thus low absorption within a 

thin film, the “fvin” with its special geometry showed to be capable of emitting in neat film 

configuration with very low amount of quenching. This can be very promising in realization 

of low threshold devices and eventual future electrical excitation thanks to considerable 

amount of pump absorption that can be achieved within a thin layer (few hundreds of nm). 

The optical characterization of the “fvin” molecule is carried out via the widely-used 

Variable Stripe Length (VSL) technique in planar waveguide configuration. At the end of 

this chapter, the result of lasing operation in this material, in DBR geometry realized by 

simple optical contact interferometry technique, is presented and discussed. At each stage 

of the “fvin” characterization, the results are compared with the measurements performed 
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on DCM-doped PMMA film at the same experimental conditions.  

 

In the third chapter, a new and very simple-built external cavity organic laser based on a 

layer of Rhodamine 640-doped PMMA matrix is presented and discussed from initial 

design steps. The laser cavity, inspired from the inorganic VECSEL structure, has the so-

called name of VECSOL standing for Vertical External Cavity Surface-emitting Organic 

Laser. The realized device performance is compared by using two pump sources differing 

in pulse durations (0.5 ns and 7 ns). The emission is characterized in terms of 

performance, beam quality, power scaling capability and photostability. Following these 

characterizations, the emission dynamics are described in theory and then modeled by 

using the Tang-Statz-De Mars rate equations in pulsed regime. Thanks to these 

simulations, the performance optimization is carried out. 

Following the initial characterization and analysis of the VECSOL, a modified version of 

the VECSOL architecture which was employed to realize intracavity frequency doubling 

and extend the emission wavelength to the UV region, is presented. The result of UV 

emission characterization in terms of performance and photostability are then discussed in 

detail.  

In perspective, the realized VECSOL architecture will be the subject of further 

optimization such as diode pumping. This can lead to a very compact device toward 

practical applications such as point-of-care biosensing or in-situ spectroscopy domains.  
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1 Fundamentals of photo-induced 

light-matter interaction in organic 

materials 

1.1 Introduction 

In the following, some of the generalities which are helpful in the context of this thesis are 

detailed. This starts with some fundamentals on the photophysical processes related to the 

organic materials and then description of lasing principles. The laser concept is presented 

and then the rate equations adapted to molecular structure of the organic dyes are 

developed. At the end, the issues related to using of organic dyes as the laser gain media 

are discussed.     

1.1.1 Perrin-Jablonski diagram  

The molecular structure of the organic materials and the corresponding phenomena 

happening as a result of optical excitation can be conveniently described by considering a 

band-like energy level model. A schematic representation of this model, known as the 

Perrin-Jablonski diagram, is depicted in Figure 1.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure  1.1 - Schematic of the Perrin-Jablonski diagram  
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Based on this model, the dye molecular structure consists of two main types of energy 

manifolds, the singlet (
i

S (i 0,1,2, ..., k )= ) and the triplet (
i

T (i 1, 2, 3, ..., k )= ) electronic 

states, designated by bold horizontal lines in the above diagram with energy differences of a 

few eV between two successive states. 
0

S  is called the ground state and is the 

predominantly-populated energy level at thermal equilibrium condition. 
i
S  and 

i
T  with 

i 0> are referring to excited electronic states with i indicating the excitation order.   

Each of the electronic states is associated with a multitude of vibrational sublevels with 

spacing in the order of ∼  0.1 eV (dotted lines above each electronic state in the Perrin-

Jablonski diagram), and to each vibrational sublevel, corresponds a closely-lying manifold 

of rotational levels (not shown here) with ∼  0.01 eV internal spacing.  

The singlet and triplet states are discriminated from each other through their spin 

multiplicities. In quantum mechanics, the rotation of an electron around itself is 

characterized through a momentum, called “spin” [72]. For an electron, the spin value can 

be either 1 2+  or 1 2−  with a spin wave function attributed to each value. Furthermore, to 

each molecular orbital occupied by an electron of a given spin, is attributed an orbital wave 

function defining a ‘spin-orbital’ or ‘total’ wave function together with the electron spin 

wave function. The total spin of a molecular system with two electrons is determined by the 

sum of the spin values together with a combination of the corresponding spin wave 

functions. If the total spin value is 1 1 2 1 2+ = +  or 1 1 2 1 2− = − − , then the electronic 

state will be called triplet state and is schematized by two parallel spins as ↑↑  or ↓↓ . For a 

total spin value of zero, the corresponding electronic state is called singlet state and can be 

simply demonstrated by an electron pair of opposite spins as ↑↓ . In practice, the singlet 

state as is just shown does not exist. What we have is a linear combination of ↑↓+↑↓  or 

↑↓ −↑↓with both cases leading to a total spin value of zero [73]. 

Based on quantum mechanics electronic transitions between states of the same multiplicity, 

i.e., singlet-singlet and triplet-triplet are spin-allowed and the electron spin is conserved 

during the transition process. However, transitions between states of different multiplicity, 

i.e., singlet-triplet and vice versa are spin-forbidden and thus highly improbable, unless 

there is a strong spin-orbit coupling
2

 [74]. Under this condition, the transition from the 

triplet excited state to the ground state becomes spin allowed and gives rise to a 

phenomenon called phosphorescence (see section 1.1.2).     

With the above descriptions, now imagine a photon of light is incident on such a molecular 

                                                 
2

 In a classical view, the spin-orbit coupling phenomenon can be simply understood by considering the 

electron movement around the nucleus. This rotational movement around the nucleus generates a magnetic 

momentum; furthermore, an electron also rotates around itself, which causes generation of another magnetic 

momentum. The spin-orbit coupling is the interaction between these two magnetic momenta. 
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system at thermal equilibrium condition where the molecule is at the ground electronic 

state. The incident photon loses its energy and promotes an electron from the ground 

electronic state,
0

S , to an electronically-excited state. As this transition may terminate in any 

of several closely-lying vibrational sublevels of the corresponding excited electronic state, 

therefore, light absorption in organic materials consists of broad spectral bands instead of 

sharp peaks.  

During the absorption process, the spin inversion is quantum-mechanically forbidden and 

is therefore highly unlikely to observe the absorption occurring between electronic states 

with different spin multiplicities (e.g. Singlet Triplet→ ). 

Typical timescale for the absorption phenomenon is on the order of 15
10

− s [74].  

1.1.2 Intramolecular deactivation pathways in electronically-

excited molecules 

Once the molecule is promoted to an excited electronic state via absorption of a photon, it 

undergoes several decaying mechanisms to find itself back in its fundamental or ground 

state, 
0

S . These decaying mechanisms are of two types; radiative and nonradiative which 

are detailed in the following. 

1.1.2.1 Radiative decays 

According to Kasha’s rule in photochemistry [74], the downward radiative transition 

generally takes place between the “lowest vibrational level” of 
1
S  or 1

T  and one of the 

vibrational sublevels lying within the ground electronic state. If this transition occurs from 

the first excited singlet state to the ground state, then the spin multiplicity of the initial and 

final states will remain unchanged, and the emission process is called fluorescence. On the 

other hand, in case of emissive relaxation from the first excited triplet state to the ground 

state, a change in spin multiplicity must take place and the corresponding emission 

phenomenon is called phosphorescence which only takes place in phosphorescent 

materials. 

 

  (1.1) 

 

 

  
1 0

1 0

Fluorescence             S ( 0) S ( i;  0 i n) h     

Phosphorescence      T ( 0) S ( i;  0 i n) h  

ν = → ν = ≤ ≤ + ν

ν = → ν = ≤ ≤ + ν
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hν  is the emitted photon energy with h  being the Planck constant and ν  the emission 

frequency.  

The two types of radiative transitions are shown by thick downward arrows in the above-

depicted Perrin-Jablonski diagram.  

Because the radiative transition from 
1

T  to 
0

S is spin-forbidden, therefore, the first excited 

triplet state lifetime (
6

10 1
− − s) [74] is bigger in comparison to the first excited singlet state 

lifetime (
10 7

10 10
− −− s) [74].  

1.1.2.2 Non-radiative decays 

In electronically-excited species, apart from the radiative transition during the relaxation 

process to the ground state, there exist also several nonradiative mechanisms which are 

described in the following.  

    

� Vibrational relaxation (VR) 

 

Vibrational relaxation (VR) is a nonradiative 

transition process that involves release of the 

excess energy accumulated in the vibrational 

levels of a given excited electronic state  (singlet 

or triplet) upon excitation, unless the absorption 

is being occurred between the lowest vibrational 

level of the ground and the lowest vibrational 

level of given excited electronic state, that is, 

0 1
S ( 0) S ( 0)ν = → ν = (Figure 1.2). This is also 

the decaying mechanism to the lowest vibration 

level of the ground state following a radiative 

transition (fluorescence or phosphorescence)  

ended up with one of the vibration levels ( 0)ν >  

of the ground state. Vibration relaxation is also followed after a transition between the 

isoenergetic vibrational levels of two electronic states with similar or different spin 

multiplicities. These transition types are called internal conversion and intersystem crossing 

respectively which are further detailed in the following. 

From the laser point of view, thanks to these vibrational levels, the molecular system of the 

organic dyes is structured in four different levels and as will be described later on, this fact 

Figure  1.2 – Demonstration of vibrational
relaxations in the vibration levels of each

electronic state. These relaxations are shown by

wavy arrows.  
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is an advantageous point towards practical application of these materials as the gain 

medium in laser systems. In the depicted Perrin-Jablonski diagram vibrational relaxations 

are shown by downward wavy arrows. 

In a given medium, the vibrational energy is dissipated in form of heat. Typical timescales 

of the VR process are on the order of ∼
−12

10 s [75]. 

 

� Internal conversion (IC) 

 

Relaxation from an upper excited electronic 

state to a lower excited state of the same 

multiplicity ( →
n m
S S  and →

n m
T T , n m> ) 

takes place within a spin-allowed radiationless 

transition process, called internal conversion 

(IC). Generally, the energy gap between the 

upper excited electronic states is smaller than 

the energy gap between the first excited 

electronic state (
1
S ) and the ground state (

0
S ). 

This makes possible to have an optimum overlap between two isoenergetic states, that is, 

between the lowest vibrational level of an upper excited electronic state with one of the 

vibrational levels of underlying electronic state and thus, allowing rapid transition through 

IC. Internal conversion between higher excited electronic states occurs on the sub ps-

timescale ( 14 12
10 10

− −− s) [75] making other radiative and nonradiative transition 

mechanisms unsuccessful to compete with it. On the other hand, IC from the first excited 

singlet state 
1
S  to the ground state is much slower ( 9 7

10 10
− −− s) [76] due to much bigger 

energy gap in this case, making fluorescence possible. This transition type is shown in 

Figure 1.3 by a horizontal dashed arrow between the second and the first excited singlet 

states. 

 

� Intersystem crossing (ISC) 

 

Intersystem crossing (ISC) involves an intramolecular radiationless transition between two 

isoenergetic vibrational levels belonging to two excited electronic states with different spin 

multiplicities. For example, an excited molecule in the lowest vibration level of the first 

excited singlet state (
1

S ( 0)ν = ) is able to cross to one of the isoenergetic vibrational levels 

of the first excited triplet state (
1

T ( i, 0 i n)ν = < ≤ ) which is then followed by a vibrational 

Figure  1.3 – Demonstration of intersystem 
crossing (IC) between two electronic state with 

the same spin multiplicity. 
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relaxation to the lowest vibrational level of 
1

T . The ISC transition is shown by dotted 

horizontal arrow in Figure 1.4. 

In general, transition between two electronic 

states with different spin multiplicities is 

forbidden. However, as mentioned before, this 

transition can become possible if the spin-orbit 

coupling (coupling between the orbital and 

electron spin magnetic moments) is sufficiently 

strong. On this regard, the presence of heavy 

atoms (Ir, Pt) in the molecular structure can 

considerably increase the probability of spin-orbit coupling with an efficiency that varies by 
4

Z (Z= atomic number).  

Typical characteristic time for ISC transition is on the order of 
10 8

10 10
− −−  s [74].   

1.1.3 Excited-state bimolecular interactions  

In the following, the bimolecular interactions are described. These interactions can be of 

useful as in Förster resonant energy transfer, or they can be highly unwanted like the 

quenching phenomenon, described in the following.  

1.1.3.1 Förster resonant energy transfer (FRET) 

Förster resonant energy transfer 

(FRET) refers to a “nonradiative” 

energy transfer mechanism that 

requires dipole-dipole interaction 

(Coulombic interaction) between 

a donor (D) and an acceptor (A) 

molecule (Figure 1.5). This 

transition cannot happen unless 

there is an overlap between the 

emission spectrum of the donor 

molecule (from its singlet excited 

state) and the absorption 

spectrum of the acceptor. As a 

Figure  1.4 - Demonstration of intersystem 
crossing (ISC) between two electronic states

with different spin multiplicities. 

Figure  1.5 - Schematic representation of Förster resonant energy
transfer (FRET). 
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result of this overlap, the donor passes on its energy to the acceptor molecule. After the 

energy transfer, the excited acceptor molecule can nonradiatively relax to its lowest 

vibration level, and subsequently, fluorescence can happen. This phenomenon can be 

simply described via the following relation:  

 

 D* A A* D+ → +  (1.2) 

 

Where the “*” superscript denotes the singlet excited-state species. 

1.1.3.2 Annihilation (quenching)  

Quenching is a highly unwanted phenomenon and is tried to be avoided as much as 

possible since it reduces the fluorescence quantum yield, that is, the ratio between the 

number of emitted and absorbed photons. This phenomenon can be the consequence of 

external stimuli which are present around the excited-state species or dye-overdoped 

solutions and solid matrices. The latter, which is often referred to as concentration 

quenching, is a bimolecular interaction and causes that two excited state molecules to be 

close enough and contribute efficiently in ceasing the emission. To avoid this source of 

quenching, considerable attention must be paid in choosing the right doping rate in order 

to have the excited species far enough from each other where this effect is minimized.  

In the following, the above-mentioned annihilation mechanisms responsible for quenching 

of the excited-state species are detailed. 

 

� Singlet-singlet annihilation (SSA) 

 

The SSA is a process happening between two molecules in the first excited singlet state. 

During this phenomenon the energy from one of the excited molecules is transferred to 

the second one. As a result, the first molecule falls back to its ground state and the second 

molecule gets promoted to a higher excited singlet state which then relaxes to the first 

excited singlet state or triplet state.  

   

� Singlet-triplet annihilation (STA) 

 

The STA is a process where a molecule in the first excited singlet state is quenched by 

another molecule in the excited triplet state in its vicinity. As a result, the latter is getting 
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excited to a higher triplet state while the former relaxes to its ground state. The molecule 

that is raised to an upper excited triplet state will then go down the first excited triplet state 

which eventually relaxes to the ground state.  

 

� Triplet-triplet annihilation (TTA)  

 

The TTA annihilation is the consequence of interaction between two molecules in the 

excited triplet state. As a result one molecule relaxes to the ground state while the second 

one rises to the upper triplet excited state from where it decays down to the first excited 

singlet state or triplet state. 

 

� Quenching by oxygen and impurities (
2

H O ,…) 

 

Apart from the above annihilation mechanisms between the excited-state dye species, the 

presence of oxygen (dissolved in the solution or being existed in the molecular structure of 

the dyes or the host matrices) and also impurities in the medium are also considered as 

one of the major parameters in quenching of the fluorescent light and the excited-state 

species.  

1.2 Generalities on light absorption and 

amplification 

1.2.1 Light absorption in a medium 

Earlier, the light absorption and the consequent phenomena following this process were 

described within the molecular structure of an organic material. Here, it would also be 

interesting to see how the light absorption varies in a medium of a given thickness made of 

an absorbing material such as an organic dye. In this case, the governing rule is defined by 

the Beer-Lambert’s law. This law states that when monochromatic light passes through a 

transparent medium, the rate of decrease in intensity with the thickness of the absorbing 

medium is proportional to the intensity of the penetrating radiation. Consider an 

infinitesimal layer of the gain medium of thickness dℓ  and let I  be the intensity of 

radiation entering it, then the Beer-Lambert’s law can be expressed by differential equation 

as: 
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  (1.3) 

 

 

 

where 2

abs
(cm )σ  is the absorption cross section, 

3
N(cm )

−
 is the density of molecules, I is 

the intensity at distance L=ℓ  and 
0
I  is the intensity at ℓ =0.  

Based on this expression the absorption of the incident light reduces exponentially as it 

travels inside the medium. 

1.2.2 Light amplification  

If a medium has the capability to amplify light, then it is said to have gain. In the following, 

the stimulated emission phenomenon which is the basis of light amplification together with 

a mechanism that uses this concept to amplify the spontaneous emission of light, are 

described.   

 

� Stimulated emission concept 

 

Stimulated emission, a phenomenon 

theoretically predicted by Albert Einstein, is a 

process where an excited-state species 

interacts with a photon of light with certain 

frequency and as a result falls back to its 

fundamental or ground state via emission of a 

coherent photon, that is, a photon of the 

same phase, direction, frequency and 

polarization as the incident one (Figure 1.6). 

This mechanism which is the reverse of the 

absorption phenomenon is the fundamental 

physical process underlying laser operation.             
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Figure  1.6 - Stimulated emission demonstration. 
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� Amplified spontaneous emission (ASE) 

 

The ASE is cascade of emission as a result of interaction between fluorescent photons with 

excited singlet states species along the optical path. Consequently, the spontaneously 

emitted photons become amplified through coherent stimulated emission process. A 

signature of amplified spontaneous emission is the fluorescence emission spectral 

narrowing. An example of ASE observation in thin film DCM dye-doped PMMA is 

depicted in Figure 1.7. As the pump intensity increases the spectrum changes from a 

normal fluorescence to pure ASE.  

In order to observe ASE, reaching to a condition where a positive net gain (the gain minus 

losses due to medium absorption or scattering) can be obtained is somehow necessary. 

This requires having more molecules in the singlet excited state than in the ground state. 

This condition is referred to as “population inversion” of states. Therefore, as the 

spontaneously-emitted photons propagate in the medium, there will be more stimulated 

emission than absorption leading to amplification.  
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Figure  1.7 – Fluorescence spectral narrowing demonstration as a consequence of pump
intensity increase in DCM-doped PMMA film. The small peak before 550 nm is the pump

at 532 nm.  
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1.2.3 Basic principles of lasers 

The acronym, “LASER”, stands for “Light Amplification by Stimulated Emission of 

Radiation”. A standard laser is a device composed of a “resonator” made of two specially-

wavelength-coated mirrors with high reflectivity, hosting a “gain medium” (gas, liquid or 

solid phase), in which population inversion of the energy levels has to take place for lasing 

action to happen (Figure 1.8). The laser kinetic equations prove that this situation can be 

easily obtained in a four-level system upon optical or electrical excitation of the gain 

medium with certain pump source intensity and finite duration. However, this is more 

difficult in a three-level system (a system made of pure electronic states or a system without 

vibrational levels in one of the ground or excited state) and not achievable in a two-level 

system having no vibrational levels. Once the population inversion is reached, the first 

spontaneously-emitted photons along the resonator axis bounce back and forth inside the 

resonator while being amplified by passing through the gain medium. As a result, an 

increasing intensity emission of light via stimulated emission phenomenon will be built. A 

fraction of the generated intracavity intensity exiting the resonator builds up the laser 

emission in shape of a beam. Since this beam-like emission is produced via stimulated 

emission, therefore, it is privileged to ordinary light sources through its directionality, 

spatial
3

 and temporal
4

 coherence, more or less pronounced monochromaticity (made of 

single wavelength) and polarization. 

 

 

 

 

 

 

 

 

 

                                                 
3

 Spatial coherence means that a fixed phase relationship exists between two points of the beam cross section. 
4

 Temporal coherence means that along the beam, the lightwave has a regularly varying phase during a finite 

coherence length (
c
ℓ ) related to the spectral width by 

c c
c c= τ = ∆νℓ  with c being the speed of light and 

c
τ

the coherence time. 

 

Figure  1.8 - Laser cavity composed of a gain medium in between the two wavelength-coated, highly-
reflective mirrors.  
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1.2.4 Derivation of laser rate equations in a four level system  

In this section, laser rate equations of a four-level system comprising two electronic states 

0
S  and 

1
S  are developed (Figure 1.9). These equations describe the dynamic behavior of a 

laser system. For the sake of simplicity, the triplet-state-related transitions (ISC, 

phosphorescence and triplet state absorption toward higher excited triplet states) are 

neglected. This is a relevant approximation in our experimental conditions since for the 

realized works, pulsed sources with durations much smaller than the ISC time constant (on 

the order of hundreds of ns) are used. This has made us to suppose that excited triplet 

state accumulation and the subsequent phenomena following this transition are negligible. 

In addition, emission reabsorption from 
1
S  to a higher excited singlet state and the 

stimulated emission at the pump wavelength are also neglected.  

As mentioned earlier, each of the electronic levels contains a multitude of closely lying 

vibrational-rotational levels which are schematized by band of graded colors. Pump laser 

intensity at wavelength compatible with the 
0 1
S S→  transition, populates a higher 

vibrational level in the first excited electronic state manifold. This is followed by rapid 

radiationless transition to the lowest vibrational level of 
1
S  from where transitions to the 

vibrational manifold of the ground electronic state give rise to a broadband emission with 

intensity I. Following the radiative transition to one of the vibrational levels of the ground 

state, the molecule relaxes back to the lowest vibrational level of the ground state. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  1.9 - (Right) Four-level system, (left) table of different characterizing parameters corresponding to
various transition types. 
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Considering the above assumptions, the dynamics of the energy levels within the electronic 

states can be described by the following set of equations: 

 

 

 

 

 

  (1.4) 

 

 

 

 

 

 
3

N(cm )
−

 is the total density of molecules and i, jN  with i 0,1=  and j 0, n=  represents the 

distributed density at different energy levels. The subscript “i” is the electronic state and “j” 

is a vibrational level within a given electronic state. Ground state is denoted by i=0 and the 

excited electronic state is precised by i=1. 01(0,n)
σ  and 01( ,0)ν′σ  are the absorption cross 

section and the reabsorption cross section at the emission wavelength, respectively. 

Absorption cross section defines the absorption probability of one photon per molecule 

under the 
p
I  pump intensity. In the used notation, the subscript “01” denotes a transition 

from the ground state to the excited state and the characters inside the parenthesis show the 

transitions within different vibrational levels. Similarly, e(0, )νσ  is defined as the emission 

cross section from the lowest vibrational level of the excited state to one of the vibrational 

levels of the ground state. 0(n,0)
γ  and 1(n,0)

γ  are the vibrational relaxation rates in the 

ground state and excited electronic state.   

In practice, 0(n,0)
γ  and 1(n,0)

γ  transition rates are far superior ( 12 1
10  s

− ) to the radiative 

transition rate 
10

1 τ ( 7 10 -1
10 10  s− ). Thus 0,n

N  and 
1,n
N  tend to be zero at a given time as 

the corresponding energy levels depopulate almost instantaneously. 
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By these assumptions, (1.4) is simplified as: 

 

 

 

 

  (1.6) 

 

 

 

 

The set of equations in (1.6) are the simplified rate equations governing a four-level system 

dynamical behavior. These equations will be employed in chapter three as the basis of 

further analysis. 

1.3 Organic dyes as laser gain media 

In the following, the originality of the organic materials with respect to other gain media is 

discussed by considering the following points:  

 

� In first approximation, the organic materials are known to have the molecular 

structure of a four- level system.  

 

� By using these materials, the laser operation is limited to the pulsed regime, in the 

absence of special initiatives such as dye jet flow system as in liquid dye lasers. 

1.3.1 Four-level system  

 In Figure 1.10, a complete excitation and emission cycle in an organic dye, seen in laser 

operation, is described by using the so-called Morse diagram. In this schematic 

representation, the ground state and the first excited electronic state with the corresponding 

vibrational levels to each state are drawn. To each vibrational level is associated a 

wavefunction as illustrated in the figure.  

At thermal equilibrium condition, the molecule is in the lowest vibration level of the 

ground sate and upon absorption of a photon of necessary energy, it makes a transition to 
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an upper excited electronic state. According 

to Franck-Condon principle in quantum 

chemistry, because of the lower mass of the 

electrons compared to the nuclei, the 

electronic transitions (absorption or emission) 

occur in a timescale (
−

∼

15
10 s) much faster 

than the nuclear response. Based on this 

principle, the transitions are vertical and are 

favored between vibrational levels 

corresponding to a minimal change in nuclear 

coordinates. A transition happens when there 

is an overlap between the vibrational 

wavefunctions of the ground state and final 

electronic state. The geometry of the excited 

state is not necessarily the same as the ground 

state. This fact is shown in the above figure by 

a shift in nuclear coordinates between the 
0
S  

and 
1
S  state and is indicated by r∆ . In the 

particular illustrated case, the transition probability is the strongest between 0ν =  and 

2ν = . Once in ν = 2 , the electron decays down to the lowest vibration level of the first 

excited singlet state and then an emission to one of the vibration levels of the ground state 

(here,ν = 2 ) based on the Franck-Condon principle takes place. This transition is followed 

by a non-radiative relaxation to the lowest vibrational level of the ground state by which an 

absorption-emission cycle becomes completed.   

According to what described in the above, one can observe that thanks to the vibrational 

levels (VR), the molecular system of the organic dyes is structured in shape of four different 

energy levels, thus, named as four-level system. Since the emission is always happening 

from the lowest vibrational level of the first excited electronic state, the emission maximum 

is red-shifted with respect to the absorption band maximum and thus, the reabsorption 

losses, i.e. the absorption losses at the emission wavelength, are considerably reduced. The 

red-shift is known as the Stokes shift and varies from 0.1 eV to 1 eV [77] in most organic 

compounds. Generally, having large Stokes shifts are highly desirable because of the 

further decreased reabsorption losses leading to low thresholds for lasing applications. 

 

 

Figure  1.10 - Morse energy diagram.  

Since electronic transitions are very fast in

comparison to nuclear motions, vibrational levels

are favored when they correspond to a minimal

change in the nuclear coordinates. The potential

energy curves are shown favoring transitions

between v = 0 and v = 2.  
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1.3.2 Pulsed operational regime 

Solid-state lasers in which organic dyes are used as the gain medium are not able to operate 

in continuous regime mainly, because of ISC followed by triplet absorption or STA. In 

organic compounds the triplet absorption is a spin-allowed transition and the 

corresponding absorption band is broad and effectively overlaps with the fluorescence 

emission spectrum which in this case becomes a major issue for laser operation.      

Continuous wave (CW) excitation leads to population of the triplet state that finally 

quenches any available excited singlet state for laser operation. In this respect, attempts to 

construct a continuous wave (CW) dye laser have led to efforts which are basically aimed to 

prevent significant accumulation of the triplet state. One common method for liquid dye 

lasers is to add a second molecule to the dye solution to act as a so-called triplet quenching 

agent. This technique is helpful in a way that it reduces the excited triplet state lifetime 

through collisional de-excitation [78].  

Since the very beginning after the invention of liquid dye lasers, rapid flow of the dye 

solution has been another method to control triplet state accumulation and thus, achieving 

the CW operation. Another advantage that can be obtained through dye jet flow system is 

the reduced photo chemical/thermal degradation rate of the dye molecules as different 

dyes are exposed to pump excitation within a given time. 

For solid-state dye lasers, rotation of the gain medium to mimic the dye jet flow system as 

in liquid dye lasers can be a solution [79]. However, the setup would be the subject of 

strong vibrations and thus output emission instability.    

Another solution to the above problems is the use of pulsed excitation regime in order to 

have fewer amounts of molecules in the excited triplet state and to make the lasing become 

possible. 
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2 Lasing characterization of a novel 

organic small molecule 

compound 

 

2.1 Introduction 

In this chapter, the issues concerning the realization of low threshold laser devices are 

addressed and discussed. In terms of geometry, waveguide structures are very promising to 

achieve this goal. From the material point of view, the challenges toward this goal are the 

subject of the following discussion.  

In solid-state films based on conventional laser dyes significant luminescence quenching 

resulting from a strong interaction of excited-state molecules (singlet-singlet annihilation 

(SSA), singlet-triplet annihilation (STA) and triplet-triplet annihilation (TTA)) is normally 

preventing efficient stimulated emission process required for lasing [50, 80]. Therefore, in 

order to avoid quenching, small doping rates must be carefully chosen while making dye-

doped solutions or solid matrices (generally a few percent of dye with respect to the 

solution or solid mass). However, if these thin solid films have to be used for laser 

applications, using this technique may lead to an increased lasing threshold and an 

inefficient device as in this case a small fraction of the pump beam passing through the thin 

film can be absorbed in single-pass geometry. In this regard, one might think of a thicker 

film where the absorption can be considerably increased. However, this will be at cost of 

increasing the lasing threshold and a multimode device. Another solution can be to use 

multi-pass configuration for the pump beam. But, this may become rather complicated 

especially when the pump beam has to be focused onto a small spot size diameter.  

One proposed solution to stay with thin-film based devices while avoiding the above 

difficulties, has been the use of guest-host systems based on Förster resonant energy 

transfer (FRET) (section 1.1.3.1). One can find several reports in the literature based on 
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this principle [49, 81-85]. A very common example of a guest-host system can be given by 

4-dicyanomethylene-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM ) doped into tris 

(8-hydroxyquinolinate) aluminum (III) (
3

Alq ). The main advantage of the FRET is the 

strong pump absorption by the host material and reduced quenching due to diluted guest 

dispersed in the medium. In FRET, the self-absorption is efficiently circumvented by 

shifting the emission of guest to a wavelength band where the host material is transparent, 

leading to very low laser thresholds. However, in order to have an emission in the visible 

part of the spectrum, an excitation in the UV region is required. This may lead to a 

reduced emission lifetime of the device because of the higher degradation rate that can be 

resulted in this way due to very energetic UV photons compared to visible photons getting 

into the sample.  

The solution in this case can be the use of neat films (non-doped matrices) of organic 

compounds, capable of being excited and then emit in the visible region, where by different 

means in the molecular structure design, the quenching and the reabsorption losses are 

considerably reduced.  So far, stimulated emission and lasing have been demonstrated in 

neat films of π-conjugated polymers [86-89] as well as in some low molecular weight 

organic compounds (small molecules) [22, 90]. Among these two types, the latter are of 

especial interest as they exhibit a well-defined molecular structure and can be thermally 

evaporated, leading to a precise control over the layer thickness and a better film quality. 

One can find reports on lasing in devices based on neat films of small molecules such as 

sexiphenyls [91], oligothiophenes [90] or spiro-linked
5

 conjugated moieties [92-94]. 

However, in most cases the reported emission wavelengths are essentially in the violet or 

blue part of the spectrum with some rare exceptions in the orange-red [90]. This is in fact 

because long-wavelength emission is generally achievable under the condition of extended 

π-conjugation lengths. But this will increase the probability of π-π stacking as a result of 

favorable overlap between the π molecular orbitals. However, this may be helpful where 

high conductivities are needed (e.g. in OLEDs), but on the other hand, long conjugation 

lengths can efficiently quench the fluorescence. Consequently, efficient red-emitting laser 

(or OLED) based on neat materials is still a challenge. 

In this chapter, a novel small molecular weight organic compound, so-called “fvin”, is 

presented and characterized. The full chemical name of this molecule is “4-di (4’-tert-

butylbiphenyl-4-yl) amino-4’-dicyanovinylbenzene” and it was developed by Prof. Elena 

                                                 
5

 Spiro linkage is a technique where a spiro center introduces a twisted unit between two different or similar 

conjugated moieties. This prevents π-π stacking and improves their processability and morphological stability 

while maintaining the electronic and optical properties of the non-spiro segments before linkage. The spiro-

linked compounds form stable nonpolymeric organic glasses with high glass transition temperatures.   
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Ishow at ENS Cachan. This material with its unique structural design is capable of emitting 

in the deep-red part of the spectrum in neat film configuration while the problems related 

to π-π stacking, concentration quenching and reabsorption losses are considerably reduced. 

The suitability of this material for stimulated emission is demonstrated by optical pumping 

of a thin neat film forming an optical waveguide. This technique determines the existence 

of ASE and is the basic principle of material gain measurement via Variable Stripe Length 

(VSL) technique. This experiment is then followed by examining this material in a simple 

resonant distributed feedback (DBR) configuration. At each stage of the experiment the 

results are compared with the measurements carried out under the same experimental 

conditions for a film of PMMA doped with the classical DCM laser dye (see appendix 1 

for DCM molecule structure). Furthermore, the viability of this novel material under 

electrical injection was also tested in OLED configuration which is not included in the 

context of this thesis [95].  

In the following, the fundamentals of waveguiding in planar geometry are described and 

then the Variable Stripe Length (VSL) technique principle and the related theory, used for 

material gain measurement, are detailed. It is shown how the waveguide losses can be 

measured by using the realized ASE setup for gain measurement. Then, the experimental 

part starts by presenting the “fvin” molecular structure and its properties, the sample 

fabrication procedure and presentation of the realized ASE experimental setup. This is 

followed by discussion on the gain and loss measurement results in “fvin” neat film 

configuration and comparing these results with the same measurements carried out on 

DCM-doped PMMA film. Finally, the last parts are devoted to lasing demonstration in 

material under investigation incorporated into Distributed Bragg (DBR) geometry and 

then, demonstration of random lasing effect in “fvin” neat film. 
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2.2 Planar (slab) waveguide principles 

A waveguide is a structure that confines the light in a medium by total internal reflection 

phenomenon at the medium interfaces with the surrounding media. For light to be trapped 

and guided, the refractive index of the propagating medium must be superior in 

comparison to the surrounding media. The amount of light confinement is determined by 

the refractive index contrast between the propagating medium and the surrounding media. 

The bigger the difference, the more the light is confined and guided within the structure. 

One of the most encountered waveguide structures is the planar (slab) geometry where a 

thin film of a material with refractive index of 
film

n is sandwiched between the up and down 

claddings. If the claddings have the same refractive indices, then the structure configures a 

symmetric planar waveguide. A very simple case that we are dealing with in this context is 

an asymmetric waveguide where the lower cladding is made of fused silica (
2

Sio ) with 

sub
n 1.45≈  and the upper cladding is the air with the refractive index of cladding air

n n 1= = .  

A schematic representation of an asymmetric waveguide structure is shown in the Figure 

2.1.      

 

 

 

 

 

 

 

 

 

 

 

The propagation of light (λ ) in the above-illustrated structure composed of a medium with 

a dielectric constant of 
r

ε  can be described by the Helmholtz equations for the electric and 

magnetic field components of light as are given in the following: 

 

 

  (2.7) 

   

 

2 2
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E(r) k E(r) 0

H(r) k H(r) 0
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�� ��
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Figure  2.1 – Three dimensional representation of planar waveguide geometry. For light to be 

guided one should have film sub claddingn n n> ≥ . 
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where 
0

k 2= π λ  is the wave vector, 
2

r
nε =  with n being the refractive index of a given 

material and E(r)
��

 and H(r)
���

 are the electric and magnetic fields, respectively. The 

solutions to the above equations for an electromagnetic field of light propagating along the 

z direction are complex and are given by: 

 

 

  (2.8) 

    

 

where β  is the propagation constant and is defined as: 

 

  (2.9) 

   

with 
eff

n  being the effective refractive index, that is, the refractive index seen by the 

waveguide light along the propagation direction and c is the speed of light. The 
eff

n value 

lies between the refractive index of the substrate and the refractive index of the material 

used for the propagating medium. 

Generally, in waveguide problems only the TE (transverse electric) modes are considered 

since the treatment of TM (transverse magnetic) modes is similar. In addition, the field 

variation along the x direction is assumed to be negligible ( ( x) 0∂ ∂ = ) as the waveguide is 

considered to be infinite at x direction.   

Considering the above assumptions, the expansion of the Helmholtz equations in (2.7) for 

the electric field propagating along the z direction will be in the form of: 

 

  (2.10) 

 

Solving this equation for each of the media within the waveguide structure (upper cladding, 

film and the substrate) with application of appropriate boundary conditions at the interface 

layers will determine the confined guided modes. These imposed conditions are: 

 

� Continuity of the transverse electric profile and its derivative at the layer 

boundaries. This condition together with the Helmholtz equation given in (2.10) for 

different layers provide given number of the guided modes.  

 

� A guided mode has a sinusoidal shape in the confining film with exponential decay 

at the cladding layers.  
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The full description of the waveguide theory will not be given here, but it can be easily 

found in any waveguide textbook [96].  

In order to assess the suitability of a new material for efficient lasing operation, optical gain 

measurement is crucial. In the following, the method we applied for gain measurement in 

thin films waveguides of organic materials is therefore described. 

2.3 Gain measurement technique in slab 

geometry 

For the purpose of gain measurement, Variable Stripe Length (VSL) technique is the 

widely-used method in waveguide configuration [50, 97-102]. This technique involves 

pumping the sample with a stripe of variable length and monitoring the edge-emitted 

intensity as a function of the pump stripe length (Figure 2.2). The material gain is then 

determined by fitting the results by an appropriate function that will be developed in the 

following.  

 

 

 

 

 

 

 

 

 

 

 

2.3.1 Gain fundamentals applied to VSL technique 

First of all, let us consider a gain material, that is, a material with the potential of light 

amplification. Now, imagine that a thin film of this material is deposited on a transparent 

substrate with a lower refractive index to form a planar (slab) waveguide. If a pump stripe of 

homogeneous intensity profile with a certain thickness T and a variable length of ℓ  

Figure  2.2 - (left) VSL method representation, (right) Close-up over the pumped region from a view  normal

to waveguide surface.  
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(T )<< ℓ  is incident on such a structure, the ASE will take place within the excited stripe. 

The local gain 
local

(g ) , that is, the gain within a given tiny volume of this medium pointed 

by the r vector is given by 

 

  (2.11) 

 

where 2

e(0 , )
 (cm )νσ  is the emission cross section and 

3
N (cm )

−∆
 
represents the inverted 

population at the given infinitesimal region of the gain medium. As the length of the pump 

stripe and/or the pump intensity increases, the edge-emitted ASE intensity will grow 

exponentially. In a mathematical expression, the ASE intensity variation within an 

infinitesimal slice of dz  along the z direction can be written as: 

 

 

  (2.12) 

 

 

Where f(x,y) is the propagating mode profile, p(x,y,z) is the pump profile within the film 

thickness which takes into account the exponential decay as a result of absorption (Beer-

Lambert’s law), α  is the loss coefficient and spont .
η  is a term related to the power density of 

the spontaneously- emitted photons into the stripe solid angle.  The term under the integral 

defines the modal gain as: 

 

 

  (2.13) 

 

 

If the pump profile is considerably elongated in the z direction, one can consider that for 

small stripe lengths the variation of the pump intensity profile in the z direction is 

negligible. Then we have the expression of 
modal
g  in the z direction as the following: 

 

 

  (2.14) 

 

 

Then, the integration of (2.12) over the excited length of ℓ  with the boundary condition of 

I(0) 0=  gives: 
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  (2.15) 

 

 

Derivation of the equation (2.15) is performed under the very important assumptions 

which are the homogeneous pump intensity profile along the excited region and no gain 

saturation. In addition, it is supposed that the pump stripe is almost one dimensional. This 

means the stimulated photons propagate preferentially along the stripe direction if T << ℓ .  

At steady state when absorption and stimulated emission rates become equal, gain 

saturation refers to a condition where the ASE intensity, built along the excitation axis, 

becomes so strong that it depletes the excited-state population ( N∆ ) to half of its 

unsaturated value. Since the local gain is defined as e(0, ) Nνσ ∆ , this can be translated as a 

decrease in the gain value by a factor of two. An example of the gain saturation effect is 

shown in Figure 2.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the beginning, the ASE intensity grows exponentially according to (2.15) and then as the 

pump length increases, the gain saturates and the ASE intensity decreases.            

To conclude from the above discussion, one can understand that the gain measurement 

through the VSL method becomes elaborate for long excitation lengths because of the gain 

saturation phenomenon. This adds another adjustable fitting parameter (the saturation 

intensity or 
sat
I ) to the given relation in (2.15). Therefore, in order to avoid the consequent 

complexities as a result of gain saturation and to be able to use the simple relation given in 

mod al
spont . (g )

modal

I (e 1)
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Figure  2.3 - Gain saturation demonstration. The dashed line is a fit to the experimental data 

by using  the expression in (2.15). 
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(2.15), the gain measurement must be carried out at small signal regime, that is, for 

excitation lengths and pump fluences where there is no gain saturation effect. For a high-

gain material, in order to avoid gain saturation, the pump length can be even limited to less 

than a millimeter under the excitation fluences on the order of few hundreds of 2
J cmµ . 

2.3.2 Waveguide propagation losses measurement technique   

The gain coefficient measured through VSL technique is the net gain which is the gain 

minus the waveguide propagation losses. These losses, denoted by (α ) in the last section, 

might be due to scattering, reabsorption losses at the emission wavelength and/or 

concentration quenching. 

The ensemble of the above-mentioned losses can be determined through pump stripe 

displacement method using VSL arrangement. In this technique the sample is pumped 

with a stripe of constant length and the edge-emitted intensity is monitored while the set of 

sample and the emission detector, mounted on the same support, are translated laterally in 

the normal direction with respect to the pump beam. This resembles the condition when 

the pump stripe gradually moves away from the edge of the sample (Figure 2.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

In this configuration, the emission from the end of the stripe is assumed to be constant. 

Therefore, as the distance between the end of the pump stripe and the sample edge 

increases, the edge-emitted ASE decreases since it has to travel across an increasing 

unpumped length before reaching the sample edge. The intensity reduction is ascribed to 

losses that occur within the unpumped region. The ASE intensity should depend on the 

Figure  2.4 - Waveguide propagation losses measurement technique in VSL method. 
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distance from the sample edge as follows:  

 

 
( x )

out 0
I I e

−α=  (2.16) 

 

where x  is the length of the unpumped region between the edge of the sample and the 

end of the pump stripe, 
0
I  is the intensity at the end of the pump stripe and α  is the 

waveguide loss coefficient. 

The above descriptions on the fundamentals of gain and loss measurements in slab 

geometry will give us the necessary tools to carry out the related experiments on the 

material under investigation which its molecular structure and properties are described in 

the following part.  
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2.4 Experimental 

2.4.1 Material under study 

The small molecular weight compound under test is called “fvin”. This molecule whose 

chemical structure is depicted in Figure 2.5, has a full name of “4-di (4’-tert-butylbiphenyl-

4-yl) amino-4’-dicyanovinylbenzene” and was synthesized and provided by Dr. Elena 

ISHOW from PPSM laboratory (Laboratoire de Photophysique et Photochimie 

Supramoléculaire et Macromoléculaire) at ENS de Cachan [103].  

 

 

 

 

 

 

 

 

 

 

 

 

The normalized absorption and emission spectra of “fvin” molecule in thin film 

configuration (100-nm-thick neat film) are shown in Figure 2.6. This molecule has two 

absorption maxima at 319 nm and 479 nm with an emission peak in the red part of the 

spectrum at 631 nm when excited with a source at 343 nm. In design of this molecule the 

red emission is obtained via creation of large Stokes shift in a push-pull molecular 

structure. In this way the solid-state emission is tuned by the strength of intramolecular 

charge transfer (ICT) while the absorption band and the main structural backbone remain 

unchanged. This has become possible thanks to the 4-tert-butylbiphenyl substituents at the 

left and right side of the structure, coupled to the electron-donating triphenylamino core in 

the middle that have led to a distorted geometry in the excited state relative to the ground 

state revealed by femtosecond transient absorption spectroscopy done at ENS de Cachan 

facilities. The advantage is twofold: first, a Stokes shift as wide as 152 nm which is favorable 

to obtain a true four-level system where the reabsorption is efficiently circumvented at 

Figure  2.5 – (left) Molecular structure of the so-called “fvin” molecule, (right) three dimensional image of 

the “fvin” molecular structure. 
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emission wavelengths; second, it has the consequence of achieving red emission with 

relatively short conjugation length which limits the intermolecular π-π interaction that can 

lead to fluorescence quenching. 

The bulky tetrahedral tert-butylphenyl groups are also advantageous from another point of 

view as they cumber the mobility of molecules in film configuration and avoid π-π stacking 

as well. Thanks to the steric hindrance exerted by these groups and also twisting of the 

triphenylamino core, quenching is considerably reduced in “fvin” compound. These 

geometrical characteristics allow to obtain an amorphous material (
g
T = 86° C) without any 

microcrystalline domains. The formation of these domains can lead to high optical losses at 

the interfaces between different grain boundaries [104].  

       

 

 

 

 

 

 

 

 

 

 

 

 

 

An important parameter of the “fvin” compound needed to be determined was the 

refractive index. This was determined by using the ellipsometry technique at ENS de 

Cachan facilities
6

. The refractive index showed to be very dispersive by wavelength. A very 

approximate refractive index of n 1.85≈ , corresponding to the refractive index at 631 nm 

(the emission peak wavelength) is deducible from the measurement.  

Following the presentation of the material under investigation, the next step is to examine 

the suitability of this material as an optical gain medium via VSL method. For this purpose, 

samples in slab configuration must be fabricated. The next part will be the description of 

the sample fabrication procedure and the characterization techniques.   

                                                 
6

 I would like to thank Dr. Melanie Lebental for her help in ellipsometry measurement. 
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Figure  2.6 - Absorption (left) and emission (right) spectra of the “fvin” molecule in neat film configuration.  
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2.4.2 Sample fabrication and characterization  

Fabrication of a sample is a multi-stage process starting by the required film thickness 

calculation, substrate preparation followed by active layer deposition and finally its 

characterization. In the following, these steps are discussed in detail. 

2.4.2.1 Film thickness calculations 

For the ASE measurements, having waveguide structures with thicknesses that only allow 

the propagation of the fundamental transverse electric mode (
0

TE ) are preferential. In this 

case the whole power is accumulated within an intense peak where the maximum of the 

field is centered in the middle of the propagating layer and decays exponentially at the 

cladding layers. For this purpose, in order to have a rough estimation about the required 

film thickness in our case, the dispersion curves of an asymmetric planar waveguide were 

calculated and plotted based on the refractive indices of the considered substrate for the 

film deposition (fused silica with n 1.458≈  at ∼ 600 nm) and the material under 

investigation (“fvin” with n 1.85≈ ) (Figure 2.7). These curves are showing the effective 

refractive index (
eff

n ) as a function of the ratio between the film thickness and the 

wavelength of the propagating field. The method for tracing the waveguide dispersion 

curves can be easily found in any waveguide textbooks [96]. 
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Considering that ASE happens where the material net gain is maximum, that is, somewhere 

around the fluorescence emission peak (for “fvin” 
max

631 nmλ =  in neat film 

configuration), then based on these curves for film thicknesses from ∼ 33 nm to ∼ 170 nm 

realized on fused silica substrate, only the fundamental 
0

TE  mode would be able to 

propagate within the structure. Below 33 nm no mode can exist. This thickness is known as 

the cut-off thickness of the waveguide. 

As we intended to compare the gain measurement results of the “fvin” compound with the 

DCM-doped film of PMMA, then we also calculated the necessary thickness for the 

propagation of the fundamental 
0

TE  mode via the dispersion curves in this case. For this 

rough calculation, the refractive index of dye-doped PMMA was determined to be 

n 1.52≈  through the technique described in appendix 2. On this basis, the dispersion 

curves for DCM-doped PMMA films deposited on fused silica substrate are presented in 

Figure 2.8.  

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The fluorescence emission peak of DCM-doped PMMA is around 560 nm [105]. 

Therefore, based on the dispersion curves a film thickness of ∼ 600 nm would assure the 

propagation of 
0

TE  mode. In this case the cut-off thickness is ∼ 123 nm.       

In order to have similar experimental conditions for both cases of “fvin” and DCM dye, 

film thicknesses of 600 nm were chosen even if in case of “fvin”, this thickness does not 

correspond merely to the propagation of the 
0

TE  mode. As measured later on, this film 
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Figure  2.8 - Dispersion curves corresponding to the asymmetric waveguide made of DCM-doped PMMA 

layer on silica substrate. The hachured area corresponds to the case where only the 0
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thickness could absorb 84% of the pump beam at 532 nm. Considering this high 

absorption, reducing the film thickness to have the propagation of the fundamental mode, 

might not seem troublesome in case of “fvin”. However, in DCM-doped PMMA, as small 

doping rates ( ∼ 5%) are required because of the concentration quenching, the pump 

absorption is limited to very low amounts. As will be seen later, 600-nm-thick film of 

DCM-doped PMMA (5% doping rate) was measured to absorb 13% of the pump beam.  

 

� Substrate cleaning procedure 

 

The cleaning procedure described here is used for all kinds of substrates including glass 

slides, silica and also the dielectric mirrors used during the whole set of experiments in this 

thesis. As of glass slide, simply the microscope slides were used, where it needed. The 

silica substrates were prepared from bulk, cut into pieces and then polished to optical 

quality in our laboratory workshop
7

. 

Adequate cleanliness of the substrates prior to film deposition is an important step for 

having high quality coatings. Any contamination of the surface affects the adhesion of the 

coating and leads to defects. Therefore it is necessary to remove all the possible dirt and 

impurities which lies on the surface of the substrates and might be due to dust, grease or 

organic/inorganic solvent residues. For this reason, a simple procedure is taken as the 

following in order to have proper substrates: 

 

� Preparing a bath of soapy water.  

� Use a lint free wipe to gently rub the surface and make it clean of dirt and residues. 

Rinse thoroughly in distilled water. 

� Transferring the substrates into the bath of pure acetone and let them soak for 15 

minutes. 

� Drying the substrates by rubbing them against a lint free wipe. 

 

To recover the already-used substrates, immersing the substrates in bath of 

Tetrahydrofuran (THF) for 15 minutes to remove the already deposited layer is preceding 

the above-mentioned steps. 
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 I would like to thank Thierry Billeton for preparing the silica substrates. 
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2.4.2.2 Active layer fabrication methods 

Thermal evaporation technique was used to prepare a neat film of “fvin” on silica substrate. 

On the contrary, this method can’t be applied for “DCM” since like the majority of the 

organic dyes, it is suffering from concentration quenching phenomenon that consequently 

requires a small doping rate in an inert matrix. In this case, an alternative solution for film 

deposition would be through spin coating technique.  

For this purpose, a small quantity of DCM (Exciton Inc.) was dispersed in a solution of 

495000 molecular weight in anisole (PMMA A6 from MicroChem Corp., see appendix 3 

for more detail on this PMMA type and the corresponding spin speed curve) in a way that 

it constitutes 5 wt% of the solid PMMA after solvent evaporation. This PMMA type allows 

having film thicknesses on the order of few hundreds of nm. A homogeneous blend was 

obtained after 2 hours of alternating sonication and hot-plate magnetic stirring using stir 

bars. 

In the following, two of the above-mentioned methods which are used in the course of this 

work for deposition of the organic films are briefly discussed.  

 

� Thermal evaporation 

 

This technique allows deposition of extremely uniform films of desired thickness. The 

apparatus is called thermal evaporator in which an electric resistance heater is used to 

meltdown the target material which then turns into vapor and finally is condensed back 

onto the substrate under vacuum condition (Figure 2.9). A Quartz crystal sensor is 

continuously monitoring the evaporation rate and thus the film thickness. For our gain 

measurement purpose, a 600-nm-thick film of “fvin” (controlled and measured by the 

quartz microbalance) was deposited onto a silica substrate under vacuum condition 
6

(9 10  mbar)
−×  at 160-180°C. The film optical quality was excellent as is usually expected 

for thin films realized by this technique.  

The “fvin” evaporation process was performed at the ENS Cachan
8

.  
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 I would like to thank Prof. Elena Ishow for making it possible to use the evaporator machine and helping us 

during the evaporation process. 
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� Spin coating 

 

In this method the substrate is placed on the spin coater vacuum chuck and is vacuum 

clamped for spinning. In order to assure wetting the whole substrate surface, an excess 

amount of the solution compared to what is finally required is dispensed on the center of 

the substrate. As the spin coater speeds up according to predefined program, the 

centrifugal acceleration causes the solution to spread to, and eventually off, the edge of the 

substrate leaving a thin film of solution on the surface. The resulting film thickness 

depends on solution viscosity and the spin speed. On this basis and for our gain 

measurement purpose, the spin coater was programmed to obtain films of ∼ 600-nm-thick 

from the solution of PMMA: DCM already prepared as just being described in the above. 

The samples obtained by this technique were transferred to the oven and annealed at 50°C 

during 1 hour to evaporate the solvent and to densify the film. Figure 2.10 is schematically 

showing different steps in spin coating process.   

 

 

 

 

 

 

 

 

Figure  2.10 – Demonstration of different steps during spin coating process 

Figure  2.9 - Thermal evaporator chamber 
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2.4.2.3 Thin film characterization apparatuses 

Once the films were prepared, their thickness was verified by Alpha-Step IQ surface 

profiler (KLA Tencor). For this purpose, a scratch was made on the sample surface down 

to the substrate. Then the sample was put at the measurement position under the ultra-fine 

surface profiler tip which was lightly dragged across the sample surface perpendicular to the 

scratch. The film thickness was determined by the change in tip elevation as it dropped 

from the film surface down onto the substrate surface. In this way, film thicknesses of 600 

nm and 620 nm were measured for neat film of “fvin” and “PMMA-DCM” film 

respectively. 

The film absorption was measured using a UV-Visible spectrophotometer Varian (Cary 

100 series). Absorption amounts of 84% in 600-nm-thick film of “fvin” and 13% in the case 

of 620-nm-thick film of DCM-doped PMMA were measured at the pump wavelength (532 

nm). 

An Atomic Force Microscope (AFM) was at disposal to be used for further 

characterizations such as film surface roughness when it was required. 
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2.4.3 VSL measurement setup 

The VSL experimental arrangement exploited for optical gain and loss measurements in 

films of organic materials is shown in Figure 2.11. 

 

 

 

 

 

 

 

  

 

 

 

 

The laser source was a Q-switched 
4

Nd : YVO laser generating pulses of 500 ps long at 10 

Hz repetition rate and 1064nm (PowerChip, Teem Photonics). The output train of pulses 

was passed through a frequency-doubling crystal (Lithium triborate) to reproduce pulses at 

532 nm which was the required wavelength to pump the samples. A combination of half 

wave plate and polarizer cube were used to adjust the beam intensity. At this stage since the 

beam diameter was very small (∼ 1 mm) for our purpose which was a stripe of variable 

length as is required for the VSL technique, a diverging lens was used to grow the beam 

size which was then focused by a cylindrical lens into a stripe of 320 mµ  wide measured at 

1/e² by a beam analyzer (Spiricon SCOR 20 camera, 1600 by 1200 pixels having the size of 

4.4 mµ by 4.4 mµ each). The length of the stripe was controlled by a pair of adjustable 

blades selecting the central part of the stripe to assure a uniform intensity along the length 

of the pump stripe profile. We noticed that the strip arriving into the blades undergoes 

diffraction effects at the edges which consequently affect the incident stripe shape at its two 

ends when it reaches the sample. In order to have a well-defined stripe shape with abrupt 

edges at the ends, the blades and the sample were optically conjugated by means of an 

imagery system with one-time magnification. Figure 2.12 is demonstrating images of both 

cases obtained by Spiricon beam analyzer. This imaging is an original improvement in 

comparison with the widely-used classical method reported in the literature and greatly 

enhances the accuracy of the system. A second imagery system was following the first one 

Figure  2.11 - Variable Stripe Length (VSL) technique experimental setup 
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to have the image of the slit onto a CCD detector (Spiricon). The samples were pumped in 

transverse configuration resulting in ASE radiation perpendicular to the incident beam, 

collected by an optical fiber close to the sample edge and sent to a spectrometer (SPEX 

270-M with two gratings of 150 and 1200 lines/mm, corresponding to the resolutions of 8 

nm and 1 nm, respectively) followed by an Andor technologies DH 720 charge-coupled 

device (CCD) camera. 

The polarization of the incident beam determines whether the ASE radiation is generated 

and emitted horizontally or perpendicular to the stripe direction. This is explained by the 

orientation of the dye molecules absorbing a particular pump polarization. Vertically 

polarized light is more likely to be absorbed by dye molecules whose dipole moment is 

oriented vertically and thus emit in horizontal direction and vice versa. In our experimental 

condition, pump polarization was vertical relative to the optical table (Figure 2.11) and the 

resulting ASE radiation showed to have mainly the same polarization type. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  2.12 – Homogeneity of the pump profile (left) without imaging (right) with imaging system. 

These images are corresponding to a length scale of 10 mm.  
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2.4.4 Gain measurement  

The VSL technique is applied for gain measurement in thermally evaporated neat film of 

“fvin” and the result is compared to gain values obtained at similar conditions in DCM-

doped PMMA film obtained via spin coating.  

Figure 2.13 is showing experimental result in 600-nm-thick neat film of “fvin” for three 

different pump fluences. We observed a superlinear increase in intensity versus the pump 

length, combined with a clear spectral narrowing (not shown here), establishing the first 

experimental evidence of stimulated emission in this material. The inset is showing a 

typical ASE spectrum of “fvin” with a peak at 660 nm. Each series of experimental points 

were obtained for a given pump fluence and different pump lengths where a single point 

yielded through integration over ASE emission peak.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In non-saturated regime, fitting the experimental points with the gain formula in (2.15), 

resulted in a net modal gain (
modal
g ) value as high as 50 

1
cm

−
 for an incident pump fluence 

of 0.41 
2

mJ.cm
−
.  

The gain measurement experiment carried out at same pump fluences for 620-nm-thick 

film of DCM-doped PMMA, resulted in lower gain values. As one can see in Figure 2.14, 

for the same pump fluence of 0.41
2

mJ.cm
−
, a net modal gain value of 40 

1
cm

−
 was 

obtained. In this case, the ASE peak appeared at 613 nm.  
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Figure  2.13 - Net modal gain measurement through the VSL technique in neat film of “fvin”. 
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It is somehow interesting to notice that a neat film exhibits a higher gain than a low-doped 

system, specially the DCM dye known for its high efficiency. The opposite case is usually 

observed due to strong concentration quenching.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From the above gain comparison, we can then conclude that high gain values obtained for 

neat film of “fvin” are due to reduced concentration quenching phenomenon thanks to the 

special geometry of “fvin” molecule as described earlier. What we observed here is a rare 

example of very efficient and red-emitting laser material in neat film configuration. 

The gain values, obtained experimentally, are the net modal gains. To determine the 

material gain, the waveguide propagation losses should be taken into account. The 

following section is the result of waveguide loss measurements. 

2.4.5 Waveguide loss measurement  

To more fully characterize the novel “fvin” compound as a powerful gain material, we have 

measured the waveguide loss coefficient (α ) through the widely-used variable stripe 

displacement method described earlier. This measurement was carried out on a sample 

with dimension of ∼  2.5 cm ×  2 cm. The result is shown in Figure 2.15. Each point is 

obtained following the integration over the ASE emission peak for different pump stripe 

distances from the edge. As one can see the intensity of the guided light decays 
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Figure  2.14 - Net modal gain measurement through the VSL technique in DCM-doped PMMA film.  
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exponentially for the first millimeters and then it is followed by a slight increase and finally 

a decrease to zero. We may explain this anomalous behavior as the following. As the pump 

stripe is translated away from the sample edge where the light is collected, once it is placed 

somewhere in the middle, the collected light becomes the contribution of the guided light 

in both directions. That is, the light which is guided from one end of the pump stripe 

directly toward the sample edge where the detector is located, added to the light guided in 

the opposite direction and reflected back by the sample edge into the stripe region and 

become amplified. At this condition, two guided light intensities are added together and 

cause an increase in intensity of the collected light. As the stripe advances further from the 

middle of the sample toward the opposite direction of the collection edge, the intensity will 

decrease as the propagation distance becomes long with respect to the collection edge for 

lights guided in both directions. To avoid entering into all these complexities, in order to 

have an estimation of the waveguide loss coefficient, the first experimental points were 

fitted by an exponential function. These points correspond to short distances of the pump 

stripe from the collection edge and far from the opposite sample edge. In this way, the light 

reflected from the opposite edge is rather weak or negligible considering the length of the 

sample.  The exponential fit resulted in waveguide loss coefficient of ∼  9 
-1

cm .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For sake of comparison, the same method was also applied for loss measurement in DCM-

doped PMMA film (Figure 2.16). Given the above explanation and the complexities 
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Figure  2.15 – Loss measurement in neat film of “fvin” via variable stripe displacement

method. The dashed line is an exponential fit to the experimental data. 
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encountered following the displacement of the pump stripe over long distances, in this 

case, the pump stripe was displaced from the sample edge for 3 mm. In this way, a loss 

coefficient of ∼ 11 
1

cm
−
 was measured by a simple exponential fit.  

The above-measured loss coefficients are comparable to some of the reported values in the 

literature which are determined by this technique [106, 107] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The stripe displacement method for waveguide loss measurements is a widely-used 

technique, employed by several people working on gain measurement and materials optical 

characterization. However, the loss coefficients measured by this technique are very 

approximate values and precautions must be taken when using these quantities. In fact, 

several factors are responsible for considerable uncertainty of this method. The first 

problem is the diameter of the detector surface that must be larger than the pump stripe 

diameter to collect all the edge-emitted light. This puts a limit on the diameter of the pump 

stripe. However, this was not a limiting factor in our case since the pump stripe diameter 

was 320 mµ  and the diameter of the fiber spectrometer, used for this measurement 

(Ocean Optics USB 2000), was 600 mµ . The second problem is the very diffractive 

sample edge due to amorphous nature of the organic materials even after sample cleavage. 

As the pump stripe moves away from the sample edge, the solid angle becomes wider and 

thus the fraction of the edge-scattered light, seen by the detector, is varying for each 
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Figure  2.16 - Loss measurement in neat film of DCM-doped PMMA film via variable stripe

displacement method. The dashed line is an exponential fit to the experimental data. 
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distance. This fact is schematically represented in Figure 2.17.  

 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

Given the above limitations, depending on how the detector is positioned at the sample 

edge, the edge emitted intensity would be different from one measure to the other, leading 

to different loss coefficients for a given waveguide structure. Therefore, we investigated for 

an alternative method of loss measurement that can be repeatable, further reliable and 

avoid the above-mentioned difficulties. Very recently we found out the proper solution to 

determine the loss coefficient is to image the guided light, scattered from the film surface. 

As the light propagates along the pump stripe inside the medium, the intensity of the 

guided light will decay exponentially from the end of the pump stripe. Therefore, if the 

guided light intensity profile is imaged and fitted by an exponential, it can determine the 

waveguide loss coefficient in a precise manner. In this way, the problems related to the light 

collection method can be resolved and the loss measurement will be further reliable and 

repeatable. Later on, we found out that this technique is already described in very few 

reports [108, 109]. 

We examined the proposed technique of the waveguide loss measurement on a 6- mµ -

thick film of PMMA doped with the classical Rhodamine 640 laser dye(doping rate: 1% of 

the total solid matrix weight) spin coated onto the silica substrate.  

The image of the guided light along the pump stripe and the corresponding intensity 

profile are shown in the following figures.     

 

 

Figure  2.17 – (top) the pump stripe is close to the sample edge and thus, the solid angle is small. (bottom)

the solid angle becomes wider as the pump stripe moves away from  the sample edge.  
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On this basis, a waveguide loss coefficient of 4.2 
1

cm
−
 was measured. Although, in this 

measurement the realized waveguide was based on a layer of different thickness and 

different dye in comparison with the preliminary measurements (“fvin “neat film and 

DCM-doped PMMA film), but at least it showed us a simple, powerful and reliable 

technique for further loss coefficient determination with the big advantage of measurement 

repeatability.  
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Figure  2.18 - (top) image of the guided light along the pump stripe obtained by Spiricon camera.

(bottom) the intensity profile of the guide light. The dashed line is an exponential fit to the

experimental data. The white zone in the image corresponds to the damaged pixels of the camera.   
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Quantification of the waveguide loss coefficient let us to know what is the potential material 

gain value. The material gain is the net modal gain added to the waveguide loss coefficient. 

On this basis, by using the measured net modal gain values and the waveguide loss 

coefficients (9 
1

cm
−
 and 11 

1
cm

−
 for “fvin” neat film and DCM-doped PMMA film), an 

approximate material gain can be obtained, given the uncertainty of the loss coefficients 

determined by pump displacement method.  

Plotting the material gain as a function of the incident pump fluence evidenced a linear 

relation beween the three experimental points in both cases of “fvin” and DCM-doped 

PMMA film (Figure 2.19 and Figure 2.20, respectively). These results are in agreement 

with theory as the local gain is given by em(0, ) Nνσ ∆  and N∆  is linearly proportional to the 

pump intensity at the condition far from the saturation regime.    
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Figure  2.19 - “fvin” gain as a function of three different pump fluences 

50

40

30

20

10

0

D
C

M
 G

a
in

(c
m

-¹
)

400350300250200
Pump fluence (µJ/cm²)

 Gain=51 cm
-1

(Pp=0.43 mJ/cm²)

 Gain=44 cm
-1

(Pp=0.32 mJ/cm²)

 Gain=37 cm
-1

(Pp=0.24 mJ/cm²)

DCM gain = net gain+ waveguide loss coefficient
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2.4.6 Photostability  

One of the very interesting issues concerning the organic laser dyes is their stability upon 

optical excitation. For this purpose, we have studied the stability of the “fvin” compound in 

neat film configuration and we compared the result with the emission lifetime in DCM-

doped PMMA film at the same experimental condition (Figure 2.21). The experiment was 

carried out at an incident pump fluence of ∼  0.4 
2

mJ.cm
−
 and 10 Hz repetition rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As one can see in the above graph, higher stability obtained for “fvin” neat film in 

comparison to DCM-doped PMMA film at the same experimental condition. In case of 

“fvin”, it took around 100000 pulses for the emission intensity to drop to 80% of its initial 

value. For DCM-doped PMMA film, this happened after around 60000 pulses.      

Considering that one of the possible reasons of photodegradation is the thermal effects and 

the fact that “fvin” neat film absorbs 80% of the pump beam against 13% in case of DCM-

doped PMMA, one may conclude good stability of “fvin” molecules against heat problems    

(The higher the absorption amount, the more the generated heat). 
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Figure  2.21 – Photostability of “fvin” neat film in comparison to DCM-doped PMMA film. 
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2.4.7 Incorporation of the studied material into one-dimensional 

resonant structure  

Once the existence of gain was proven in the “fvin” compound, we were interested to 

examine its lasing potential in a simple resonant structure. At the end, the lasing result is 

compared to the lasing obtained from DCM-doped PMMA film. For this purpose, within 

the already realized slab geometries, introduction of the in-plane optical feedback seemed 

to be a very promising technique. It has been shown by Kogelnik and Shank that the 

optical feedback in a waveguide can be achieved through spatial modulation of the 

refractive index (or the optical gain) of the active medium [110]. Based on this concept, two 

kinds of laser structures are distinguishable; DFB and DBR standing for distributed 

feedback and distributed Bragg reflector respectively. So far, there have been several 

reports of such devices using the organic materials as the gain medium [25, 111-116] . In 

the following, the working principles of such devices are briefed.  

 

� Distributed feedback lasers (DFB) 

 

A schematic representation of this kind of laser is sketched in Figure 2.22. In this case, the 

pump beam is incident normal to the surface of the corrugation pattern created within the 

amplifying medium. Spatial periodic modulation introduces scattering to the guided waves 

in the slab waveguide. Optical feedback is the result of coupling between the guided modes 

and the constructively interfered back-scattered waves traveling in the opposite direction 

along the optical path. The constructive interference is achieved if the Bragg condition is 

fulfilled: 

 

  (2.17) 

 

where 
eff

n  is the effective refraction index of the waveguide, Λ  is the corrugation period ,

m is the feedback order and Bragg
λ  is the Bragg wavelength at which the lasing occurs. 

Lasing happens where the coupling between the two counterpropagating waves is the 

strongest. A comprehensive theoretical study of the DFB geometry would require the 

implication of coupled-wave theory [110]. 

 

 

Bragg eff
m 2nλ = Λ
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� Distributed Bragg reflector lasers (DBR) 

 

Distributed Bragg reflector (DBR) lasers are class of devices using a similar principle as the 

DFB lasers based on Bragg scattering concept. In these devices, the pump is normal 

incident on the surface of the “uncorrugated” gain medium extended between two in-plane 

distributed Bragg gratings at its two ends providing the necessary optical feedback (Figure 

2.23). Again, the resonance frequency is achieved upon fulfillment of the Bragg condition.    

DBR lasers might be advantageous relative to DFB devices in such a way that lower lasing 

threshold can be achieved due to reduced level of losses [117]. These losses are ascribed to 

the incoherent scattering due to surface non-uniformity of the organic gain medium 

following the fabrication process and/or the imperfect corrugation pattern [69]. On this 

basis, in our case the lasing was carried out in DBR geometry. For this mean, two similar 

corrugation patterns facing each other were created by optical contact interferometry 

technique described in the following.  

 

 

 

 

 

 

Figure  2.22 – Distributed feedback (DFB) laser structure 

Figure  2.23 - Distributed Bragg reflector (DBR) laser structure 
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2.4.7.1 Simple realization of Bragg grating through optical contact interferometry 

technique 

Optical contact interferometry technique [118] using a phase mask (pitch=1090 nm) and 

UV laser beam was applied to create surface relief patterns on a uniform 2.5- mµ -thick film 

of PMMA deposited onto the glass substrate via spin coating above which a 695-nm-thick 

layer of “fvin” was evaporated. This strategy was taken since direct illumination of “fvin” 

molecules with highly energetic UV photons could damage the dye molecules with the 

consequence of hindering the lasing effect. However, in the case of spin-coated DCM-

doped PMMA film the gratings were directly engraved within the PMMA film containing 

the DCM dye.   

An Excimer laser (λ=193 nm, energy per pulse = 300 Jµ , repetition rate of 10 Hz, Neweks 

Ltd., PSX-100) was incident normal to the phase mask above which an ultrathin protective 

film of quartz (thickness on the order of 80 microns) was placed between the coated 

surface and the phase mask to avoid fall down of the ablated material residues on the phase 

mask during surface patterning. The schematic representation of the experimental setup is 

depicted in Figure 2.24. The scheme shows that the ultraviolet light passes through and is 

diffracted by the periodic corrugation of the phase mask. The number of diffracted orders 

can be calculated based on the following relation: 

 

 

  (2.18) 

 

 

where m is the diffraction order,  
m

θ is the diffracted beam angle with respect to the grating 

pane normal, λ  is the incident wavelength onto the phase mask (here, 193 nmλ = ), and 

Phase mask
Λ  is the phase mask pitch (here, 

Phase mask
Λ =1090 nm). On this basis, 5 diffraction 

orders are recognizable. However, high diffraction orders have a rather weak intensity 

within the interference zone and thus, have less contribution in creation of the pattern. 

Therefore, we can say the diffracted light is “mostly” contained in the 0, +1 and -1 

diffraction orders. In this case, the fabricated grating pitch was almost equal to the phase 

mask grating period (1090 nm). 

 

 

m

Phase  mask

m
Sin( ) 1

λ
0 ≤ θ = ≤
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As just described, the optical contact interferometry technique is based on direct material 

ablation by using a laser source generating energetic UV photons. What makes this 

technique to be very interesting is the simplicity of the procedure in comparison to other 

methods such as lithography in clean room lithography process.    

2.4.7.2 Realized grating characterization 

The created corrugation pattern was characterized using an Atomic Force Microscope 

(AFM). Figure 2.25 and Figure 2.26 are showing the AFM images of the used phase mask 

and the grating pattern created on PMMA-coated glass substrate with the periodicity 

extended over few millimeters, respectively. The grating structure appeared to be smooth, 

free of ablation debris and groove defects. The incident energy and the exposure time used 

to create such a pattern and its characteristic features are briefed in the following table. The 

structured layer was then used to thermally evaporate a film of “fvin”. Further investigation 

revealed that the evaporated film had followed the surface pattern on the regions that the 

gratings were present. 

Incident energy 0.42 mJ  

Exposure time 80 sec. 

Grating period ∼ 1090 nm 

Modulation depth ∼ 200 nm 

Figure  2.24 – Optical contact interferometry setup. In our experiments, the number of diffraction orders 

was 5. In the above figure, the 0, 1st and the 2nd diffractions orders are demonstrated. 
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Figure  2.26 – (top) AFM image and (bottom) the corresponding profile of the created 

pattern on 2.5-µm-thick film of PMMA. This pattern was used for evaporation of the 

“fvin” layer. 

Figure  2.25 – AFM image of the used phase mask in our experiment. 
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2.4.7.3 Laser performance  

The evolution of the laser intensity with pump power in neat film of “fvin” followed by the 

corresponding laser emission spectrum superimposed with the ASE and fluorescence 

spectra are shown in the following graphs (Figure 2.27 and 2.28). The VSL experimental 

setup was used to pump the samples with a stripe length of ∼ 2 mm limited between two 

realized gratings in DBR geometry. Laser emission wavelength is governed by the grating 

pitch (∼ 1090 nm) and the effective refractive index (
eff

n ). On this basis, the laser emission 

peak was measured to be at 647 nm. Using this information and considering the 

evaporated “fvin” neat film thickness of 695 nm, the effective refractive index for different 

waveguide-supported TE  modes can be precisely determined from the dispersion curves. 

However, it should be noted that in the present case the dispersion curves were 

recalculated by taking into account that the substrate is now a 2.5- mµ -thick layer of 

PMMA (n≈1.49), onto which the “fvin” film (n ≈1.85) was evaporated. Then by entering 

the experimentally-measured laser emission wavelength (647 nm) into the equation (2.17), 

we looked for the integer number corresponding to the Bragg order (m). The result is 

detailed in the following table. 

 

 neff m 

TE0 1.83 6.16 

TE1 1.80 6.06 

TE2 1.73 5.82 

TE3 1.65 5.55 

TE4 1.54 5.18 

 

Based on the above table, as m has to be an integer, the condition seems to be satisfied for 

propagation of 
1

TE  mode seeing the effective refractive index of 1.80. This corresponds to 

a Bragg order of m=6. The very small fraction of 0.06 seen in the calculated m value is 

considered to be due to measurement uncertainties concerning the realized grating pitch 

via material ablation and also the “fvin” refractive index value, determined by ellipsometry 

technique.         

By taking into account 84% absorption amount of the pump beam by the “fvin” film, then 

a lasing threshold of 60 
2

J.cm
−µ  (absorbed pump fluence) is deducible from the input-

output characteristic curve.  
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� Lasing in “fvin” neat film 
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Figure  2.27 – “fvin” laser emission input-output characteristic curve in neat film configuration 

Figure  2.28 – Superimposed spectra of fluorescence, ASE and laser emission in “fvin” neat film 
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The obtained results for lasing in neat film of “fvin” are compared in the following with the 

lasing operation in DCM-doped PMMA film (Figure 2.29 and 2.30).   

 

� Lasing in DCM-doped PMMA film 
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Figure  2.29 - Laser emission characteristic curve of DCM-doped PMMA film 
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Figure  2.30 - Superimposed spectra of fluorescence, ASE and laser emission in DCM-doped PMMA film 
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In this case the laser peak observed at ∼  630 nm. Considering a refractive index of ∼  1.52 

for the dye doped-PMMA (see appendix 2), then this lasing wavelength corresponds to 

m=5 diffraction order. For the lasing threshold in this case, if we consider the 13% 

absorption amount by DCM-doped PMMA film, then a lasing threshold as low as 6 
2

J.cm
−µ (absorbed pump fluence) can be deduced from the corresponding input-output 

characteristic curve. 

The lasing thresholds obtained in both cases are comparable to several works reporting on 

the same laser geometry [26, 117]. However, we are not challenging the result of the above 

lasing experiments with some other works having similar operating principles but with nJ -

order lasing thresholds [119]. The reason is because we are not using the optimized phase 

mask in our case and thus, the resonance condition is achieved under high diffraction 

orders that have led to rather elevated lasing thresholds.  

Another discussable point is the anomalous ASE red shift in comparison to the 

fluorescence peak in both cases. As just mentioned, the lasing wavelength is defined by the 

grating pitch and the diffraction order. However, the ASE peak should correspond to the 

maximum of the gain curve (the fluorescence emission peak). This red shift in case of 

DCM-doped film can be explained by the overlap between the absorption and emission 

curves. In this case, due to reabsorption losses, it might be normal that ASE peak appears 

at longer wavelengths in comparison to the fluorescence emission peak were the absorption 

becomes negligible. However, in case of “fvin”, the reabsorption losses are considerably 

reduced due to large stokes shift as it can be seen in Figure 2.6. Therefore, this may not be 

reason in this case. The “fvin” ASE peak shift has not been completely understood so far.   

2.4.8 Random lasing observation in neat film of “fvin” 

During the gain studies in neat films of “fvin”, we observed that under high excitation 

pump fluences there were positions on the sample for which the amplified spontaneous 

emission spectrum was highly structured with sharp spikes having the spectral width of 1 

nm, limited by the spectrometer resolution. The narrow peaks showed to be stable over 

time for a given excited region of the sample (Figure 2.31). In addition, we noticed a 

threshold-like behavior for the appearance of these peaks. This fact can be clearly seen in 

the typical superimposed spectra presented in Figure 2.32 where for the incident pump 

fluence below 0.3 
2

mJ / cm  no spike is appeared. Similar effects were also noticed for 

DCM-doped PMMA film. Following the above observations, these narrow peaks are 

believed to be due to what is referred to as random lasing effect.  
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Figure  2.31 –Typical emission spectra of random lasing effect in neat film of “fvin”. The spectra

correspond to two different positions of the pump stripe on the sample. The pump fluence was ∼ 1
2

mJ.cm
−
and the stripe dimension was around 100 mµ ×  3 mm.  
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Random lasing is a term used for a class of “mirror-less” lasers whose optical feedback is 

provided through multiple scattering in disordered media that has gain. These media 

include neodymium powders [120], dyes and polymers mixed with scatterers in films and 

solutions [121, 122], films of π-conjugated polymers [123], semiconducting powders [124, 

125] and synthetic opals infiltrated by π-conjugated polymers and dyes [126, 127]. Unlike 

conventional lasers where a cavity determines the modes of a laser, in such systems, the 

spontaneously emitted photons undergo a random walk between several scatterers 

dispersed in the gain medium. During this propagation, the light is amplified through 

stimulated emission and may reach the lasing threshold. The resulting laser emission is 

omnidirectional (Figure 2.33). These lasers are expected to be used in applications such as 

coding of clothing [128], detection of dangerous materials [44] and distinguishing healthy 

tissues from cancerous ones [129]. 
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Figure  2.32 – Demonstration of threshold-like behavior of random lasing effect in neat film of “fvin” 

Figure  2.33 - Demonstration of random lasing effect. The dark spots are the scattering centers in the gain 

medium.  
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2.5 Chapter conclusion 

In conclusion, we have shown that concentration quenching, a problem associated to most 

of the organic dyes, was considerably reduced in the novel deep-red emitting “fvin” 

compound due to its special molecular geometry. This demonstration was carried out by 

employing the widely-used variable stripe length (VSL) method to measure the material 

gain. On this basis, for about 600-nm-thick neat evaporated film of “fvin”, net modal gain 

value of 50 
1

cm
−
 was measured for an incident pump fluence of 0.41 

2
mJ.cm

−
. This result 

was compared with the gain value obtained from DCM-doped PMMA film (doping rate: 

5% of the total solid matrix weight) of around 620-nm-thick which resulted in net modal 

gain of 40 
1

cm
−
 for the same pump fluence and at the same experimental conditions. 

Given the considerably reduced quenching in “fvin” neat film and thanks to the high 

absorption amount that can be achieved in this way (84% at 532 nm in 600-nm-thick film in 

comparison to 13% in DCM-doped PMMA film of almost the same thickness), very low 

threshold optically-pumped devices can be potentially fabricated. Furthermore, since the 

“fvin” molecule is a π-conjugated small molecule, it can be also a very promising candidate 

toward potential future electrical excitation. 

The waveguide losses were determined through stripe displacement technique, using the 

VSL experimental setup. On this basis, loss coefficients of 9 
1

cm
−
 and 11 

1
cm

−
 were 

measured in neat film of “fvin” and DCM-doped PMMA film, respectively. Due to 

measurement problems related to this loss measurement technique, an alternative loss 

coefficient determination method was described.  

At the end, lasing operation was demonstrated in “fvin” neat film by using a simple DBR 

geometry, created by optical contact interferometry technique. The result was compared 

with lasing in DCM-doped PMMA film in DBR geometry fabricated by the same method. 

Since the phase mask at disposal was not adapted to achieve lasing under the first order 

Bragg condition, therefore, lasing was observed for higher Bragg orders ( m=6 and m=5 in 

“fvin” and DCM-doped PMMA film, respectively). This fact led to rather elevated lasing 

thresholds (60 
2

J.cm
−µ  in “fvin” neat film vs. 6 

2
J.cm

−µ  in DCM-doped PMMA, based on 

absorbed pump fluence) in comparison to lasing thresholds in devices with the same 

working principles. Therefore, one can conclude that by taking advantage of the “fvin” high 

gain together with the great possibility of having lasing in neat film due to reduced 
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quenching, single-mode waveguides are possible and very low lasing thresholds can be 

achieved through an optimized grating.       

During the ASE studies in “fvin” neat film and DCM-doped PMMA film, highly structured 

ASE peaks with narrow spikes were observed under high excitation densities
2

( 1 mJ.cm ).
−

∼

Further studies revealed that these peaks were related to random lasing effect. This effect 

was understood to be due to some morphological defects within the film thickness or at the 

surface, revealed by the AFM studies.  
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3 Design of a compact tunable 

organic solid-state laser structure 

 

3.1 Introduction: state of the art of existing 

organic laser architectures  

In chapter one, the existing challenges and the corresponding possible strategies that can be 

adopted for lowering the lasing threshold toward development of the electrically-pumped 

organic diode laser were discussed. Meanwhile, this goal has not become a reality yet, 

realization of compact and performant laser sources having “good efficiency” together with 

“high beam quality” fabricated via “fast” and “inexpensive” techniques is of great 

importance for practical applications and has been somewhat bypassed or unfortunately 

has got little attention so far. Furthermore, if such a device turns out to be wavelength 

tunable within the emission spectrum of a given organic material and/or be capable of 

generating wavelengths in a range not directly or easily accessible with the current organic 

materials (for example in the UV and infrared part of the spectrum where the organics are 

not good emitters), then perhaps the effort put in this way will be worthwhile to be 

considerably valued.     

On this regard, in the following, we have performed a comparative study of the already 

existing optically-pumped organic solid-state laser architectures (irrespective of the 

exploited organic material, semiconductor or not) with advantages and negative points 

associated with each kind. At the end of this discussion we will be able to define the 

adapted geometry with which we can eventually fulfill the above mentioned goals.  

To proceed in our study, we have distinguished the current geometries for organic solid-

state lasers into two major categories: 

First group are devices based on thin films of organic materials; Fabry – Perot waveguides, 

diffractive resonators (Distributed feedback (DFB) and Distributed Bragg (DBR)), vertical 

microcavities, microlasers (microdisks and microrings) are falling within this category. In all 
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these devices either the gain medium with the system providing the optical feedback are 

somehow integrated and embedded within each other or in case of microcavities they are 

in direct contact together. 

Second group are the external resonator devices where the gain medium and the resonator 

are considerably separated from each other in comparison with the previous rank.  

The first distinction between the two categories can be already made here by noticing the 

fact that in devices of the second group, the external cavity can potentially enable the 

insertion of optical elements inside the cavity for further purposes such as frequency 

doubling via a nonlinear crystal, wavelength tuning, etc. 

3.1.1 Thin-film-based devices 

3.1.1.1 Fabry-Perot Waveguide 

We start our discussion by characterization of 

perhaps the simplest possible geometry that 

can be imagined for the organic solid-state 

lasers, that is the Fabry-Perot waveguide 

(Figure 3.1). In this geometry the light is 

confined and guided inside a medium 

sandwiched between two up and down 

claddings having lower refractive indices than 

the medium. If the gain medium possesses a 

high refractive index (n) compared to the 

surrounding medium (generally, air with n=1), 

then the medium reflectivity at the edges, given 

by ( ) ( )( )2n 1 / n 1− + , will be high enough to partially reflect the guided light back into the 

medium and shape a mirrorless laser. This technique is widely used in technology of the 

inorganic semiconductor laser diodes thanks to the high refractive index of these materials 

(n∼ 2 - 4)  together with crystalline structure of the inorganic material which allows 

obtaining smooth facets upon cleavage with reflectivities as high as 30%. In organic 

materials, however, polishing the facets to optical quality seems a kind of difficult due to 

the amorphous nature of these materials. Furthermore, because of the lower refractive 

index of organics in comparison to inorganic materials, the reflectivity is limited to a few 

Figure  3.1 - Fabry-Perot waveguide where the 
light is guided and then emitted from the edge

of the sample upon excitation by a pump stripe. 
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percents. Despite all these difficulties, 

Kozlov et al. [84] reported on a Fabry-Perot 

laser structure (Figure 3.2) based on a 

vacuum-deposited film of 
3

Alq : DCM (n = 

1.7) with end facet mirror reflectivities of 7% 

obtained naturally during evaporation 

process. In that experiment high-level losses 

imposed by low mirror reflectivities were 

compensated by choosing a rather long (~ 1 

mm) Fabry-Perot waveguide. In such a 

structure, a quantum slope efficiency
9

 of 

30% was obtained that could be improved to 

the highest value of 70% with considerably reduced lasing threshold of 1
2

J.cm
−µ  using a 

double-heterostructure device where a film of
3

Alq : DCM  was sandwiched between two 

3
Alq  cladding layers (Figure 3.2). Despite excellent slope efficiency, the output energy was 

less than a nJ  per pulse and the emission was suffering from low spatial quality with great 

divergence
10

 due to sub-wavelength edge-emission aperture.  

3.1.1.2 Diffractive resonators (DFB & DBR) 

The second class of structures attributed to the family of thin film devices are the diffractive 

resonators. The devices on this basis fall into two categories of Distributed feedback (DFB) 

and Distributed Bragg (DBR) lasers (Figure 3.3). The working principles of such devices 

are already described in chapter 2 and as we saw the latter was demonstrated by using 

“fvin” neat film and DCM-doped PMMA film as the gain media. In such structures, light is 

also confined and guided within the plane of the film but the problems associated with low 

mirror reflectivities observed in the previous case are resolved to a great extent using an in-

plane distribution of Bragg reflectors extended fully over the whole surface in case of DFB 

or partially at the two ends of the gain medium in case of DBR, assuring very high 

                                                 
9

 The quantum slope efficiency (
q

η ) is a criterion for laser performance assessment and is determined by 

measuring the slope of the laser input-output characteristic curve expressed in terms of photon numbers 

instead of energy. Expression of the slope efficiency in terms of energy is known as the energy slope efficiency 

(
e

η ) and is defined by e laser pump q(h h )η = ν ν η .      

10

 The beam divergence angle θ in radians is expressed as dθ λ≃ (imposed by diffraction) where λ is the 

emission wavelength and d is the diameter of the confined beam by the waveguide.  

Figure  3.2 - Schematic representation of the

waveguide structures realized by Kozlov et al [84].

together with the corresponding input-output

characteristic curves. 
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reflectivities for a narrow band of wavelengths.  

Generally, DFB fabrication is easier than DBR since 

only one continuous corrugation pattern is required. 

However, in organic-based devices, sometimes DBR 

might be advantageous over DFB structures due to a 

lower level of losses as a result of a shorter interaction 

length of the in-plane confined light with Bragg 

gratings. These losses are either because of out of 

plane diffraction induced by the grating and/or due to 

incoherent scatterings by defects, scratches or any 

high-spatial frequency modulation in the gain medium 

[69].     

The resonant mode for laser oscillation corresponds 

to the wavelength that satisfies the Bragg condition: 

Bragg effm 2nλ = Λ
 
where Λ  is the grating pitch, eff

n  the 

effective refractive index of the guided mode and m is 

an integer, indicating the diffraction order. The Bragg scattering can be obtained by means 

of a periodic effective refractive index perturbation of the active material through either 

dynamic gain or static thickness modulation. The latter is achievable via common different 

techniques such as electron-beam lithography [131], replica molding [132], room-

temperature imprinting [25] or direct laser interference ablation [63, 133], while in the 

former, periodic gain modulation is obtained through a technique called holographic 

dynamic grating [134]. For this purpose, an interference pattern is created on the sample 

surface without fabrication of any static corrugation pattern in contrary to the previous case.  

Depending on whether the optical feedback is provided in one or several directions within 

the plane of the film, one and two-dimensional DFB configurations are distinguishable 

respectively. In case of one-dimensional (1D) DFB, the lowest lasing threshold can be 

obtained if the grating pitch is designed in such a way to make the device operate under the 

first-order Bragg condition (m=1) since the out-coupling diffraction losses are the lowest in 

this case [135]. However, as 1D-DFB resonators provide optical confinement only in one 

direction perpendicular to the grating axis, the edge-emitted beam divergence in a plane 

normal to the grating grooves and along the grating axis is large [132, 136]. Moreover, an 

efficient extraction of light oscillating within the corrugation pattern is difficult mainly 

because of the highly reflective Bragg reflectors allowing small fraction of light to come out 

laterally as the laser beam. A solution to this problem can be the use of 1D-DFB structures 

functioning under higher order Bragg conditions, e.g. m=2. In this approach, the Bragg 

Figure  3.3 - a) Distributed feedback

(DFB), (b) Distributed Bragg (DBR)

laser structure. 
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condition imposes an emission normal to the corrugation surface resolving the problem 

encountered with the first-order Bragg grating. The strategy of using 1D-DFB operating 

under second-order grating is also attractive from the technical point of view since 

increasing the Bragg order by a factor of m means decreasing the spatial resolution of 

grating by the same factor and thus simplifying the fabrication process (i.e., through surface 

ablation technique). These advantages, however, are generally at the cost of increasing the 

lasing threshold due to a higher level of induced diffraction losses [135]. However, special 

cases also exist as we can see that in a clever approach, Karnutsch et al. [119] reported on a 

1D-DFB structure treating both the lasing threshold and the beam extraction issues in a 

single device. The realized structure was based on mixed-order of first and second-order 

Bragg gratings where the strong in-plane feedback was provided by two first-order regions 

in both sides of a second-order grating for efficient vertical outcoupling. Using this 

technique, a lasing threshold as low as 45 pJ / pulse  (36 
2

nJ.cm
−
) was obtained. Apart from 

this exception, the common technique to have an out of plane emission normal to the 

surface corrugation while maintaining or even lowering the lasing threshold, is the 

employment of two-dimensional 2D-DFB structures. These devices can be either in the 

form of concentric circular grating [137, 138] where the optical feedback is omnidirectional 

within the plane of the film or in the shape of the more complicated, so-called two-

dimensional photonic bandgap crystals [139, 140] with feedback in several directions 

(depending on the lattice type) in the plane of the film. In a particular case of square lattice, 

the feedback is applied in two orthogonal directions in the plane of the film. By exploiting 

these devices, Riechel et al. [88] reported on a 2D-DFB laser where the lasing threshold 

could be reduced by 30% in comparison with 1D device. In another work, Heliotis et al. 

[136] could achieve 20 times lower lasing threshold in 2D-DFB than in 1D-DFB. 

Generally, for polymer-based DFB lasers, reported thresholds are typically in the range of  

1-10 
2

J.cm
−µ  [141].  

Traditionally, diffractive resonators are devices with discrete tunability upon modification 

of the grating period. Interesting examples of this kind are tunability ranges achieved via the 

use of segmented grating [85], that is, several DFB gratings on the same substrate separated 

by a small distance from each other. On this basis, Schneider et al. reported on a largest 

tuning range of 115.3 nm [142]. However, continuous wavelength tuning is also achieved 

via changing the grating pitch in devices with holographic dynamic grating [143], in a wedge-

shape DFB structure [144] and very recently, in an elastically tunable device [145]. In all 

these devices the tunability was extended over few tens of nm.  

Despite the wavelength tunability and all the extensive efforts for improving the lasing 

threshold along with finding an easy way to decouple the light from these structures; the 
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poor-defined spatial beam quality of all devices within this category still has remained a big 

issue. The far-field emission pattern of a 1D-DFB is reported as “fan-shaped” [136, 146] 

and the corresponding far-field pattern of a 2D-square-lattice photonic crystal is forming a 

cross shape following the orthogonal grating groove pattern [88]. The far-field emission of a 

concentric circular grating demonstrates doughnut-like profile which is due to cylindrical 

boundary conditions provided by circular grating [138]. On this issue, Turnbull et al. has 

quantified the quality of the laser beam emitted from a 2D-DFB and has reported a twice 

diffraction-limited beam (
2
M =2.2) [65]. However, this appears to be among the minimum 

reported value for DFB lasers. The beam quality of such devices, despite very rare reports, 

seems to be much greater than this amount.   

In addition, apart from beam quality issue, the diffractive resonators are not very efficient 

devices in terms of the energy slope efficiency. A proving signature of this claim is the very 

few reports characterizing these devices from this aspect. In none of the reports on DFB 

lasers the energy slope efficiency could exceed few percents [65, 116, 132, 136, 147]. 

3.1.1.3 Vertical microcavity 

The problem linked to the poor beam quality of 

diffractive lasers is resolved in the Organic 

Vertical Cavity Surface Emitting Lasers 

(OVCSEL) or the so-called vertical microcavities 

that are another class of devices belonging to the 

family of thin-film based architectures. In such 

structures a layer of an organic material is 

sandwiched between two highly-reflective mirrors 

(Figure 3.4). The first of these devices was 

demonstrated by Tessler et al. [17] in 1996 where 

a 100-nm-thick layer of PPV was sandwiched 

between a Bragg mirror at the bottom and a 60-

nm-thick film of evaporated silver as the top mirror. Since then there have been several 

reports on the successful realization of the organic microcavities and their performance 

optimization [18, 20, 23].  

Organic VCSELs are characterized by their low oscillation threshold combined with almost 

diffraction-limited emission normal to the surface of the structure. The threshold in these 

devices is normally much higher in comparison with DFB devices since the gain medium is 

Figure  3.4 - Vertical microcavity composed of 

a gain medium sandwiched between two Bragg

mirrors. 
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extremely thin and thus a very high gain per unit length is required [141].             

In terms of tunability, in a recent work Schütte et al. [148] has reported on continuously 

tunable laser emission from a wedge-shaped organic microcavity where depending on the 

position of the excitation beam over the varying film thickness a tuning range, extended 

from 595 nm to 650 nm, could be obtained. 

From the efficiency point of view, similarly to diffractive resonators, organic VCSELs are 

not very promising devices and the efficiency values can barely exceed few percents. 

Moreover, the very thin gain medium produces very low output energies. 

3.1.1.4 Other microlasers 

Microlasers including microdisks and microrings are the last 

set of devices within the category of thin-film devices (Figure 

3.5). A microring consists of a thin polymer waveguide casted 

around a cylindrical dielectric or metallic core (silica optical 

fiber or metal wire) by dipping the core into a viscous solution 

of polymer [149]. In a microring cavity the light is confined by 

total internal reflection at the interface between the polymer 

and the surrounding medium. Pumping of these lasers can be 

either transverse or longitudinal through the fiber core. As the 

diameter of the fiber is typically around several micrometers, 

light travels through a long path to make a round trip. As a 

consequence very low thresholds can be achieved in such 

structures (1
2

J.cm
−µ ) [27, 28]. 

Microdisks are realized through photolithographic methods to create disks of organic films 

that are typically few wavelengths thick and tens of mµ wide [150]. As in the case of 

microrings, in microdisks light is trapped within the disk by total internal reflection at the 

disk boundary. Apart from disk-shape microlasers, several other geometries (square, 

pentagon, stadium….) are also reported [151, 152] which provide a good tool to study some 

fundamental aspects such as chaotic lasing.   

The microspheres are another type of resonators within the family of microlasers that 

cannot be really included or seen as of thin-film devices. They are fabricated from 

microdisks by melting down and resolidification of the organic semiconductors in the form 

of three dimensional droplets on a lyophobic surface [29]. 

All these devices are characterized by their low lasing threshold however for practical 

Figure  3.5 - (a) Microring (b) 

Microsphere (c) Microdisk 
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applications their usefulness is limited mainly because of the omnidirectional emission. 

The lasing modes are numerous indicating an overall low quality factor. In addition, the 

output power is radially distributed along the emission direction leading to an unpractical 

device. 

3.1.2 External-cavity resonators 

Back to the major classification performed in the beginning of this discussion concerning 

the organic solid-state laser architectures, the second group was the external-cavity-based 

devices where an organic gain medium is inserted inside a few-mm/cm-long cavity leading 

to macroscopic-size resonator. These devices are appealing as they provide very efficient 

output energy extraction possibility due to an optimum overlap between the pump beam 

and the cavity mode. In addition, they have excellent spatial beam quality and have the 

potential of being tunable power-scalable devices.  

In this respect, in 1993 Hermes et al. [30] reported on a pulsed, organic external resonator 

device with a slope efficiency as high as 85% and an output energy of 128 mJ . A lasing 

threshold of 
-2

12 mJ.cm∼ is deducible from the input-output characteristic curve. In that 

experiment, the gain medium was a bulk plastic (hydroxypropyl acrylate/methyl 

methacrylate) cylindrical rod doped with Pyrromethene 570, placed inside a cavity with flat 

dichroic mirrors separated by 7.2 cm and end-pumped with a frequency-doubled Nd: YAG 

laser. Despite that excellent slope efficiency, the output beam was highly divergent as the 

authors measured a beam quality ( 2
M ) value of 100. They attributed this high beam 

divergence to the use of flat/flat oscillator combined with the effect of a 2 m positive focal 

length lensing in the rod itself. Following that success on the high laser efficiency, it was in 

1997 that Faloss et al. [31] reported on a 10-cm-long plano-concave resonator enclosing a 

Pyrromethene-doped cylindrical rod of solid gel (Xerogel) obtained within a process called, 

sol-gel technique. This technique involves phase transformation of a “sol” obtained from 

metallic alkoxides or organometallic precursors. The sol, which is a solution containing 

particles (in our discussion is an organic laser dye, however, this method is not limited to 

organic materials) in suspension, is polymerized at low temperature to form a wet gel. This 

one will be densified through a thermal annealing to give an inorganic product like a glass 

or a dry gel. Using the gain medium obtained in this way incorporated in the above-

mentioned architecture, Faloss et al. could achieve a nearly diffraction-limited emission 

( 2
M ∼ 1.2) with a slope efficiency value of 86%. In addition the authors could tune the 

emission wavelength of their device by introducing a prism inside the cavity leading to a 
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tuning range extended over tens of nm. The laser was highly photostable and showed an 

excellent lifetime over hundreds of thousands of pulses when excited at 20 Hz repetition 

rate with pump energy of 1mJ  per pulse. The lifetime could further be improved to 

millions of pulses in oxygen-free Pyrromethene-doped samples.  

Given all the above-mentioned advantages for 

such devices in terms of beam quality, efficiency 

and photostability, the recent work of Garcia-

Moreno et al. [153] has triggered development of 

an organic solid-state laser prototype based on 

new organic materials incorporated into an 

external cavity (Figure 3.6) which can be 

considered as one of the first examples in its own 

type.  

All of the above-mentioned lasers are based on 

bulk organic gain blocks. One thing that we have 

not spoken so far about these kinds of lasers is the complicated multi-stage gain medium 

preparation process that sometimes can take even up to few weeks. For example one of the 

methods for this purpose is the free-radical bulk polymerization technique used also in ref. 

[153]. In this technique the dye material and a free radical initiator are added to a 

monomer and the resulting mixture is agitated in an ultrasonic bath until complete 

dissolution of the dye is achieved. Then the resulting solution is filtered into appropriate 

cylindrical mold having an appropriate pore size filter. At this point the polymerization 

process starts upon careful increase of the temperature in discrete steps during several days. 

Then the temperature that is risen to several tens of degrees has to be reduced slowly to the 

room temperature during several days where at that time the sample is ready to be 

unmolded. The sample is not still ready to be used until it is cut parallel to the axis of the 

cylinder and the surface ends are delicately polished to optical-grade quality. Some other 

methods reported in the literature are sol-gel [15], hot-press molding technique [154] and 

use of epoxy matrices [155] that are also complex in their own kind. Perhaps, this has been 

one of the reasons that made people think of realizing an “external-cavity” laser keeping all 

the advantages associated with this class of devices but the long, laborious sample 

fabrication process was alleviated to a great extent. On this regard, one example is the nice 

work reported by Bornemaan et al. on a continuous-wave solid-state dye laser [79] (Figure 

3.7). Their setup was organized in shape of a folded cavity comprising of two concave 

mirrors and an output coupler together with a 50 to 100-µm-thick film of Rhodamine 6G-

Figure  3.6 - Image of the organic solid-state 

laser prototype based on an external cavity 

developed by the Spanish company 

MONOCROM S.L. [153].  
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doped polymer sandwiched between two 

commercial DVD substrates as the gain 

medium and a birefringent filter for 

wavelength tuning. The gain medium was 

obtained through drop casting of a dye-

doped photoresist solution and then curing 

the photopolymer by UV radiation. The 

disk-shape gain medium was mounted on a 

combined rotating/shifting translation stage 

at the Brewster angle and pumped 

longitudinally with a vertically-polarized laser diode. The continuous-wave operation was 

achieved thanks to the disc rotation since exciting the organic dyes in continuous regime 

fills the long-lived triplet state that is detrimental to laser operation and eventually 

extinguishes the laser emission. Shifting the sample was due to irreversible 

photodegradation where in this way fresh regions could be exposed at each time. Using this 

technique, they could achieve a low slope efficiency of 2% and a laser emission that could 

last for 30 minutes but with strong fluctuations (∼ 300%) attributed to mechanical 

imperfections and spatial inhomogeneities in the gain layer thickness. The wavelength 

tuning range was extended over 40 nm. The strategy adopted in this work to achieve 

continuous operation and avoid fast photodegration (mimicking the dye jet flow behavior 

in liquid dye lasers) can be somehow considered as a milestone in the family of organic 

solid-state lasers but regarding the low slope efficiency of this device, it still keeps a distance 

from the objectives described in the beginning of this discussion.   

A thin-film-based external-cavity device with really simple prepared gain medium can be 

observed in the report of Zavelani-Rossi et al. [90]. In this work, a plano-concave resonator, 

containing a 500-nm-thick neat film of electroluminescent oligothiophenes, deposited 

directly onto the high reflector via the fast and simple spin coating technique, was 

examined. The whole structure was end-pumped with 150-fs-long pulses from the second 

harmonic of Ti: sapphire laser. Using this configuration, they reported on a nearly 

diffraction-limited beam with small efficiency value of 1.7% and a tunability range that was 

achieved over 30 nm by varying the resonator length that could be increased up to ~ 6 mµ . 

No lasing was observed for cavity lengths exceeding 6 mµ . This short cavity length limit 

can be due to the low available gain of the material and the pump length duration which 

govern the laser pulse buildup time in relation with the cavity length as will be fully 

described during this chapter. Considering the very modest efficiency value together with 

the short cavity length obtained in their work, the setup resembles a microcavity device. 

Figure  3.7 - Thin-film solid-state laser based on a 

rotating disk gain medium sandwiched between two 

DVD substrates [79].  
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Before this work in 1998, Schülzgen et al. [156] reported on a similar structure based on a 

conjugated polymer where the cavity length was also limited to 9 mµ . At the end in a 

reasonable analogy the authors compared and challenged their work with the “microcavity” 

reported by Tessler et al. [17]. 

Following the aforementioned efforts, our present work is a step in the direction of 

combining the advantages of bulk organic lasers (output power, beam quality, slope 

efficiency, potential tunability) together with the advantages that can be obtained from thin 

film devices (fabrication simplicity, low cost).   

Our idea is to approach the inorganic VECSEL
11

 geometry but made of an organic-based 

gain medium with a macroscopic cavity length together with an increased efficiency in 

comparison to organic VCSELs. Whatever comes in the following of this context is the 

effort made in this way. 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
11

 VECSEL=Vertical External Cavity Surface Emitting Laser 
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3.2 The VECSOL concept 

The acronym “VECSOL” stands for Vertical External Cavity Surface-emitting Organic 

Laser. The idea is based on a geometry that resembles the inorganic VECSEL (Vertical 

External Cavity Surface Emitting Laser)[157] architecture. It consists of a dielectric plane 

mirror onto which an organic thin film, playing the role of the gain medium, is deposited 

via a simple deposition technique (i.e. spin coating) and a remote meniscus (concave) 

mirror closes the cavity. The whole setup is end-pumped with a spot size that matches the 

cavity mode which allows an efficient extraction of the pump energy along with a circular 

00TEM  emission as they are the characteristic features of the VECSEL configuration. A 

schematic representation of such laser geometry is sketched in Figure 3.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  3.8 - Schematic representation of the VECSEL concept 
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3.2.1 Approximate initial design 

As the first step toward realization of the VECSOL, the analytical assessments in terms of 

required gain and pump power to make such laser architecture operational were carried 

out. Whatever comes in the following are the approximate estimations that are done for 

this matter by having an overview on the gain measurement results in the previous chapter.    

To implement the idea of the VECSOL, the well-known “Rhodamine 640” laser dye (see 

appendix 1) was chosen to be used as the gain material. This material has shown good 

optical stability [14] and because of its emission wavelength at 650 nm which is very close to 

the second low-loss window of typical plastic optical fiber (POF) materials, it has been 

widely characterized due to potential applications that it may find in data 

telecommunications devices [106, 158]. These extensive studies may facilitate the access to 

the photophysical parameters of this material (absorption/emission cross sections, radiative 

lifetime, etc.) studied elsewhere, which is not the case for all the laser dyes.  

As many other organic dyes, Rhodamine 640 is suffering from concentration quenching 

phenomenon. Therefore it must be dispersed in an inert matrix (i.e. PMMA) with a small 

doping rate. By searching through the commercially-available PMMA solutions, it was 

found out that uniform film thicknesses of up to a maximum of 20 mµ  were feasible via 

spin coating technique. In order to have a useful pump absorption coefficient of ~ 80% 

over this thickness (for a first try, an excess amount of absorption is not desirable as passive 

losses due to defects, scattering etc. may cause a fraction of the gain medium at the rear 

side of the film to be uninverted) a satisfactory doping rate of 1wt% in PMMA would be 

adequate. Therefore, with a film of Rhodamine 640-doped PMMA, the minimum gain 

required to reach lasing threshold in the VECSOL configuration is calculated from the 

following equality: 

 

 
2g

1 2R R e 1=ℓ
 (3.19) 

 

This equation expresses the steady-state laser threshold condition which is achievable when 

the gain becomes equal to the losses after a round-trip inside the cavity. Here, 1R
 
and 2R  

are the mirror reflectivities and g  and ℓ  stand for the linear gain and the thickness of the 

medium, respectively. This expression is valid under the assumption of a constant g over 

the film thickness. However, the intensity of the pump beam as it propagates into the gain 

medium decays exponentially so as the gain of the material. The emission intensity 

variation dI , in a slice of dz  within the gain medium would be: 
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  (3.20) 

    

where I  is the emission intensity, 
−1

0
g (cm )  is the gain at position z 0= , 

−3
N(cm )

represents the density of dopants (dye molecules) and finally σ
2

abs
(cm ) 	stands for the 

absorption cross section. If we consider 0I  and 
ℓ
I   are the emission intensities at positions 

z 0=  and = ℓz  respectively, then integration of the above equation over the film thickness 

ℓ  gives: 

 

  (3.21) 

  

 

For sake of simplicity, hereafter in this context the term absN

abs
(1 e ) ( N)

−σ− σℓ
 is called the 

effective length ( ℓ
eff
) and it represents the equivalent length over which the gain is assumed 

to remain constant (Figure 3.9). 

 

 

 

 

 

 

 

 

 

 

 

 

In the case of 20-µm-thick film of PMMA doped with 1wt% of Rhodamine 640, N and 

σ
abs
 are ~ × 19

1.22 10
−3

cm  and ~ −× 16
0.7 10

2
cm , respectively (see appendices 1 and 4). 

Therefore, ℓ
eff

 is estimated to be ~ 10 mµ  . 

Back to the steady-state threshold condition equation, considering that high reflectivity 

dielectric mirrors up to ~ 99.5% are achievable by simple techniques and reasonable 

prices, the minimum gain required to reach the lasing threshold would be approximated ~ 

5 −1
cm .  

Now the question that might arise is, what would be the necessary pump fluence to have a 

gain of ~ 5 −1
cm  and achieve the lasing threshold in the VECSOL geometry? To have a 

abs
Nz

0

dI
g e dz

I

−σ=

−σ= −
σ

ℓℓ abs
N0

0 abs

I g
Ln (1 e )

I N

Figure  3.9 - (Left) exponential gain profile evolution over a physical film thickness, ℓ , (Right) constant 

equivalent gain profile over the distanceℓ
eff

.   
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rough estimation to the answer of this question, we have referred back to the VSL 

measurements exposed in the previous chapter. However, it has to be mentioned that here 

we are using Rhodamine 640 laser dye which is different from DCM dye used in VSL 

measurement, but at least we can have an approximation of the necessary order of 

magnitudes for different parameters to make the VECSOL operational.  

In the VSL configuration, the modal gain value of 40 1
cm

−  was measured in DCM-doped 

PMMA film of ~ 620-nm-thick for an incident pump fluence of ~ 0.4 2
mJ.cm

−
. 

Considering 13% of the pump absorption over the film thickness, this pump fluence 

corresponds to an absorbed pump energy density of 0.8
3

J.cm
−
, averaged over the pumped 

volume. One may consider that for small pump intensities, the gain value (g) is a quantity 

proportional to the absorbed pump energy density (g absorbed energy density)∝ . This 

statement can be written as the following: 

 

  (3.22) 

 

where k is a constant, 
abs.

η is the absorption coefficient, 
inc.

E  is the incident energy and V is 

the volume. The k value can be easily calculated from the above-mentioned values in VSL 

geometry. This gives k=0.046 (
2

cm / mJ ).  

In the VECSOL geometry, we assume that the pump beam is focused onto a spot size 

diameter of around 100 mµ . With this consideration, we use the above-obtained k 

constant to find the minimum required incident energy in the VECSOL geometry to have 

a gain of 5 1
cm

− , necessary to reach the lasing threshold in a film with 
eff

10 m= µℓ  that 

absorbs 80% of the pump beam. Using (3.22) gives a required incident energy of around 

10 nJ (corresponds to an absorbed energy density of 0.12 
3

J.cm
−
, averaged over the 

pumped volume). This amount of energy is easily achievable with the pump source at 

disposal (PowerChip, Teem photonics), given the maximum available output energy of 

around 16 Jµ  from this source.  

In terms of degradation, as we saw in VSL measurement, for an absorbed pump energy 

density of 
-3

0.8 J.cm , the laser intensity dropped to 80% of its initial value after about 

60000 pulses. Therefore, we do not have to be much worried with an absorbed energy 

density of 0.12 
3

J.cm
−
, calculated in above. 

Now, after settling with the pump source, we are interested in the cavity design. For this 

purpose, we will calculate how much should be the necessary output coupler reflectivity, 

given the above-estimated parameters. This can be easily verified by writing the oscillation 

condition above threshold: 

 

inc.

abs.

E
g k

V
≈ η
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  (3.23) 

 

Thus, with 1R = 99.5%, g = 5 −1
cm  and ℓ

eff
= 10 µm , 2R  must be superior to ~ 99.5%. 

However, considering that there is factor of ∼ 8 in the above-calculated absorbed pump 

energy densities (0.8 
3

J.cm
−
against 0.12 

3
J.cm

−
in VSL and VECSOL geometry, 

respectively) and the low degradation rate in VSL measurement for 0.8 
3

J.cm
−
, one may 

conclude that the pump energy can be further increased in the VECSOL geometry to have 

higher gain value and thus, less mirror reflectivity. With this assumption, as the first try we 

used an available output coupler with 98% reflectivity. 

The required curvature radius can be easily calculated from the following relation giving 

the Gaussian beam size at different positions along the propagation direction [159]: 

 

   

  (3.24) 

 

 

where, R(z) is the beam curvature radius, 
0

ω  is the beam waist (in a plano-concave 

resonator the beam waist is on the plane mirror), z  represents the distance from the waist 

and finally λ  is the wavelength. As the propagating mode curvature inside a cavity should 

be matched with the mirror curvature, then for a supposed cavity length of 10 mm, a waist 

diameter of 100 mµ  and a wavelength of ∼ 650 nm within the Rhodamine 640 

fluorescence emission spectrum, the required mirror curvature radius that can match the 

cavity mode is calculated to be ∼ 200 mm.   

In conclusion, based on the above estimations, as the first try we chose an output coupler 

having reflectivity of 98% and 200 mm radius of curvature with precise specifications 

described in the following section.    
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3.2.2 VECSOL experimental arrangements and emission 

characterization tools 

3.2.2.1 Experimental setup 

To realize the so-called VECSOL, the cavity dielectric mirrors were purchased with 

specifications upon our request. To be able to pump the structure from both sides and 

mainly because it might be needed to resort a multipass geometry for the pump, the plane 

mirror and the output coupler were designed in such a way to be transparent at the pump 

wavelength (T > 90% at 532 nm). The former had a reflectivity more than 99.5% (R > 

99.5%) in the range between 600 - 660 nm overlapping the central part of Rhodamine 640 

emission spectrum whereas the latter had 98% reflectivity in the range between 600 - 680 

nm and a curvature radius of 200 mm. As mentioned earlier, this was an appropriate 

theoretically-assessed output coupler that the experiment could start with. However, several 

other output couplers with different reflectivities (80% - 90% - 95% - 98% - 99% - 99.5%) 

varying around the roughly estimated reflectivity(R > 93%) and with various curvature radii 

(50 – 100 - 200 mm) were also purchased from different suppliers (Altechna, CVI, RMI). 

To build the laser cavity, the standards mirror mounts were used to hold the cavity mirrors 

parallel to each other. The mirror mounts were positioned on the xyz translation stages 

making possible lateral as well as longitudinal movement along the cavity axis. The 

resonator alignment was performed by means of a He-Ne laser. To avoid the path 

coincidence between the VECSOL emission and the pump beam, the optical axis of the 

cavity was inclined by few degrees in the xy plane (parallel to the optical table). 

The VECSOL resonator was end-pumped using a flash-pumped Nd: YAG laser (SAGA 

230, B.M.I., Thomson CSF) generating pulses at 532 nm and 10 Hz repetition rate with 

pulse duration of t∆ ≃ 7 ns. Furthermore, comparative studies are done when pumped 

with pulses of ~ 1 order of magnitude shorter in duration. For this purpose, the second 

harmonic of the Q-switched 
4

Nd : YVO  laser source (PowerChip, TEEM Photonics) 

generating train of pulses at 10Hz repetition rate, 1064 nm and pulse duration of t∆ < 0.5 

ns was used. The second harmonic was generated through single-pass in a 5-mm-thick 

lithium triborate crystal. This source was the same as the pump source employed for series 

of measurements presented in chapter 2.  



86 

 

3.2.2.2 Sample preparation procedure 

The VECSOL gain medium was a film based on 1 wt% of Rhodamine 640 (Exciton Inc.) 

in PMMA. For this purpose, a PMMA-anisole solution with molar weight of 950000 

corresponding to 15 wt% of PMMA powder in anisole was purchased from MicroChem 

Corporation. This product which is known with the commercial name of PMMA A15, 

assures uniform film thicknesses in the range between ~ 4 to 20 µm due to its high degree 

of viscosity. It was observed that this pre-dissolved PMMA solution gave much better 

results (in terms of film homogeneity and optical transparency) than a home-made solution 

of PMMA powder in anisole (may be due to low molar weight in the ready-to-use solution). 

Rhodamine 640 is a perchlorate salt and is not easily soluble in PMMA/anisole solution 

since anisole is a weak polar solvent. Thus, it was first dissolved in few droplets of 

Methanol and then this mixture was added to PMMA/anisole solution. Again like the case 

of DCM dye, a homogeneous blend was obtained after 2 hours of alternating sonication 

and hot-plate magnetic stirring using stir bars. The solid gain medium was obtained through 

spin casting a film of Rhodamine 640-doped PMMA solution directly onto the plane 

mirror. The spun cast film then transferred to the oven for about 1 hour at 50°C to 

evaporate the solvent and solidify the film. The spin coating machine was programmed in 

such a way to obtain a uniform film that can have a satisfactory pump absorption in single-

pass geometry. Therefore, according to the PMMA spin speed curve (see appendix 3) and 

the trial and error method, a 18-µm-thick homogeneous film (measured by Alpha-Step IQ 

surface profiler, KLA-Tencor Corp.) was obtained that could absorb ~ 80% of the pump 

beam at 532 nm (verified by UV-Visible spectrophotometer Varian - Cary 100 series). In 

both cases, the laser beam was focused onto the PMMA-Rhodamine 640 film with a spot 

size diameter of ~ 140  µm. 

3.2.2.3 Excitation / emission characterizing tools 

The VECSOL emission spectrum was detected by an optical fiber-coupled spectrometer 

(SPEX 270-M with two gratings of 150 and 1200 lines/mm, corresponding to the 

resolutions of 8 and 1 nm respectively (verified by a beam of He-Ne laser) followed by an 

Andor technologies DH720 charge coupled device camera). 

The spatial profile size measurement of the pump and the emitted beam were carried out 

by means of a Spiricon (LBA-FW) camera.   
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The pump power/energy measurement was carried out by the following detectors: 

 

PM3Q (Coherent Inc.): amplified thermopile, detecting powers in the range of 0.5 µW – 

2 W with a resolution of 50 µW within the wavelength range of 0.3 – 3 mµ .   

J3-09 (Coherent Inc.): pyroelectric energy detector, measuring pulsed energies from 0.4 Jµ  

to 2 mJ within the spectral range of 0.15– 12 mµ . 

 

J8LP-4 (Coherent Inc.): pyroelectric energy detector, measuring pulsed energies from 2 Jµ  

to 20 mJ within the spectral range of 0.15– 12 mµ . 

    

The VECSOL output energy was detected through a Labview-controlled silicon energy 

probe (DSJ-10 with delta-DPM, Spectrum Detector Inc.) measuring pulsed energies from 

100 pJ  to 1 Jµ within the spectral range of 0.19 – 1.1 mµ . For energy values exceeding 1 

Jµ , the above-listed J3-09 energy detector was used.  

 

The VECSOL emission degradation studies (and related phenomena) were carried out 

with a Silicon photodiode (Thorlabs, PDA100A, 400-1100 nm) linked to a LabView 

acquisition card controlled by a home-made acquisition program, developed during this 

Ph.D. thesis. 
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3.3 VECSOL emission characterization and 

lasing performance  

After all the analytical estimations and the experimental arrangements, realization of a 

solid-state external cavity laser based on an organic thin film became a reality and fulfilled 

our expectations. In the following, the performance of the realized VECSOL geometry are 

presented and discussed.  

3.3.1 Efficiency curve 

Figure 3.10 is showing the input-output characteristic curve of the VECSOL cavity with an 

output coupler of 98% reflectivity and 200 mm curvature radius when pumped with 7-ns-

long pulses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For a cavity length of ~ 4 mm, a clear lasing threshold at ~ 1.8 µJ  (corresponding to 11.7 
2

mJ / cm absorbed pump fluence) followed by a linear increase as a function of the 

excitation fluence was obtained. At this experimental condition, an output energy as high as 

6.1 µJ  was measured. In order to assess this value, in an optically pumped laser the criteria 

that quantifies the laser performance in terms of the efficiency is called the optical-optical 
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Figure  3.10 - VECSOL output energy vs. absorbed pump fluence for a 4-mm-long cavity 

under 7-ns-long pulse excitation regime. The dashed line is a linear fit to the experimental 

data.  
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conversion efficiency and is defined as the ratio between the highest output energy value to 

the corresponding incident or absorbed pump energy. Similarly, measuring the slope of the 

laser input-output characteristic curve defines another term known as the laser slope 

efficiency. On this basis, an optical-optical efficiency as high as 43% and a slope efficiency 

of 52% (based on absorbed pump energy) are deducible from the input-output 

characteristic curve. Comparing this slope efficiency with the highest reported slope 

efficiency for a thin-film-based device, realized by Kozlov et al. (∼ 35%) [84], manifests an 

efficiency record obtained from the VECSOL geometry. It should be noted that this 

efficiency value was achieved for the cavity parameters chosen based on very approximate 

initial estimations. As will be seen later on in section 3.4.3, the conversion efficiency could 

be optimized to 57% by playing on the cavity length and the mirror reflectivity. 

For sake of comparison, the cavity was excited with 0.5-ns-long pulses (Figure 3.11). For a 

cavity length of 4 mm as the previous case, the input-output characteristic curve exhibited a 

clear lasing threshold at 0.95 µJ (corresponding to 6.2 
2

mJ / cm absorbed pump fluence). 

In this case, the maximum output energy was limited to 0.7 µJ for an absorbed pump 

fluence of 75 
2

mJ / cm . In terms of lasing and slope efficiencies, the values of 6.3% and 7% 

(based on absorbed pump energy) are deducible respectively from the input-output 

characteristic curve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

What is evident from the above input-output characteristic curves is that in both cases the 

VECSOL lasing thresholds are not differing very much from each other in terms of energy. 
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Figure  3.11 - VECSOL output energy vs. absorbed pump fluence for a 4-mm-long cavity

under 0.5-ns-long pulse excitation regime. The dashed line is a linear fit to the experimental

data.  
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The very baffling point in comparison of both graphs is the very distinct efficiency values 

obtained for the same pump fluences and cavity lengths in both experiments. Considering 

the same experimental conditions for both measurements, the difference in efficiency 

values manifests a clear dependence of the laser efficiency to the pump pulse duration.    

Apart from the effect of the pump pulse duration on the output energy level and the 

conversion efficiency, another factor playing a key role in this story is the output coupler 

reflectivity. One might expect an increase in the output energy by decreasing the mirror 

reflectivity. However, this fact can be true to some extent but it also leads to a shortened 

intracavity photon lifetime and thus less amplification. Therefore, there is a compromise 

between the intracavity photon lifetime and the conversion efficiency that must be 

respected while choosing the output coupler in order to obtain the optimum efficiency. In 

this regard, the input-output characteristic curves of a 10-mm-long VECSOL when excited 

by 7-ns-long pulses are compared together for four different output couplers having 

reflectivities of 80%, 90%, 95% and 98% (Figure 3.12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the above graph, the optimum coupling is achieved for an output coupler with 

95% reflectivity as the highest energy level is achieved in this case within the set of the used 

couplers. 

Other important information that can be deduced from the above graph is the decrease 

seen in the output energy level when the cavity length is increased. This can be simply 

verified by comparing the lowest curve within the set of characteristic curves for a 10-mm-
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Figure  3.12 - VECSOL output energy vs. absorbed pump fluence under 7-ns-long pulse

excitation regime for output coupler with different reflectivities. The cavity length is 10 mm. 
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long cavity (Figure 3.12) and the input-output characteristic curve obtained earlier for a 4-

mm-long cavity (Figure 3.10). For a given absorbed pump fluence, the latter had a twice 

higher energy per pulse in comparison to the 10-mm-long cavity structure.   

The complete and deep understanding of all these issues such as the efficiency dependence 

on pump pulse duration, cavity length and the output coupler reflectivity is preserved for a 

later time in this context (section 3.4) after presentation of some theory followed by the 

relevant modeling governing the VECSOL behavior in each case. For the moment we 

continue our discussion by some other emission characterizations that are described in the 

following. 

3.3.2 Emission spectrum  

Typical VECSOL emission spectrum for a 4-mm-long cavity together with the Rhodamine 

640 fluorescence emission spectrum are shown in Figure 3.13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As it is seen, several evenly-spaced peaks are residing within the Rhodamine 640-doped 

PMMA emission spectrum. These emission peaks are related to the peaks of a Fabry-Perot 

Figure  3.13 - Typical emission spectrum of a 4-mm-long VECSOL cavity when excited by 7-ns-long pulses. 

The dotted line is the Rhodamine 640 fluorescence emission spectrum in solid film configuration. 
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etalon
12

 formed by the ∼  18-µm-thick gain medium. In a Fabry-Perot etalon the free 

spectral range (FSR) between two successive peaks is given by the following equation:   

  

 

  (3.25) 

 

 

where 
p

λ  and p 1+λ  are the 
th

(p)  and 
th

(p 1)+  emission modes, respectively, n is the 

refractive index of the medium, ℓ  stands for the film thickness and λ  is the wavelength. 

The film thickness was determined by Alpha-Step IQ surface profiler (KLA-Tencor Corp.) 

on a coated silica substrate (round shape with standard size of mirror) prepared under the 

same experimental condition as the VECSOL sample had been prepared (PMMA solution 

of the same viscosity, doping rate and with the same spin speed). This sample was then 

inserted inside the spectrophotometer (Varian - Cary 100 series) and its transmission curve 

was monitored as a function of spectroscopic wavenumber (1 λ ). As for long wavelengths 

the sample becomes transparent, the ~ 18-µm-thick film forms a Fabry-Perot etalon for the 

incident wavelengths leading to a sinusoidally-modulated transmission curve. This curve 

was fitted by a sinusoidal function with index and wavenumber dependant phase parameter 

which then determines the optical length ( nℓ  where n is the refractive index and ℓ  is the 

film thickness) of the doped PMMA film in a rather precise manner from which the 

refractive index of the doped film could be extracted after measuring the film thickness via 

profilometer (see appendix 2 for result of the fit).  

On this basis, the refractive index was measured to be around n=1.52. This gives a FSR of 

~ 7.8 nm at the VECSOL emission wavelength and the sample film thickness which 

perfectly corresponds to peak intervals in the obtained VECSOL emission spectrum.       

Now, the question is, if the observed emission peaks are defined by the Fabry-Perot etalon 

then what will be the role of the external cavity? To answer this question, if we calculate the 

FSR corresponding to the longitudinal mode spacing in a mm-thick Fabry-Perot etalon 

made of air ( n 1= ), it will be a fraction of a nm. This will lead us to the conclusion that in 

fact each of the above-mentioned peaks is containing the external cavity longitudinal modes 

which are not resolved with the resolution of the spectrometer (~ 1 nm) at disposal. In fact, 

we consider that the VECSOL emission spectrum is a consequence of two coupled cavities 

in which the emission from the external cavity is filtered through the 18-µm-thick Fabry-

Perot etalon formed by the gain medium.    

                                                 
12

 The term « etalon » refers to a pair of flat parallel reflective surfaces at fixed spacing. 

p p 1

p 1 p
FSR

2n

+
+

λ λ
= λ − λ =

ℓ
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According to the FSR equation, if the film thickness is reduced in such a way to have only 

one mode of the Fabry-Perot etalon under the gain spectral region of the Rhodamine 640, 

then we should observe single-peak laser emission from the VECSOL structure.  

As expected, the number of peaks decreased gradually as the FSR ( ∆λ ) increased until a 

single peak obtained for a film thickness of ∼ 2.3 mµ  (Figure 3.14). The observed single 

peak still contained the external cavity modes inside of it. This film thickness was achieved 

through a mixed solution based on PMMA A15 and PMMA A6 (lower-viscosity 

PMMA/anisole solution, see appendix 3 for more detail on this PMMA type and the 

corresponding spin speed curve) with equal weight ratios (50% - 50%) to fill the thickness 

gap (~ 1-4 mµ ) that couldn’t be obtained merely with each of these PMMA types. The set 

of graphs in the following figure are showing the decrease in peaks number by reducing the 

film thickness toward appearance of a single peak. 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

One can notice in the above figure that film thickness reduction has led to a reduced 

number but broadened emission peaks. This is explained by the fact that film thickness 

reduction results in a reduced available gain and thus less spectral narrowing through the 

material gain.   
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Figure  3.14 - Different emission spectra corresponding to Rhodamine 640-doped-PMMA samples of

various thicknesses. Single-peak emission was achieved in a sample with thickness of ~ 2.3 µm (bottom

right). 
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3.3.3 Wavelength selection via film thickness variation 

Interestingly, we noticed that the VECSOL emission spectrum could be shifted upon 

moving the pump spot onto the gain medium. This spectral modification turned out to be 

due to thickness variations, as they were especially strong at the sample edges. This fact led 

to one of the most interesting features of the VECSOL emission, that is, the wavelength 

tuning possibility. The intrinsic characteristic of films realized through spin coating is a flat 

zone in the middle and then a gradual increase as it goes toward the edge due to the high 

viscosity. This fact was verified experimentally by measuring the deposited film thickness 

with a surface profiler from the center to the edge on a PMMA-coated silica substrate with 

a standard size, as in a plane mirror (diameter = 25.4mm) (Figure 3.15).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For the purpose of wavelength tuning demonstration, a 2.3-µm-thick sample was prepared 

to operate in single-peak regime. When the coated plane mirror moved transversely to the 

pump beam, as it approached to the edge, the continuous film thickness variation led to a 

tuning range of around ∆λ=40 nm (from 615 nm to 655 nm), limited by the gain spectrum 

and the mirror reflectivities (see appendix 5) (Figure 3.16).  

Several methods (dip-coating, changing the spin coating parameters such as time, ramp, 

spin speed etc.) were examined in order to realize determined film thicknesses with the 
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Figure  3.15 - Thickness scan profile of PMMA-coated silica substrate from the center to the edge. The inset 

is the schematic representation of the film thickness variation by going toward the sample edge.    
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possibility of eventual controlled tunability. This study was carried out during a Master 

degree internship by Manal Yewakim whom I would like to acknowledge here.  

Unfortunately, none of the methods resulted in a clear way to achieve the goal of 

controlled wavelength tuning.   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.4 Laser beam quality (M²) 

One of the important aspects of the external-resonator lasers is the high beam quality that 

can be achieved from such devices. This made us interested to quantify this parameter in 

the case of the VECSOL emission.  

The quality of the beam is the measure of its focusability and is determined by a parameter 

called 
2
M factor. Consider a Gaussian beam propagating along the z direction being 

focused onto a spot size diameter of 
0

2ω  at the position 
0

z z= . As this beam propagates 

along the z axis, the width of the intensity profile will be symmetrically increased from 
0

2ω  

at 
0

z z=  with an axis of symmetry being defined at this position. This position defines the 

beam waist at which the phase front is planar. The spot size at distance z from the beam 

waist expands as a hyperbola which has the following form [159] 

 

 

  (3.26) 
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Figure  3.16 - Emission spectrum of a 2.35-µm-thick sample in a 6-mm-long cavity when

translated normal to the pump beam from the centre to the edge.     
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where ω
0 

 is the beam waist radius at position 0z z= , λ  is the beam wavelength. For a 

non-perfect (non-
00

TEM ) beam, the divergence will be higher than the divergence 

governed by diffraction for a given waist radius 
0

ω . The ratio between the actual divergence 

and the diffraction-limited divergence is referred to as 
2
M  factor which intervenes in the 

above formula and gives:   

 

 

  (3.27) 

 

This relation defines how close to “perfect-Gaussian” a laser beam is. A diffraction-limited 

beam has a perfect Gaussian profile with 
2

M 1= , while any distortion in the shape leads to 

higher 
2M  values. 

In the following, in order to determine this parameter for the VECSOL emission, the 

output beam was focused onto a beam profile analyzer (Spiricon, 1600 by 1200 pixels with 

4.4 mµ  by 4.4 mµ  size of each) via a converging lens. The CCD analyzer was mounted on 

a translation stage easily moving on an optical rail along the laser emission direction. The 

output beam radius was measured at different positions on both sides of the created waist 

and fitted through the given relation in (3.27). 

As a result, the beam quality measurement experiment led to a perfect diffraction-limited 

00TEM  emission with 
2

M 1.01= (Figure 3.17). The measurement was carried out for a 

cavity length of ∼ 4 mm. 
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Figure  3.17 - VECSOL emission beam size evolution at both sides of a created beam waist.

The dotted line is a fit to the experimental data. 
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00
TEM  operation was observed when the size of the pump beam was less than equal the 

cavity mode size ( p 0
ω ≤ ω ). It is easy to obtain highly multimode operation with larger 

pump spots and higher energies as well. 

A typical image of the output 00TEM  beam intensity profile is depicted in Figure 3.18. 

Other Hermite-Gaussian modes ( nmTEM , where “n” and “m” are the number of nodes in 

the horizontal and vertical directions respectively) were easily attained by fine misalignment 

of the laser cavity through the adjustment screws of the mirror mounts.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  3.18 - (left) TEM00 beam profile of the VECSOL emission. (right) Hermit-Gaussian

modes obtained upon fine misalignment of the VECSOL cavity.   
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3.3.5 Power scaling  

Power scaling is one of the most attractive features of inorganic VECSELs [160], and it is 

also a major advantage of the VECSOL configuration over other organic laser 

architectures. The concept means the possibility to increase the output power at constant 

pump fluence. In context of organic lasers, it will be very interesting to achieve this goal 

without decreasing the laser emission lifetime which is of particular importance, where 

long-lived devices are highly desirable. As an example, we demonstrated in the following 

that the output energy can be doubled when the VECSOL is pumped by a twice higher 

incident energy while the incident pump fluence and consequently the degradation rate 

were maintained constant. For this purpose, we started the experiment with an output 

coupler of 98% reflectivity with 50 mm radius of curvature.  

In a half-symmetric resonator in which one mirror is planar, and the other spherical, the 

00TEM  fundamental mode spot size radius ω  at the plane-mirror end of the cavity is given 

by [159]:  

 

  (3.28) 

 

where L is the resonator length, λ  the oscillating wavelength and g is a parameter defined 

as the following: 

 

  (3.29) 

 

where R denotes the mirror curvature radius. This gives ω= 58 µm  for R = 50 mm and a 

cavity length of L = 6 mm, the condition at which the experiment is carried out. Therefore, 

a pump spot radius of ~ 60 µm  was chosen (measured by Spiricon beam analyzer) in 

order to have only a predominant pump area over the 
00

TEM fundamental cavity mode 

and not the higher order transverse modes. In another experiment, the pump radius size of 

~ 85 µm  was chosen in order to enlarge the pump surface area by a factor of two. Thus, 

the output coupler was replaced with an output coupler of 98% reflectivity and R = 200 

mm to match this pump size and the fundamental 
00

TEM 	cavity mode (having in this case 

a spot size radius of 84 µm ) together. The experimental results depicted in Figure 3.19 are 

showing the identical degradation rates in accordance with our expectation for an incident 

pump fluence of 20 
2

mJ.cm
−

which is roughly two times above the lasing threshold in the 

case of pumping the VECSOL with 7-ns-long pulses. It would be also useful to estimate the 

( )
L g

1 g

λ
ω =

π −

L
g 1

R
≡ −
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maximum attainable output energy of the VECSOL at the same pump fluence with a 

maximum pump beam diameter of 4 mm for example (for larger diameters, the beam 

spatial quality is likely to be disturbed by thermal effects) and a relevant output coupler that 

could match this pump beam size to 
00

TEM  fundamental mode. In this condition, we 

estimate that output energies up to ~ 1 mJ  are attainable all by assuring the degradation 

rate constant. 

 

 

 

 

 

 

 

 

3.3.6 Photodegradation and lasing lifetime 

As mentioned earlier, organic dye lasers undergo an irreversible photochemical/thermal 

degradation and thus, they have a limited lifetime [161].  

On this regard, a small part of this thesis is dedicated to measure the laser emission lifetime 

of the realized VECSOLs. For this purpose, we developed a LabView program which 

allowed us to carry out lifetime measurements with great ease thanks to automatic data 

acquisition that could be achieved in this way. In the following, a set of several degradation 

curves obtained at different conditions for the two previously-used pump sources of 0.5 ns 

and 7 ns pulse durations are presented and discussed. 

3

4

5

6

7

8

9

1

V
E

C
S

O
L
 n

o
rm

a
liz

e
d
 i
n

te
n

s
it
y
 (

a
.u

.)

80x10
36040200

Number of pulses

Incident energy = 4.4 µJ
Incident energy = 2.2 µJ

Pump fluence = 20mJ/cm²

Figure  3.19 - Demonstration of the VECSOL power scaling capability upon excitation with 7-

ns-long pulses at 10 Hz repetition rate. (right) Illustration of the corresponding pump size

diameters used in each case to match the cavity mode size.  
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3.3.6.1 Degradation measurement procedure 

The used strategy for the VECSOL emission lifetime measurements is as the following. A 

photodiode (Thorlabs, PDA100A, 400-1100 nm, active area = 75.4 mm²) was capturing 

the VECSOL emission intensity after being reduced through neutral density filters. After 

assuring that the photodiode was operating in its linear regime, the captured signal by the 

photodiode was sent to an analog peak detector circuit (specifically designed and realized at 

the LPL Electronics workshop). The peak detector circuit was capable to generate a 

constant signal, blocked between two pulses and varying at each laser pulse following the 

detected signal level. A LabView-based acquisition system was sampling and then digitizing 

the blocked signal between two pulses (in order to avoid registration of too many data 

points for further data processing, the sampling frequency was lower than the repetition 

rate) (Figure 3.20 ). As the VECSOL emission decays in time, so as the photodiode signal 

intensity, sampling the blocked peak level between two emission peaks would give the 

degraded emission intensity over time. The LabView program was registering the data in an 

Excel file for further data processing.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure  3.20 – Schematic representation of the used procedure for the

VECSOL emission degradation studies. 
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3.3.6.2 VECSOL degradation curves under 0.5-ns-long pulse excitation regime 

For degradation studies under 0.5-ns-long pulse excitation regime, a solution of PMMA 

A15 doped with 1 wt. % of Rhodamine 640 was made to prepare a coated mirror sample 

with ~ 18 mµ  thickness.      

For the measurement, the cavity length was set to 6 mm and the pump beam was focused 

onto the sample with a spot size diameter of ~ 140 mµ (measured at 2
1 e by Spiricon 

LBA-FW camera). Figure 3.21 is showing the degradation curves at different pump energy 

levels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

One can see from the above curves that higher pump intensities have led to faster 

degradation rates. Following the measurements, we observed that a monoexponential fit 

function as 
0

I(t ) I exp( t / )= − τ  matches the experimental degradation data. In the given fit 

function, τ  is the characteristic time during which the emission intensity decays to 1/e of its 

initial value.  

By tracing the degradation rate (1 / τ ), obtained from a monoexponential fit, as a function 

of the absorbed pump fluence we observed that they are linearly proportional as shown in 

Figure 3.22. 
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Figure  3.21 - VECSOL degradation curves under 0.5-ns-long pulse and 10 Hz repetition rate 

excitation regime for several pump energy levels.   
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In this text, for sake of coherence with the existing literature, we define the emission 

lifetime criterion as the half-lifetime, that is, the time during which the emission intensity 

drops to half of its initial value. The half-lifetime (
1/2

τ ) is simply related to the characteristic 

time τ  with 
1/2

 Ln2τ = τ .    

Considering that the experiments were performed at 10 Hz repetition rate and based on 

the above-defined criterion, a half-lifetime of 480 seconds (4800 pulses) was obtained for 

an incident pump energy of about 16 times above the lasing threshold. Excitation of the 

VECSOL with a pump energy of around four times above lasing threshold resulted in 

emission half-lifetime of 4200 seconds (42000 pulses). 

The above-presented results were obtained for a sample prepared from a fresh solution, 

that is, a solution which was prepared a few hours before the experiment.  We observed 

that by using an aged solution, prepared in advance and conserved under ambient light, at 

room temperature in a sealed container the degradations results were so different. In this 

respect, Figure 3.23 is comparing the above-obtained degradation curves for two different 

incident energies (based on a fresh solution) with degradation curves obtained at the same 

experimental conditions (the same pump spot size and cavity length) for a sample prepared 

from a two-week old solution of PMMA A15 doped with 1 wt. % of Rhodamine 640. For a 

sample prepared from a two-week old solution, the emission intensity dropped to half of its 

initial value after 45 seconds (450 pulses) at an excitation energy 16 times above the lasing 

threshold. 
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Figure  3.22 - Degradation rate (1 / τ ) versus absorbed pump fluence. 
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The reason of the big difference seen during the degradation experiments for samples 

based on a fresh solution and an old solution is not completely understood. One highly-

possible reason can be due to formation of peroxide as a result of a reaction between 

anisole and oxygen which is triggered by ambient light and is accelerated at high 

temperatures. We then assume that keeping solutions away from oxygen, in the dark and at 

low temperatures (in fridge) should considerably enhance the conservation capability for a 

given solution and thus a better lasing lifetime. To accredit this hypothesis, a systematic and 

detailed set of experiments are the subject of future studies. For the experiments carried 

out during this thesis, samples were realized from fresh solutions whenever possible within 

the same day that the solution was prepared. 

3.3.6.3 VECSOL degradation curves under 7-ns-long pulse excitation regime 

Similar measurements were carried out under 7-ns-long pulse excitation regime at 10 Hz 

repetition rate. Figure 3.24 is the comparison between the results of the experiment under 

this excitation regime and the degradation curve just presented in the above for an 

absorbed pump fluence of around 
2

16 mJ.cm
−

. As one can see, in case of 7-ns-long pulse 

excitation regime the intensity dropped to half of its initial value after around 60,000 pulses, 

whereas, this happened after 40,000 pulses in case of 0.5-ns-long pulse excitation regime. 

Fitting the experimental data with a monoexponential gives degradation rates of 
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Figure  3.23 - Comparison between degradation curves of the VECSOL composed of a sample prepared

once from an old and then based on a fresh solution.  
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4 1
(1 ) 1 10  (s )

− −τ = ×  versus 4 1
(1 ) 2 10  (s )

− −τ = ×  for 7-ns-long pulse and 0.5-ns-long pulse 

excitation regimes, respectively. The observed result is a bit unexpected since for a given 

energy the peak power associated with 0.5-ns-long pulse duration is 14 times higher than 

the peak power of a source with 7-ns-long pulse duration. Thus, we should expect about 14 

times higher degradation rates under 0.5-ns-long pulse excitation regime in comparison to 

7-ns-long pulse excitation regime. Our observation raises several questions on the origins of 

photodegradation (the influence of thermal issues, triplet state population and so on) which 

have to be elucidated via further systematic studies. The VECSOL emission lifetime order 

of magnitude is comparable to or even better than some reported values in the literature 

for thin-film-based organic lasers at normal condition and without taking special measures 

such as encapsulation which can lead to hundreds/thousands-fold improvement in lasing 

lifetimes [36]. 

Here, as an example similar to our experimental conditions, Oki et al. [147] have obtained 

half-lifetime of around 57000 shots for a pump fluence of 90
2

J / cmµ in a thin-film 

configuration (DFB based on Rhodamine6G in PMMA) pumped at 10 Hz repetition rate 

with the second harmonic of Nd:YAG laser. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Under 7-ns-long pulse excitation regime some strange behaviors were observed. It was seen 

that for very high incident pump fluences (hundreds of 
2

mJ.cm
−

) two degradation regimes 

were discernable (a very fast decaying slope in the beginning followed by a rather mild 
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Figure  3.24 - Comparison between the VECSOL degradation curves under 7-ns-long pulse and 0.5-ns-long

pulse excitation regimes at 10 Hz repetition rate. 



105 

 

steep). We noticed that upon termination of the fast degradation phase and entering the 

slow degradation regime, the VECSOL emission spatial profile evolved from a bright 

00
TEM  beam to a ring-shaped profile with a dark region in the middle. Furthermore, we 

observed that upon starting the second degradation regime the emission intensity has a 

slight increase followed by a long-lasting decay. Further studies are under progress to 

quantify the above-described behavior observations. 

In conclusion, within the above experiments we quantified degradation rates at different 

pump energy levels. We found out that in order to have better emission lifetimes fresh 

solutions must be used for sample preparation instead of the aged solutions. In addition, 

we saw that using a longer-pulse excitation regime led to a better emission lifetime at a given 

pump energy.  

As a perspective, some other organic dyes such as Pyrromethene or Perylene have to be 

examined as based on the reports [31] these materials have shown to be very promising to 

enhance the emission lifetime to up to one or two orders of magnitude higher than the 

current results with Rhodamine 640.     

The degradation studies and data processing were done by a Xin Zhang in the framework 

of a Master degree internship whom I would like to acknowledge here.  

At the end, I would like to emphasize that the performed degradation studies are the very 

preliminary results. Further studies are under progress on this subject. 
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3.4 VECSOL dynamics comprehension 

toward optimized performance 

After successful implementation of the VECSOL concept and the satisfactory preliminary 

results achieved hereby, in the following, we have carried out studies toward better 

understanding of the VECSOL dynamics via theory as well as the simulations. The 

analyses will help to understand how variations of different parameters such as cavity length 

or pump pulse duration would affect the emission behaviors. The results obtained in this 

way were used as a tool to improve the VECSOL performance by scavenging through and 

optimizing the VECSOL composing elements that eventually led to obtain the highest 

reported conversion efficiency within the organic laser family operating in thin film 

configuration. 

3.4.1 Derivation of intramolecular and cavity rate equations 

applied to the VECSOL geometry 

In this section, the intramolecular rate equations of a four-level system incorporated into a 

laser cavity followed by the cavity rate equation are developed to derive a set of coupled 

equations, known as the “Tang-Statz-de Mars” rate equations which would be useful to 

analyze the fundamental aspects of the realized VECSOL. 

For this purpose, we start by derivation of the general rate equation which will be then 

applied to the VECSOL case. Deriving the first rate equation will help us following the 

evolution of the energy states taking part in laser action; the second equation will evidence 

the time-varying intensity or equivalently the number of photons propagating within a single 

laser mode before reaching steady-state.  

Recall the simplified rate equations of a four level system, developed in the first chapter. 

They were as the following: 

 

 

 

  (3.30) 
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It should be noted that these equations correspond to a four-level system with several 

considerations. In derivation of these equations it is supposed that there is no triplet state 

population via ISC and no absorption from the first excited singlet state toward upper 

singlet state levels (
1 n
S S→ ). In addition it is assumed there are no internal conversion 

(IC), quenching and photodegradation effects. These equations govern the case of single- 

mode laser (single frequency together with single spatial mode). However, what we 

observed in the case of VECSOL was a highly multimode emission. Therefore, in 

application of these equations to the VECSOL case that comes in the following, enough 

precautions should be taken. 

Before to further proceed in this discussion, perhaps it would be easier to use simpler 

notations than what appeared in the above equations for absorption and emission cross 

sections. In the first chapter, for pedagogical reasons these parameters were introduced 

under the above-presented format. From now on, for sake of simplicity, a very simple four-

level system with convenient notations as just presented in Figure 3.25 will be the basis of 

the equations and relations appearing hereafter in this context. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Given the above-illustrated four-level system, simplified in notations, the set of equations in 

(3.30) can be rewritten as the following: 

 

 

Figure  3.25 - Illustration of a four-level system with simplified notations in comparison to what presented 

earlier in chapter 1. The table is showing different parameters related to the various transitions in above 

presented system.  
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  (3.31) 

 

 

 

It should be reminded that these equations are obtained under the assumptions of 
-1

1,0 3,2
and γ  γ >> τ  and thus, at a given time 

1
N 0≃  and 

3
N 0≃ . 

We continue our discussion by giving the following relation as a consequence of the set of 

equations described in (3.31) 

 

 

  (3.32) 

    

 

This expression is always true since the total number of atoms in a closed system should be 

constant at a given time. 

If 
3

N(cm )
−∆ 	is defined as the population difference between the energy levels of the laser 

transition, (i.e. 
2 1 2

N N N N∆ − ≈≜ ) then the last equation in (3.31) can be rewritten as the 

following: 

 

  (3.33) 

 

 

A useful parameter for the following discussion is the effective loading time (
eff

τ ) of the 

gain medium under excitation. In order to obtain an expression of 
eff

τ , let us consider a 

“top-hat” pump profile as the following 

 

 

  (3.34) 

 

 

With the above assumption, the analytical solution to equation (3.33) in a particular case of 

unsaturated condition when the laser intensity I 0= , will be in the form: 

 

0 2
dN dN dN

0
dt dt dt

+ = =

p p p p em

d N 1
I N I I N

dt

∆  = σ − σ + σ + ∆ τ 

0 2

0 2
p p 0 em 2

2 2
p p 0 em 2

N N N

dN N
I N IN

dt

dN N
I N IN

dt

 
 = +
 
 

= −σ + σ + 
τ 

 
= σ − σ − τ 

p

p

Constant              0 t T (pulse duration)
I

0                          elsewhere 

< <
= 




109 

 

 

 

  (3.35) 

 

 

Where 
eff
(s)τ  is defined as the characteristic time during which the 

2
N  energy state is 

getting populated when the emission intensity is assumed to be  I 0= . 
0
N∆  is the 

maximum non-saturated population inversion. From (3.33) these parameters are given by: 

 

  (3.36) 

 

 

  (3.37) 

 

By these notations, the equation (3.33) can be rewritten as: 

 

 

  (3.38) 

 

 

where 
sat

 (Photons / s /I cm²)  is the saturation intensity, that is, the intensity that passes 

through the gain medium and saturates the gain coefficient to half of its unsaturated value       

(
local em

g N= σ ∆ ) and is given by: 

 

  (3.39) 

 

 

Equation (3.33) simplified to (3.38) under the condition of constant pump profile, is one of 

the Tang-Statz-de Mars rate equations which accounts for the population inversion 

evolution in a four-level system gain medium under excitation in a pulsed regime.  

To proceed with this argument and derive the cavity rate equation which shows the 

evolution of the intracavity laser intensity or the accumulated photons number inside the 

cavity, consider the VECSOL resonator comprising a gain medium with index n  having a 

thickness d  and two mirrors with reflectance 
1

 R  and 
2

R  separated by distance 
cav
L  

(Figure 3.26). 
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If 
3

 (Photons / cm )µ  is the density of laser photons in a volume limited by the mode 

surface area 
2

S (cm )  over a distance dz (cm)  and 
2

I (Photons / s / cm )  is holding for the 

number of photons passing through the mode section with the light velocity c  (in air) 

during time dt(s) , then we will have: 

 

  (3.40) 

 

If the whole volume occupied inside the cavity by the laser mode is defined as 
modal
V , then 

we will find out that I (the intensity within a given laser mode) and q  (the number of 

photons in this volume inside the cavity) are interchangeable terms since we have: 

 

  (3.41) 

 

Since 
modal
V  is occupying a hybrid region comprising the air and a gain medium of index n , 

then q can be decomposed into two distinguished terms as the following: 

 

 

 

  (3.42) 

 

 

 

This let us to introduce an optical path length L  as indicated in the brackets and will be 

used later on as we proceed in this discussion. 

Figure  3.26 - Schematic representation of the VECSOL cavity with the corresponding designated notations 

for each composing element. 
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q  is a time-varying parameter. Let’s for the moment forget about the contribution of the 

spontaneous emission in variation of q . With this assumption, the evolution of q , on one 

hand will depend on the cavity losses mainly imposed by the cavity out-coupling
13

 and on 

the other hand, on the amplification achieved through stimulated emission process. These 

statements can be written as: 

 

  (3.43) 

 

 

Or through (3.41) , it can be equivalently expressed as: 

 

 

  (3.44) 

 

 

where 
cav
(s)τ  is the intracavity photon lifetime. The expression of 

cav
τ is as the following 

(see appendix 6 for calculation).  

 

  (3.45) 

 

 

where 
1
R  and 

2
R  are the cavity mirror reflectivities and 

i
T  is the cavity passive losses in a 

single-way beam trip. 

Given that at the steady-state (dq dt) (dI dt) 0= = , then from (3.44) we can define 
3

ss
N (cm )

−∆  as the inverted population at steady-state as the following: 

 

  (3.46) 

 

ssN∆ can also be interpreted as the minimum required population inversion at threshold. 

Therefore, the equation (3.44) can be reconfigured under the general form of: 

 

 

  (3.47) 
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 The other losses could be due to material absorption or scattering. 
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Given that here we are not dealing with a continuous-wave laser, whatever happens during 

the oscillation buildup time is of great importance in our case. Therefore, we are 

particularly interested at the very initial conditions or the oscillation buildup origin. The 

laser oscillation builds up from the spontaneously-emitted photons. This fact is not 

considered at the equation being presented in (3.47). In fact, if we assume that I 0=  in 

(3.47), then logically one concludes that (dI dt ) 0=  at any time which is not physically true 

since the laser emission starts up from some “noises” which is spontaneous emission and 

equation (3.47) does not take it into account. 

Therefore, in the following we try to reconsider this equation by taking into account the 

effect of the spontaneous emission. Of course, only the fraction of the spontaneous 

emission which is taking place within a cavity mode is the appropriate term that should be 

considered.  

Based on quantum mechanics, the spontaneous emission rate within a given cavity mode is 

as probable as the stimulated emission rate by a single photon in the same mode [162].  

The number of photons in a single cavity mode emitted per molecule via stimulated 

emission process during a second (
em
Iσ ) can be expressed in the following way: 

 

 
em
I qσ = κ  (3.48) 

 

where κ(1 / s)  is the probability of stimulated emission by one photon in a single cavity 

mode. By replacing q from (3.41) we will have: 

 

 

  (3.49) 

 

 

The approximation sign in (3.49) is because SL is the approximation of the modal volume 

(
modal
V ) for a cavity with small divergence (

2
S >> λ  where λ  is the oscillating wavelength). 

Upon putting q 1= in (3.48) and considering that the total number of molecules in the 

active region is equal to 
2

N (Sd) , then the growth rate of q due to the spontaneous 

emission within the single cavity mode can be expressed as: 

 

 

  (3.50) 
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Using (3.42) and considering the fact that 
2 1 2

N N N N∆ = − ≈ , then we will have: 

 

 

  (3.51) 

 

 

Addition of this term to the simplified rate equation found in (3.44), will provide the cavity 

rate equation taking into account all the contributive factors in the evolution of intracavity 

laser intensity within a single cavity mode as the following: 

 

 

 

  (3.52) 

 

 

 

Equations found in (3.33) and (3.52) represent the well-known Tang-Statz-de Mars rate 

equations, summarized in the following frame: 

 

 

 

 

  (3.53) 

 

 

 

 

 

In the following, we have exploited this set of coupled equations to run a series of 

numerical simulations that describe the VECSOL emission behavior in regard with the 

obtained experimental results. It should be reminded that the equations developed in the 

above are governing the case of a single mode cavity and they are not fully adapted for the 

emission analysis of the VECSOL since we deal with a multimode emission from a 

coupled cavity made of an external resonator together with the microcavity formed by the 

gain medium. Therefore, the theory described in this section can be only useful for “very 

approximate” analysis of the observed emission characteristics.               
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3.4.2 VECSOL emission behavior simulations  

In this part, the equations developed in the last section are used to run series of simulations 

which would help us to understand the observed behavior during experiments upon 

variation of different parameters (i.e. pump pulse duration or cavity length). To validate the 

model relevancy, in the beginning the model is confronted with the experimental results. 

Following this demonstration and approval, some theoretical cases are considered and in 

the end we will see how the model served as a tool for device performance optimization. 

Below, the necessary parameters, used in the simulations, are summarized in the given 

tables. 

� Design parameters  

 

Pump energy  0 to 17 Jµ  

Pump beam diameter  140 mµ  

Plane mirror reflectivity (
1
R ) 99.5% 

Output coupler reflectivity (
2
R ) 98% 

Cavity length (L ) 5 mm
14

 

Gain medium thickness  17-18 mµ  

Gain medium effective length (
eff

ℓ ) 8.45 mµ  

Rhodamine 640 doping rate in PMMA 1 wt. % 

Film absorption at pump wavelength (532 nm) ∼ 80% 

Single-way intracavity passive losses(
int
T ) 1% 

Pump wavelength  532 nm 

Laser emission wavelength  640 nm 

 

� Material parameters 

 

Refractive index of the medium (n) 1.5 

Number of dye molecules for 1 wt. % doping rate (N) per 3
cm  19

1.22 10×  

Rhodamine 640 radiative lifetime ( τ ) 7.5 ns 

Stimulated emission cross section (
em

σ ) in 2
cm  16

2 10
−×  

Absorption cross section at pump wavelength (
p

σ ) in 2
cm  16

0.77 10
−×  

                                                 
14

 For all theoretical simulations in the following the cavity length is considered to be 5 mm, except in case of 

model validation (section 3.4.2.1), the cavity length is 4 mm to match the experimental condition.    
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� The effective length (
eff

ℓ ) is calculated based on the relation given in (3.21). 

 

� Choice of τ : the value of 7.5 ns, appeared in the table, corresponds to the radiative 

emission lifetime of Rhodamine 640 in PMMA film measured by Ramon et al. 

[106]. 

 

� The absorption cross section at pump wavelength 
p

( )σ  is calculated from the Beer-

Lambert’s law.  

 

 

  (3.54) 

 

 

where T is the transmission, L is the cavity length and N (see appendix 4 for 

estimation of N) is the number of dye molecules. 

 

� Choice of 
em

σ : the value of 
em

σ  is calculated from the Füchtbauer-Ladenburg 

equation: 

 

  (3.55) 

 

 

where λ  is the wavelength, 
f

φ  is the fluorescence quantum yield, f( )λ  is the 

fluorescence spectrum normalized to one, n is the medium refractive index, c is the 

speed of light in air and τ  is the radiative lifetime.  

For Rhodamine 640 in PMMA, by taking 7.5 nsτ = , n 1.5=  and 
f

0.8ϕ ≃  (based 

on the values reported in [105] for other Rhodamine dyes in bulk PMMA) 
em

σ  is 

estimated to be around 16
2 10

−×  at  640 nm. 
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3.4.2.1 Model validation 

Before applying the developed model to the study of some general cases, in the following 

we first validate our model by confronting it with the experimentally-obtained efficiency 

curves corresponding to two different pump pulse durations (0.5 ns and 7 ns), presented 

earlier in section 3.3.1.  

Recall that the experiment was carried out on a 4-mm-long VECSOL comprising an ∼ 18-

µm-thick gain medium based on 1wt% of Rhodamine 640 dispersed in PMMA-A15 (see 

appendix 3 for more information on this PMMA type) and two cavity mirrors with 

1
R 99.5%=  and 

2
R 98%= . 

Figure 3.27 is showing the experimentally obtained efficiency curve for the case of 7-ns-

long pulse excitation. The model based on the given parameters in the above tables gives 

the solid line which is in rather good agreement with the experimental data. For sake of 

simplicity, the pump intensity profile for this simulation and the following ones is a top-hat 

intensity profile. Note that it is quite easy to obtain a perfect fit to the experimental data by 

letting 
em

σ , 
p

σ  and 
int
T  as fitting parameters. However, as the objective of the present 

section is to validate the experimental orders of magnitude, we fixed the values used for 

em.
σ and 

p
σ (although, especially for 

em.
σ this assumption is associated with a high degree of 

uncertainty) and used 
int
T as the only fitting parameter.    
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Figure  3.27 – Comparison between experimental VECSOL output energy and theoretical value based on

the developed model as a function of incident pump energy. The graph corresponds to a cavity length of 4

mm and pump duration of 7 ns. The only fitting parameter is the roundtrip cavity loss which is set to 2%. 
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From the above curve the following parameters are deducible: 

 

� Optical/optical experimental efficiency : 34,5% 

� Theoretical efficiency : 25.7% 

� Experimental slope efficiency (with respect to incident pump fluence) : 41.5% 

� Theoretical slope efficiency : 26% 

 

The same kind of comparison (without any other fitting parameter) is performed between 

theory and experiment for the case of 0.5-ns-long pulse duration (Figure 3.28). In this case, 

the fit shows to be proper and efficiencies turn out to be closer to reality.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From the above curve the following parameters are deducible: 

 

� Optical/optical experimental efficiency : 5% 

� Theoretical efficiency : 5.5% 

� Experimental slope efficiency (with respect to incident pump fluence) : 5.3% 

� Theoretical slope efficiency : 4.85% 
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Figure  3.28 - Comparison between experimental VECSOL output energy and theoretical value based on

the developed model as a function of incident pump energy. The graph corresponds to a cavity length of 4

mm and pump duration of 0.5 ns. The only fitting parameter is the roundtrip cavity loss which is set to

2%. 
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The anomalous behavior seen in the beginning of the theoretical model in Figure 3.28 is 

related to the top-hat pump intensity profile used for the simulations. 

In both curves, the laser threshold and the slope efficiency tend to be underestimated 

(specially the threshold). However, with the only adjustable parameter of 
int

T 0.01= , we 

obtain a good order of magnitude for the efficiency values in two different experimental 

cases. This validates the relevance of the applied model for a better understanding of the 

influence of the different physical parameters on the emission behavior. 

Let us now have a physical insight into difference observed between the two efficiencies. 

Given the above model verification, in the following we have modeled the emission 

transient behavior to understand different efficiency values obtained for two excitations 

regimes (0.5 ns and 7 ns). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  3.29 – Temporal analysis of a 4-mm-long VECSOL cavity under 7-ns-long pulse excitation

regime. The amounts of P and D in the graph correspond to the experimental values.  



119 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the above figures: 

 

� Ip is the top-hat pump intensity profile. 

� Ipsat is the saturation pump intensity and is given by:  

 

  (3.56) 

 

where 
2

p  (cm )σ  is the absorption cross section at pump wavelength and τ  is the 

radiative emission lifetime. 

� N∆  is the inverted population and 
ss
N∆ is the minimum population inversion to 

reach the lasing threshold. 

� I is the intracavity intensity. 

� Isat is the saturation intensity (
sat em eff
I 1= σ τ ) which passes through the gain 

medium and saturates the gain coefficient to half its unsaturated value. 

� P is the ratio of Ip / Ipsat . 

� D is the ratio of 
ss

N / N∆ ∆ .  

D > 1 represents the condition where the gain becomes superior to losses. 

 

p

1
Ipsat =

σ τ

Figure  3.30 - Temporal analysis of a 4-mm-long VECSOL cavity under 0.5-ns-long pulse excitation

regime. The amounts of P and D in the graph correspond to the experimental values.  
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The above graphs are the temporal simulations which correspond to the experimental 

conditions where the cavity length was 4 mm. The values of P and D in the above-

presented cases correspond to the values used for the measurements.  

According to the model, by exciting the VECSOL with 7-ns-long pulses and 10 Hz 

repetition rate (Figure 3.29), the laser oscillation builds up in a rather short time with 

respect to the pump pulse duration. In this case steady state is reached before the pulse 

finishes and lasts till the end of the pulse which causes an efficient extraction of the stored 

energy during 7 ns and thus very high energy conversion efficiency.  By pumping the cavity 

with 0.5-ns-long pulses and for the same cavity length (4 mm) (Figure 3.30), the laser 

intensity does not have enough time to build up since it barely reaches the 
sat
I  value and 

thus, the inverted population will not be significantly depleted. As a consequence the stored 

energy will not be efficiently extracted. In this case the created population inversion lasts 

for ∼  0.25 ns after the end of the pump pulse and before the beginning of laser oscillation 

buildup since the excited-state lifetime (7.5 ns) [106] is longer than the pulse duration. 

When laser oscillation starts, the pump pulse has already terminated and the population 

inversion has a descending trend to zero and the steady sate will never be reached. 

Therefore, the conversion efficiency would be low in this case. 

3.4.2.2 VECSOL output energy and efficiency vs. pump pulse duration  

In the preceding section, the pump pulse time-dependant behavior of the VECSOL for 

two examined pulse durations of 0.5 ns and 7 ns were justified through temporal analysis 

achieved via Tang-Statz-de Mars rate equations applied to the VECSOL geometry. In the 

following, first, the same equations are used for theoretical calculation of the VECSOL 

output energy and then the VECSOL efficiency, when the pump pulse duration is varied in 

a continuous manner during 2.5 ns. For this purpose, a cavity length of 5 mm together with 

a constant pump peak power of 3 kW (corresponding to P (Ip / Ipsat) 26)= ≃  are 

considered. 
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In the above figure, one can distinguish three different regimes. As we see in the very 

beginning the output energy is almost zero and then as the pulse duration increases it starts 

to grow in a nonlinear way when finally after a certain time the output energy increases 

linearly with the pump pulse duration.  

This behavior can also be verified in terms of energetic efficiency, where the saturation 

toward the continuous-wave (CW) regime is clearly seen (Figure 3.32). It can be observed 

that for a 5-mm-long cavity, pulse durations longer than  7 ns∼ would not be very useful to 

improve the efficiency. However, as the oscillation buildup time is directly related to the 

cavity length L, the longer the cavity, the longer the pump pulse duration should be to 

obtain a good efficiency value. 

 

 

 

 

 

 

 

Figure  3.31 – Evolution of the VECSOL output energy versus pump pulse duration. 
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In the very beginning, once the oscillation is built up, the VECSOL efficiency starts to 

increase. But within a pulse duration interval starting from below 0.1 ns to around 1.3 ns, 

the efficiency has a decreasing trend. From Tp 1.3 ns≃  onward, the VECSOL behavior 

tends toward continuous-wave (CW) regime.  

In order to understand the evolution of the output energy and efficiency with pump pulse 

duration, temporal analysis for five different pulse durations within 2.5 ns corresponding to 

different time spots, chosen within three observable regimes in Figure 3.31, are carried out 

and are sequentially presented in the following series of graphs (Figure 3.33).   
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Figure  3.32 - Evolution of the VECSOL efficiency versus pump pulse duration. 
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Figure  3.33 – Temporal analysis of the VECSOL for different pulse durations. 
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The first graph tagged with encircled “a” sign at the bottom right of the figure corresponds 

to a pump pulse duration of Tp = 0.1 ns. In this case, the created population inversion 

within 0.1 ns lasts for about 6 ns which is consistent with the 7.5 ns value taken for the 

radiative lifetime [106]. This case corresponds to the condition where D 6≃  which 

guarantees that stimulated emission is able to overcome the losses. However, as the gain is 

low and the time taken by a photon to travel through air is much longer than the time it 

takes to travel the gain region, the laser intensity does not grow sufficiently to reach the 

value of 
sat
I . The resulting laser pulse arrives much after the pump pulse duration, lasts 

quite a long time ( 1 ns)≥  in comparison to the pump duration and is very small in 

intensity. Obviously, this regime is not useful in practice.        

Cases “b” and “c”, correspond to Tp = 0.5 ns and Tp = 1 ns respectively. They represent a 

situation, within the curve of Figure 3.31, where 
sat
I  is reached. However, as the oscillation 

builds up after the end of the pump pulse, the steady state will never be approached. In 

these cases, the inverted population will be consumed to create the laser pulse but it will 

never be replaced since the pump has already terminated. This situation continues till 

Tp 1.3 ns≃ (case “d”) when the oscillation starts to build up within the pulse time period. 

From now on, if the pump pulse duration increases, oscillation buildup time will fall within 

the pump pulse duration. Thus, 
sat
I  is reached during the pulse duration which causes the 

inverted population ( N∆ ) to decrease rapidly and clamp to the threshold value 

ss
( N N )∆ = ∆ . In this case, the laser intensity evolves toward a stationary value which 

corresponds to the steady state intensity in the continuous-wave (CW) regime.  
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3.4.2.3 VECSOL pulse width and output peak power vs. pump pulse duration  

Following the above demonstration, it would be also interesting to see the evolution of the 

VECSOL emission pulse width as a function of the pump pulse duration and the 

associated peak power that can be obtained from our structure. Therefore, the same 

condition presumed for the above simulations are also considered here. That is, a 

5-mm-long  VECSOL cavity, excited at a pump peak power of 3 kW (Figure 3.34). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The pulse width starts from a high value when the oscillation is not built up yet and then 

reduces rapidly to below 1 ns till it reaches the pulse duration of Tp 1.3 ns≃ . The fact that 

the for pump pulse durations up to 1.3 ns the pulse width reduces very fast is because that 

in this case the pulse starts to build up after the end of the pump pulse and grows very fast 

to 
sat
I . Therefore, the created inversion is rapidly depleted with the consequent of rapid 

ending of the laser pulse. 

Based on temporal analysis in Figure 3.33, from Tp 1.3 ns≃ , the oscillation starts to build 

up within the pump pulse and the pulse width increases along with pump pulse duration. 

Now, it is interesting to wonder if during the regime where the VECSOL pulse width 

becomes shorter than the pump pulse duration, higher peak powers can be obtained or 
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Figure  3.34 - Evolution of the VECSOL pulse width versus pump pulse duration 
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not. As it is shown in Figure 3.35, the peak power is always increasing with Tp  and thus, 

this region is not very useful for practical applications.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.2.4 VECSOL efficiency vs. cavity length 

Consequently, as the pump pulse duration has a major effect on defining the laser 

efficiency, similarly the cavity length is also a crucial parameter as it directly intervenes in 

the oscillation buildup time for a given pump pulse duration. The longer the cavity the 

longer it takes for the intracavity photons to travel in air (with no gain) in comparison to the 

very short time spent in the gain medium and thus, the buildup time is longer. This 

behavior is theoretically modeled for pump pulses of 7 ns and 0.5 ns (Figure 3.36). The 

model is compared to the experiments, where the VECSOL energy was measured as the 

cavity length was increased. In both cases the VECSOL energy dropped down as the cavity 

length was increased. But, it was observed that the energy reduces to zero for cavity lengths 

more than 6 mm in case of 0.5-ns-long pulse source whereas, in case of pumping with 7-ns-

long pulse source, this happened after a cavity length of more than 30 mm . The collapse 

in the output energy by lengthening the cavity is equivalent to reducing the pulse duration at 

constant cavity length. 
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In the above graphs, the two slopes which are seen in the theoretical curves can be 

explained in the same way as the two distinct regimes observed in Figure 3.31. The cavity 

length, for which there is a dramatic change in the slope, corresponds to the length where 

the laser pulse builds up right after the end of the pump pulse.      

Following the above demonstration, we have modeled the VECSOL efficiency as a 

function of cavity length for three different pulse durations (Figure 3.37).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As one can see, for a pump peak power of 3 kW, as the pump duration increases, the 

efficiency drops with a slower rate with respect to the cavity length. This is in fact because a 

long pulse offers a longer time spent near steady state regime, which enables using longer 

cavities. 

This has an important consequence on the choice of the optimum pump source, 

depending on the room needed to insert optical components inside the cavity. For 

example, for a practical device incorporating a wavelength-selective element, a long-pulse 

pump source will be required.  

Following the developed model validation with the preliminary-obtained results, in the next 

part we have used the model to optimize the VECSOL performance. 
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3.4.3 Optimizing VECSOL efficiency 

Previously, we saw that higher efficiencies were obtained for longer pump pulse durations 

and shorter cavity lengths. Another criterion which would help to achieve the best lasing 

efficiency is to look for the optimum output coupler. The existence of an optimal output 

coupler is due to the fact that on one hand, one might expect an increase in the output 

signal intensity by decreasing the output coupler reflectivity and therefore the efficiency by 

reducing the mirror reflectivity. But, on the other hand this would also shorten the 

intracavity photon lifetime followed by a decrease in the output energy. Therefore, there is 

a compromise that must be respected in choosing the output coupler reflectance in order 

to have the best lasing performance. For this purpose the experiment was done for four 

different available output couplers (80%, 90%, 95% and 98%) and a cavity length fixed to 

10 mm. We observed that among the examined output couplers, the highest efficiency was 

obtained for an output coupler of 95% reflectivity. The experimental data were then fitted 

by only one adjustable parameter (single-way cavity losses,
int

T 0.01= ). As it can be seen 

from Figure 3.38, the experiment and theory are in very good agreement with each other. 
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From these data, the output coupler of 98% reflectivity used in the first series of 

experiments was replaced by the optimized output coupler of 95% reflectivity and the 

VECSOL conversion efficiency was improved from 43% to 57% for a minimum possible 

cavity length of 1 mm (limited by the output coupler curvature and the increasing film 

thickness at the sample edge) when excited with pulses of 7-ns-long at 10 Hz repetition rate 

(Figure 3.39). 

As mentioned before, the previously-obtained efficiency value of 43% which then 

improved also to 57% is up to now the efficiency record among the thin-film-based organic 

laser devices.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In conclusion, the above-presented simulations gave us a better insight into the VECSOL 

dynamics thanks to the model which showed to be in good agreement with the 

experimental measurements.  

Following this study, in the next part we have put a step forward to further enhance the 

VECSOL attractiveness (apart from its efficiency record) and for this purpose, we have 

shown the intracavity- frequency doubling that could be realized in VECSOL configuration.       
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Figure  3.39 – (Left axis) Laser energy, (right axis) conversion efficiency as a function of the absorbed pump

fluence for an optimum output coupler of 95% reflectivity, 1-mm-long cavity and 18-µm-thick gain medium.

The small efficiency drop seen at the end could be due to degradation issues at the excitation density of more

than 150 
2

mJ.cm
−
. In this experiment, the pump beam had a spot size diameter of 180 mµ .  
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3.5 Ultraviolet VECSOL (VESOUL) via 

intracavity frequency doubling 

In this part, we are going to see how the open cavity of the VECSOL architecture together 

with a strong intracavity peak power can serve as the basis for realization of intracavity 

frequency doubling in a structure named VESOUL. The acronym stands for Vertical 

External cavity Surface-emitting Organic Ultraviolet Laser.  

We start our discussion by presenting the objectives of the work, some of the existing 

works on this topic and then we continue by introducing some basic principles of the 

second harmonic generation followed by description of the resonator design and at the 

end, the characterization of the emission behavior achieved in this way.  

3.5.1 Introduction 

In the scope of realizing compact and tunable solid-state lasers, UV emission in the range 

extending from 200 to 400 nm is of great interest due to applications that it may find in 

different domains. Thus far, there have been reports of using UV laser light in various 

fields such as in spectroscopic studies of proteins, ionization spectrometry, chemical or 

biological hazard detection, laser-induced fluorescence spectroscopy, combustion 

diagnostics or photobiology [163]. So far, a number of approaches for obtaining coherent 

radiation in this wavelength region have been proposed and investigated.  

One method has been through the direct UV radiation reported from rare-earth-doped 

crystals. The first of these devices with low and unstable laser performance was 

demonstrated in 1979 by Ehrlich et al. [164] in Ce: LiYF4  crystal emitting at 325 nm and 

then in Ce: LaF3 [165] crystal with emission at 286 nm by pumping the crystals with the 248 

nm radiation of a KrF excimer laser. The efficiency of the Ce
3+

-doped UV laser materials 

was then considerably improved up to 55% in Ce: LiLuF4 [166] as a result of loss reduction 

in such materials coming from absorbing color centers [167].      

Another method to obtain the UV emission has been through sum-frequency mixing from 

dye lasers [168], Ti-sapphire lasers, alexandrite or Cr-doped colquiriites [169]. In simple 

words, sum-frequency mixing is a process where two photons of frequencies 
1

ω  and 
2

ω  are 

served within a nonlinear process to generate another photon at frequency 
3

ω  with the 

condition of 
3 1 2

ω = ω + ω . The process is said to be non-degenerate if the two interacting 

frequencies are different from each other whereas the term used in case of mixing two 
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identical frequencies, is called second harmonic generation that will be described later in 

detail. Within the above-described process, to have an emission in the UV region, two 

photons in the visible part of the spectrum must interact with each other.  

Generally, all devices based on the techniques described in the above are expensive and 

barely transportable. As we mentioned earlier in the beginning of this chapter, solid-state 

lasers based on organic materials can be very promising alternatives as they offer a 

combination of broad tunability, inexpensive and compact devices. This especially 

becomes very true when the gain medium takes the form of a thin film prepared via simple 

deposition techniques (e.g. spin coating or ink-jet printing).  

Within the category of organic solid-state lasers, one approach to achieve tunable UV 

emission is through the use of the UV-emitting organic materials in the traditional laser 

resonant structures. But in fact, to have the emission in the UV region, an excitation source 

in the deep-UV must be used which is highly deleterious to the organic material lifetime. 

Due to this limitation, there are few reports of organic lasers using the material approach 

for having emission wavelengths below 400 nm. Some examples of this kind are described 

in the following.  

Within the category of thin-film devices, an example is the work of Berggren et al. [170] 

where a spin-casted film of an organic material (2-(4-biphenylyl)-5-(4-t-butyphenyl)-1,3,4-

oxadiazole) known as PBD was incorporated within a DBR structure fabricated by pre-

patterning a thermally-oxidized Si wafer. As a result, a laser emission peak at 392 nm was 

observed. Lower emission wavelength in the UV region was reported in 2000 by Zhu et al. 

[171] for Exalite 377E -doped sol-gel silica DFB laser with holographic grating. In that 

work, a continuous tuning range from 367 to 383 nm together with a slope efficiency of 

4.4% was obtained when pumped by a pulsed nitrogen laser at 337 nm. The output energy 

dropped to 50% after 1200 pump shots for constant pump energy of 230 Jµ at 0.5 Hz 

repetition rate. Another example of ultraviolet emission within the same category, is the 

work realized by Schneider et al. [39] reporting on a device based on thermally-evaporated 

film of novel spiro-linked material in a set of DFB structures with varying pitches from 200 

to 225 nm created on thermally-grown silicondioxide layers (
2

SiO ) layers on silicon wafers. 

Consecutive pumping of the realized gratings with 500-ps-long pulses of a nitrogen laser (

pump
337λ = nm) led to discrete tunability from 377.7 nm (Λ = 200 nm) to 395 nm (Λ = 

225 nm) defined by the grating pitch Λ . Furthermore, in order to reduce the cost of the 

device and future mass application in the spectroscopic domains, the authors could realize 

all plastic substrate based on a cyclic olefin copolymer (Topas 5013) fabricated through 

micromolding technique. In a very similar work to the previous one, again based on a 

spiro-linked compound, Spehr et al. [172] demonstrated a tunable ultraviolet organic 
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semiconductor laser with UV tunability range extended over 32 nm and the lowest 

emission wavelength at 361.9 nm in this case. Here again, the discrete tuning range was 

obtained thanks to segmented DFB gratings (spaced in steps of 5 nm from each other with 

varying pitch from 195 to 250 nm) created on a thermally-grown 
2

SiO  layer on top of a 

silicon wafer substrate.    

In the category of external cavity devices based on organic materials emitting in the UV 

spectral region, there exists the work realized by Wu et al. [173] where the active medium 

was based on 20-mm-long slab of Exalite 376-doped silica material prepared from sol-gel 

process. The emission wavelength was centered at 364 nm. With an excitation energy of 10 

mJ , output energy as high as 0.4 mJ was obtained (laser efficiency = 4%) which dropped to 

50% after 2000 shots when pumped at 1 Hz by XeCl laser (
pump

λ =308 nm). The authors 

have claimed that the output energy was revived after 10 min of pause in pumping process 

and then resuming back again.    

Back to the above, the second approach that might seem realistic for achieving tunable UV 

emission could be through taking advantage of the high-efficient emission of the organic 

dyes in the visible part of the spectrum down to near UV and using this radiation to 

perform non-linear frequency conversion. For this purpose, high power density together 

with high beam quality at fundamental emission wavelength are required to succeed in 

realizing efficient frequency conversion (all these properties can be expressed by a single 

term, namely the spectral brightness(
o

-2 -1
W.cm .(sterad.A) ). This concept has been the 

basis of frequency doubling in liquid dye lasers for a long time [174].  

An example of external frequency doubling in all-solid-state phase is the complex work 

realized by Chandra et al. [175] where a tunable UV radiation was obtained near 290 nm. 

The device was based on 15-mm-long Pyrromethene-doped plastic sample inserted inside 

a cavity with a grating and tuning mirror module and pumped by the second harmonic of 

Nd: YAG laser. The output tunable emission from this cavity (named as seed laser) was 

then sent into an amplifier consisting of a nonconfocal unstable resonator which contained 

a rotating disk of Pyrromethene-doped PMMA. Consequently, a high brightness and 

amplified beam was generated and then frequency doubled in a CLBO crystal. In that 

configuration, UV slope efficiency of 33% (45 mJ of UV was obtained for 180 mJ of the 

amplifier output) together with tunable radiation over 10 nm around 290 nm was obtained.  

Another example of this type but in liquid phase is the hybrid system consisting of a 

distributed-feedback dye laser oscillator and an amplifier reported by Hoa et al. [176]. In 

such a structure, a tunable emission from two examined dye laser solutions of Couramin 

153 (tuning range: 576 - 600 nm) and Rhodamine B (tuning range: 584 - 620 nm) in 

methanol was obtained via a DFB oscillator and then frequency doubled in a BBO crystal. 
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The frequency-doubled UV emission was then amplified in a single-pass geometry using a 

Ce-doped crystal excited by the fourth harmonic of Nd: YAG laser. 

The above examples are two of the typical cases of frequency doubling demonstration in 

solution and bulk dye-doped materials [177].   

To our knowledge, UV emission from a frequency-doubled organic solid-state laser has 

never been demonstrated in the family of organic solid-state thin film devices such as in 

DFB/DBRs and/or in microcavities with fast and easy-handled material processing. This is 

mainly because of the rather low available output powers in these devices added to the 

poor beam quality in the case of DFB and DBRs. Considering these difficulties and given 

that the realized VECSOL architecture is taking benefit of high intracavity peak brightness 

(several hundreds of Watts of output power obtained with 98% output coupler which 

means a few thousands of Watts of intracavity peak power together with a high beam 

quality ( 2
M 1= )) along with an open resonator, therefore, it can be an ideal candidate for 

the realization of tunable ultraviolet laser through intracavity frequency doubling.  

Before proceeding with this discussion, in order to understand the structure design   and 

the experimental results achieved in this way, it is necessary to become familiar with some 

notions associated with nonlinear frequency conversion phenomenon. Therefore, the next 

section is aimed to fulfill this necessity.  
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3.5.2 Theoretical background  

Frequency conversion is a useful technique to extend the frequency range of the available 

laser sources. This can be achieved through the use of nonlinear response of an optical 

medium in an intense radiation field. That is, when the response of the medium to an 

applied optical field depends in a nonlinear way to the field intensity. As a result of the 

force exerted by the electromagnetic field of light, the valence electrons displace from their 

normal orbits (in a classical point of view). This perturbation creates electric dipoles whose 

macroscopic manifestation is the medium polarization. If p  represents the polarization of 

the medium induced by the electric field E  of an optical field, the polarization can be 

developed in terms of the ascending field powers. That is: 

 

  (3.57) 

 

where ε
0
is the free-space permittivity and χ(n)

is the n
th

–order susceptibility
15

.  

For small field strengths the induced polarization p is linearly proportional to the applied 

electric field. That is:  

 

 
(1)

Linear 0
p E= ε χ  (3.58) 

 

where χ(1)
 is the first-order medium susceptibility. In linear optics, that is the χ(1)

 factor 

which is a dimensionless value and determines the refractive index ( n ) of a dielectric 

medium through the following relation: 

 

  (3.59) 

 

If the medium is exposed to a high optical field, the response of the medium to the applied 

field will not be linear anymore. In this case the higher order nonlinear susceptibilities 
(n)χ  

will intervene and create the nonlinear polarization term,
Nonlinear

p , in (3.57). Among several 

nonlinear susceptibilities, in our case, we are particularly interested in the effect of the term 
(2) 1
(m.V )

−χ appearing in (3.57) as it is responsible for the second harmonic generation 

                                                 
15

 For sake of simplicity, the equation (3.57) is written based on scalar quantities. In reality, the polarization 

and the electric field must be considered as vectors. In this case the nonlinear susceptibility of order n, χ(n)
, 

must be expressed as a tensor of rank (n+1).     

(1) (2) 2 (3) 3

0 0 Linear Nonlinear
p E E E .... p p = ε χ + ε χ + χ + = + 

(1)
n 1 4= + χ
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(SHG) phenomenon. This can be justified by considering an incident electric field of 

E(t) E cos( t )= ω with angular frequency of ω . Then the second polarization term, 
(2)

p  , in 

(3.57) can be written as: 

 

 

  (3.60) 

 

 

The first term in (3.60) is a constant term at frequency zero responsible for a phenomenon 

known as optical rectification where a static electric field is created inside the medium. The 

second term is the contribution of the polarization at frequency 2 ω   holding for SHG.  

In the following, we have focused our special attention to some basic aspects of the SHG as 

in our case it was the phenomenon based on which the UV emission generated in the 

VESOUL architecture.   

3.5.2.1 Second Harmonic Generation (SHG) 

Second harmonic generation (SHG) is a process in which two photons of frequency ω  are 

annihilated to create one photon of twice the frequency at 2ω  (Figure 3.40).  

 

 

 

 

 

 

 

 

 

SHG phenomenon must be viewed as a two-step process. Based on what was mentioned 

earlier, first, a polarization wave at the frequency of the second harmonic 2ω  is produced 

and then through the second step process, the energy from the created polarization wave at 

2ω  is transferred to an electromagnetic wave at frequency of 2 2( 2 )ν = ω π . Evidently, an 

efficient energy transfer requires the polarization wave and second harmonic frequencies to 

have the same phase velocities. This fact demands satisfaction of the both momentum and 

energy conservation rules. The momentum conservation for collinear conversion, that is 

[ ]2(2) (2) (2) 2

0 0

(2) 2 (2) 2

0 0

1 cos(2 t )
p E cos( t ) E

2

1 1
E E cos(2 t )

2 2

+ ω = ε χ ω = ε χ   

= ε χ + ε χ ω

Figure  3.40 - Principle of SHG process leading to generation where two photons at 

fundamental frequency of ω  are annihilated to generate a photon at frequency of 2ω . 
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when the wave vectors of the interacting waves ( )
k

ω  and (2 )
k

ω  are in the same direction, 

requires that ( ) ( ) ( ) (2 )
k k 2k k

ω ω ω ω+ = =  whereas the energy conservation rule implies that 

2ω + ω = ω . The two conservation rules lead to the phase-matching condition for the 

refractive index of the medium as ω ω=(2 ) ( )
n n . Since almost all materials have normal 

dispersion in a way that ω(2 )
n > ω( )

n , then we have the phase velocity of the generated 

harmonic slower than the fundamental wave. The phase mismatch between the 

fundamental and the generated second harmonic waves for collinear beams is expressed as 

the difference in wave numbers: 

 

 

 

  (3.61) 

 

 

 

 

In perfect phase-matching condition we have ∆ =k 0  leading to 
ω ω=(2 ) ( )

n n .  

By solving Maxwell’s equations for both the fundamental and the generated second 

harmonic, we can obtain the SHG conversion efficiency as the power ratio between the 

generated harmonic and the incident fundamental wave as [159]: 

 

 

  (3.62) 

 

 

where l  is the nonlinear crystal length, 
1

(W )
−κ is some constant for a given wavelength and 

a given nonlinear material and A  is the fundamental incident beam cross-section area. For 

low conversion efficiencies, (3.62) can be approximated by the following simplified 

expression: 
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Under phase-matched condition ( k 0∆ = ), the equation in (3.63) becomes: 
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  (3.64) 

 

Based on (3.64), we can observe that the generated power at the second harmonic grows 

with the square of the power at the fundamental frequency. 

After this introductory part on the second harmonic generation, in the next part we will see 

how we can obtain the perfect phase-matching condition in a given nonlinear medium to 

achieve the maximum conversion efficiency. 

3.5.2.2 Angular phase matching via crystal birefringence 

One approach to achieve perfect phase-matching condition, that is ∆ =k 0 , can be through 

index phase-matching thanks to the optical anisotropy of the propagating medium. 

Isotropic and centrosymmetric media are not suitable for this purpose since the elements 

of the second order susceptibilityχ(2)
, responsible for the SHG, cancel out in such media 

because of symmetry reasons.  

To proceed, let’s consider the simplest and the most encountered case of the uniaxial 

anisotropic crystal characterized by a particular direction known as the optical axis defining 

the crystalline symmetry axis. Imagine an electromagnetic incident plane wave with wave 

vector k normal to its wavefronts propagating into this crystal making an angle θ  with the 

optical axis. The electric field of this wave, can be decomposed into two orthogonal 

components; one, oscillating normal to the optical axis which in the case is said to be 

ordinary polarized light and experiences the so-called ordinary refractive index of 
o

n  and 

the other component vibrating parallel to the optical axis and is said to be extraordinary 

polarized light and is refracted with the θ -dependant extraordinary refractive index of

e
n ( )θ . In an anisotropic material, this phenomenon leads to what is called “double 

refraction” or “birefringence”.  

For a given uniaxial crystal, depending on whether the birefringence, that is
e o

n n n∆ = − , is 

positive or negative, the crystal is said to be positive or negative uniaxial respectively. 

In three dimensions, the locus of the points representing the ordinary refractive index is a 

sphere surface since the light propagates with the same phase velocity in each direction 

while the angle-dependant extraordinary refractive index evolution follows an ellipsoidal 

locus because of the distinctive propagation directions for extraordinary-polarized light. 

This fact is demonstrated schematically in Figure 3.41 for a negative uniaxial crystal.  
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The equation that describes the ellipsoid is given by: 

 

 

  (3.65) 

 

 

where 
e

n  represents the extraordinary refractive index for 90θ = �

. Obviously, the ordinary 

and extraordinary refractive indices become equal when 0θ =  (propagation along the 

optical axis). 

Recall that in the case of the second harmonic generation we reached the point where we 

said that in most materials, 
ω(2 )

n > ω( )
n ; for perfect phase-matching we must achieve the 

condition 
ω ω=(2 ) ( )

n n or in other words, ∆ =k 0 . 

If the nonlinear crystal is oriented in such a way that the dispersion effect of the refractive 

index can be compensated by the crystal birefringence, then we will have ∆ =k 0 for a 

certain propagation direction. The angle between this particular direction and the optical 

axis of the crystal for which the phase-matching condition is achieved is called the phase-

matching angle.  

Depending on the polarization states of the fundamental wave and the generated harmonic, 

two types of phase-matching are distinguishable. In the first method, the incident 

fundamental wave contains only one polarization component, e.g. ordinary, whereas the 

2 2

2 2

e e o

1 sin ( ) cos ( )

n ( ) n n

θ θ
= +

θ

Figure  3.41 - Index surfaces made of a sphere and an ellipsoid, used to describe the refractive indices 

of the ordinary and extraordinary components respectively in a negative uniaxial crystal (
e

n ≤
o

n ). 

The ordinary refractive index is independent of θ  while the extraordinary component refractive index 

depends on the angle between the propagation direction and the optical axis.  
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second harmonic contains the other polarization type, e.g. extraordinary. This is called 

type-I phase matching. The second method is called type-II phase matching in which the 

second harmonic is the contribution of two fundamental polarization type components 

(ordinary and extraordinary). For negative uniaxial crystal, that is when ∆n < 0, the two 

methods for phase-matching are summarized as the following: 

 

 

  (3.66) 

 

 

To calculate the phase matching angle, consider the case of the SHG obtained through 

type-I phase-matching in a negative uniaxial crystal. Since for negative uniaxial crystal 

n 0∆ < , one chooses the fundamental frequency to propagate as the ordinary wave and the 

second harmonic frequency as the extraordinary wave in order that the birefringence of the 

material can compensate for the dispersion. The phase-matching condition then becomes: 

 

  (3.67) 

 

where 
m

θ is the phase-matching angle. Then through (3.65) we have: 

 

 

  (3.68) 

 

 

Replacing θ2
cos ( )  with − θ2

1 sin ( )  and solve it for θ2
sin ( )  gives the simplified form of 

(3.68) as: 

 

 

 

  (3.69) 

 

 

 

This equation shows how the crystal should be oriented to obtain the phase-matching 

condition. This fact is shown schematically in Figure 3.42 using the index surfaces. In this 
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figure 
m

θ is the phase matching angle between the wave propagation direction and the 

optical axis of the crystal and ϕ  is the azimuth angle.  Slight crystal disorientation from this 

specific angle causes a dramatic decrease in the generated harmonic intensity leading to an 

inefficient harmonic generation. In this case, the range of θ  angles within which the 

generated harmonic intensity reduces from its maximum to zero is called the “crystal 

acceptance angle”. Since the phase-matching angle is achieved for a certain fundamental 

wavelength, any change in this wavelength will require crystal realignment. Therefore, in a 

similar terminology, the term “crystal spectral acceptance” is defined as the range of 

wavelengths within which the generated harmonic intensity reduces from its maximum to 

zero without touching the crystal.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In a nonlinear crystal even if the crystal is oriented at the calculated angle of 
m

90θ ≠ �

 to 

achieve the perfect phase-matching condition, an issue that limits the efficient conversion 

by reducing the interaction length of the fundamental beam is the “spatial walk-off” 

phenomenon. This happens because the electrical displacement vector D and the electric 

field E  are not parallel to each other in case of the beams with extraordinary polarization. 

Consequently, in case of collinear type-I phase matching obtained within a negative uniaxial 

crystal, the directions of the power flow (represented by the Poynting vector) between the 

ordinary fundamental wave and the extraordinarily-polarized generated second harmonic 

are not completely collinear and make a small angle with each other. This angle that lies 

within the plane defined by the crystal optical axis and the wave propagation direction k is 

called the walk-off angle (ρ ) and is demonstrated in Figure 3.43 by using the index 

Figure  3.42 – (left) Index surfaces of the ordinary and extraordinary components in a negative uniaxial 

crystal (
e

n <
o

n ) showing the phase matching angle, 
m

θ , for which 
(2 )

e on n
ω ω= . (right) is the demonstration 

of the azimuth angle, ϕ , in the xy plane.  
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surfaces. In this figure, the walk-off angle is the difference between the radial ordinary ray 

Poynting vector direction normal to index sphere surface and the extraordinary Poynting 

vector perpendicular to the surface of the extraordinary index ellipsoid of the second 

harmonic.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The walk-off phenomenon imposes a restriction on choosing the crystal length by the fact 

that after a certain length, the generated second harmonic walks out from the fundamental 

beam field and there would be no interaction between the two beams. Exceeding this 

particular amount in crystal length, will result in no further growth in the generated second 

harmonic intensity. Therefore, normally the crystal length is chosen as a trade-off between 

the walk-off and the conversion efficiency as we saw previously the crystal length also 

intervened in (3.62).  

The walk-off effect is obvious for type-II phase matching as illustrated in Figure 3.44. 

However, it also exists to a lower extent in type-I phase matching [178].   

 

 

 

 

 

 

 

 

 

Figure  3.43 - Demonstration of the walk-off angle ( ρ ) as the difference between the ordinary and 

extraordinary poynting vector directions being normal to the sphere and ellipsoidal index surfaces 

respectively.  

Figure  3.44 – Illustration of the walk-off phenomenon in type-II phase matching. ρ  is the walk-off angle and 

the dark triangle is showing the region where the fields overlap with each other.        
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If the beam propagates at 0θ =  and/or 90θ =  the ordinary and extraordinary poynting 

vectors are collinear normal to the ellipsoid surface and thus the walk-off would be 

suppressed. These two particular cases are responsible for another type of phase matching 

known under the title of noncritical phase matching named because of the advantageous 

low angular sensitivity in these two conditions. In these cases, the phase matching is 

performed via temperature tuning of the crystal which is not the subject of discussion in this 

context.  

With this brief introductory part on the fundamentals of second harmonic generation, we 

have the necessary tools to proceed with this chapter. We continue on this subject by 

presenting the modified VECSOL architecture exploited for UV generation via intracavity 

frequency conversion and we will finish by demonstration of some very interesting results 

obtained within this experiment. 
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3.5.3 All-solid-state tunable ultraviolet laser design 

Earlier, in the beginning of this discussion, the existing challenges toward the realization of 

a compact tunable ultraviolet solid-state laser source based on thin films of the organic 

materials were discussed. Considering those difficulties and given that the realized 

VECSOL is taking benefit of high intracavity peak brightness along with an open resonator; 

therefore, it can be an ideal candidate for realization of tunable ultraviolet laser through 

intracavity frequency conversion.  

On this basis, we are presenting a hybrid structure that we have named “VESOUL” 

standing for Vertical External-cavity Surface-emitting Organic Ultraviolet Laser. In such a 

structure, the VECSOL was modified in order to have the highest possible intracavity 

intensity in red region by using two highly-reflective (R 99.5%> ) cavity mirrors (Figure 

3.45). The architecture comprises a non-linear crystal introduced into the VECSOL cavity 

for frequency conversion and a harmonic separator that couples out the UV emission and 

designed in such a way to prevent UV photons from reaching the organic medium. This is 

because the organic materials under optical excitation experience an irreversible 

photochemical degradation. The degradation rate could be further enhanced if these 

materials are exposed to the UV radiation since in this case the photons are more 

energetic. 

In the following part, the experimental arrangement with details about each composing 

element used to realize such a design is discussed in detail.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure  3.45 - Illustration of the modified VECSOL architecture for the purpose of UV beam 

generation via intracavity frequency doubling. 



145 

 

3.5.3.1 VESOUL experimental setup design 

In order to implement the so-called VESOUL architecture, similarly to the VECSOL 

scheme, the plane mirror was designed in such a way to be highly transparent at the pump 

wavelength (T > 90% at 532 nm). As the intensity of the generated UV varies with the 

square of the fundamental (red) intensity ( 2

2
I Iω ω∝ ), the intracavity laser intensity at 

fundamental frequency was maximized by choosing highly-reflective mirrors (R >99.5%) in 

the range between 600-650 nm. In addition, for the reason that will be clarified in the 

following, the concave mirror was also designed to be reflective in the range of 300-330 nm.  

In terms of resonator geometry, generally the 

typical configuration for the purpose of intracavity 

harmonic generations is a folded cavity (Figure 

3.46) due to existence of two waists. However this 

configuration leads to a longer cavity length and 

thus less efficiency as we observed that VECSOL 

efficiency dropped upon increase of the cavity 

length. Therefore, as the first try, we chose a 

plane active mirror similar to the one used for 

VECSOL and an end mirror with 150 mm radius 

of curvature providing a spot size diameter of ~ 180 mµ  at the crystal position for a ~ 10-

mm-long cavity (the minimum possible length, considering the size of intracavity elements 

and their holding supports).     

For outcoupling of the UV beam, the natural solution that comes to one’s mind is the 

outcoupling directly through one of the cavity mirrors. The advantage of this method is the 

lowest possible cavity length that can be achieved in this way. As we saw earlier for the case 

of VECSOL, higher efficiency values were obtained for shorter cavity lengths. However, 

the high efficiency would last for a short term because of the very fast degradation rate 

caused by the energetic UV photons reaching the organic medium. Above all, we got 

informed by the mirror supplier (CVI) that technically, realization of a dielectric coating in 

such a way to be reflective for the red emission and transparent to the UV light was rather 

difficult and troublesome.  

The strategy that we chose for outcoupling of the UV light while avoiding accelerated  

photodegradation induced by the UV photons was based on discriminating between 

fundamental and generated second harmonic through their distinctive polarizations. This 

could be achieved through type-I phase matching scenario. For type-I phase matching in a 

Figure  3.46 – Schematic representation of a 

folded cavity. 
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negative uniaxial crystal, if the fundamental wave is considered to be ordinarily polarized; 

basically the generated second harmonic must have the extraordinary polarization type. To 

separate two polarization types, a specifically-designed dielectric coated plate was inserted 

inside the cavity at the Brewster angle. This plate had one side coating with high s-

polarization reflectivity in a range between 300-330 nm to reflect out the generated UV 

beam and the other side facing the gain medium at the Brewster angle was highly 

transparent to let through the p-polarized red light in the range between 600-650 nm 

without losses. In this way, no UV photon could reach the gain medium. 
16

 

The adjustment of the specially-coated plate (harmonic separator) at the Brewster angle was 

achieved via a He-Ne laser sent through the cavity while crossing the harmonic separator 

inserted inside the cavity. Then the plate was continuously turned till reaching the Brewster 

angle at which the reflection of the p-polarized red light from the He-Ne laser became 

almost zero.  

The BBO crystal was cut in such a way to realize type-I phase matching at 620 nm              

( 38.9 , 90θ = ° ϕ = ° ). The crystal thickness was 3 mm. The crystal was placed inside the 

cavity in-between the harmonic separator and the output coupler, mounted on a support 

enabling several degrees of freedom for phase matching adjustment purposes. 

To obtain the maximum efficiency, the whole setup was tried to be as compact as possible 

since as justified earlier, the efficiency would drop as the cavity length increases. The cavity 

length could be reduced to 10 mm limited by the size of the intracavity elements and the 

supports holding them. However, this length can be possibly reduced further by decreasing 

the actual size of the intracavity elements.    

The whole structure was end-pumped with a beam of 532 nm at 10 Hz repetition rate 

generated by a flash-pumped Nd: YAG laser (SAGA 230, B.M.I., Thomson CSF) having 7 

ns pulse duration. The beam was focused into a spot of 180-µm-large (measured by 

Spiricon beam analyzer) to match the cavity mode size. The solid gain medium was based 

on a film of 1 wt% of Rhodamine 640 dissolved in PMMA A15 solution and deposited 

directly onto the plane mirror via spin coating technique. In this way 85% of the pump 

beam could be absorbed by the film thickness. This thickness was precisely determined 

later on through measurement of the red emission free spectral range (FSR) and then using 

the related formula ( 2
FSR 2n= λ ℓ ). In this relation, the refractive index of the 

Rhodamine 640-doped PMMA was determined by the technique described in appendix 2 

                                                 
16

 This technique turns out to be unsuitable for “short” pump pulse durations (e.g. 0.5 ns). This is because of 

the limitation imposed on the cavity length under this pumping regime which only enables rather short cavity 

lengths (few mm) to be operational for laser emission and thus not having enough space for insertion of 

intracavity components. 
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and was measured to be around 1.52. On this basis, a film thickness of 21.5 mµ  was 

deduced 

3.5.4 VESOUL emission characterization 

In the following part, the performance characterizations of the UV emission in terms of the 

efficiency and the laser photostability are carried out and discussed in detail.  

3.5.4.1 Efficiency curve 

The input-output characteristic curves of the realized VESOUL are depicted in Figure 

3.47.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The red and UV emissions are exhibiting linear and parabolic evolution vs. the pump 

energy, respectively, as expected. The UV output could be increased up to 1 Jµ  per pulse. 

An optical-to-optical conversion efficiency (UV energy divided by the absorbed pump 

energy at 532 nm) of 2% could be deduced in this way. For higher pump power levels, 

photodegradation induces a sublinear behavior of the laser output as it is also observable in 
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Figure  3.47 - (left) red laser emission (fundamental) as a function of the pump energy. The structure is not 

designed to produce red radiation, thus, the vertical axis represents the red emission intensity in an arbitrary 

unit from one of the leak sources. (right) UV output at 315 nm. The solid line is a parabolic fit to the 

experimental data.     
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the last points of the above figure.  

The spatial profile images of the UV emission together with a photo of the VESOUL 

architecture under operation are shown in Figure 3.48 and Figure 3.49 respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  3.48 - Two dimensional (left) and three dimensional (right) images of the spatial UV 

mode profile. Slight profile asymmetry is supposed to be due small angular acceptance of 

the BBO crystal.     

Figure  3.49 - Long-exposure time photograph of the VESOUL setup showing the pump 

beam (green) on the left, a red beam leaking from the dichroic plate toward the bottom and 

finally, on the top is the UV beam, became visible through fluorescence of a paper sheet. 

Inset is the cavity close up showing the BBO crystal and dichroic plate.   
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3.5.4.2 Emission spectrum 

As mentioned earlier in the case of the VECSOL, the red emission spectrum (fundamental 

wavelength) is composed of several peaks due to the Fabry-Perot etalon effect imposed by 

the organic gain medium (Figure 3.50). This spectrum could be easily obtained thanks to 

the existence of numerous leaks within the architecture (i.e. through very weak 

transmission of the cavity mirrors and/or taking advantage of the dielectric plate coating 

imperfection reflecting very weak quantity of the red fundamental beam even at Brewster 

angle). In contrast, the UV spectrum exhibits a single peak with FWHM
17

 below 0.5 nm, 

limited by the spectrometer resolution at disposal. This single mode operation is due to 

rather small acceptance angle (~ 0.5 nm) of the BBO crystal which allows only one of the 

red peaks to fulfill the phase matching condition at a given crystal angle (Figure 3.51). 

Albeit, it should be reminded that in both red and UV emissions, the narrowly-spaced 

longitudinal modes of the external cavity exist within each peak of the Fabry-Perot etalon. 

Upon tilting of the BBO crystal by a fraction of degree, the spectral acceptance curve could 

match any of the red peaks within the emission spectrum. In addition to second harmonic 

generation, emission peaks were also observed between two adjacent red maxima located 

in between the frequency-doubled peaks (e.g. 626 nm+632 nm→314.5 nm) manifesting 

the non-degenerate sum-frequency mixing phenomenon. The second emission spectrum 

in Figure 3.50 is corresponding to UV emission tunable from 309.5 to 316 nm by discrete 

steps upon BBO orientation. Interestingly, as already demonstrated in case of VECSOL, 

the device showed continuous tunability between these values thanks to the non-

homogeneous film thickness obtained during film deposition through spin coating. This 

effect was more noticeable when the pump excitation spot was scanned in a region near the 

sample edge as the thickness variation was more pronounced in this region. Combining all 

these effects (BBO adjustment to phasematch different emission peaks of the fundamental 

red emission and also scanning over the entire range of the sample from the center to the 

edge), made it possible to obtain a tunability range from 309 nm to 322 nm. 

 

 

 

 

 

                                                 
17

 FWHM=Full Width at Half Maximum. 
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Figure  3.50 - Top: typical red emission spectrum of the VECSOL. Bottom: several 

individual UV peaks obtained for a given pump spot location on the organic layer, for 

different orientation of the BBO crystal. 
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3.5.4.3 Photostability 

As mentioned earlier, our strategy to design the VESOUL architecture was based on 

avoiding any UV-enhanced photodegradation. This signifies any further degradation other 

than normal irreversible photodegradation of the organic materials that can be induced by 

UV photons as they possess higher energy quantity than red photons. To prove our claim 

we carried out the photostability studies by pumping the realized architecture at pump 

energy level of approximately four times above lasing threshold (Figure 3.52).  

 

 

 

Figure  3.51 - (top-left) BBO spectral acceptance calculated from the crystal parameters (top-right) typical red 

emission spectrum. (bottom) single-peak UV emission spectrum obtained experimentally and justified 

theoretically as a result of the product  of the red emission spectrum and the BBO spectral acceptance curve.  
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From (3.64) we were expecting the time-varying UV energy to follow the trace of the 

squared red emission energy. But the preliminary result didn’t fully comply with our 

expectation as the UV emission intensity decayed to half of its initial value after ~ 4470 

pulses (void circles) which was ~ 1.5 times faster compared to the expected UV emission 

curve (dashed line obtained by tracing 
( ) 2

(P )
ω
). Therefore, we got through the possible 

reasons to explain where the difference in behavior might come from and we found the 

answer in the slight blueshift occurred within the fundamental wavelength emission 

spectrum. In fact, when the excited spot within the gain medium undergoes the normal 

degradation during pumping, it causes the refractive index of the doped PMMA to shift 

towards the non-doped PMMA refractive index as the dyes gradually become bleached 

(Figure 3.53). This causes a spectral shift because the Fabry Perot etalon is index 

dependant.  

A similar behavior was also seen and verified by Richardson et al. [36] in a DFB structure 

based on a conjugated polymer (poly[2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenylene 

vinylene]). They attributed the refractive index modification to breaking of double bonds 

along the polymer backbone caused by photoinduced cross linking. However, in case of 

Rhodamine 640, the reason of this fact might be slightly different in nature since 

Rhodamine 640 is not a polymer and thus, it is not cross-linked. 

Whatever the reason in behind, the change in the refractive index results in a spectral shift 
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Figure  3.52 - Photodegradation curves. The dotted line is the expected UV intensity (square of the 

measured fundamental intensity). The solid line is the expected UV intensity calculated from the measured 

fundamental output with phase matching alteration due to refractive index change, deduced from the shift 

of laser wavelength vs. time.    
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of the fundamental red emission spectrum (governed by the Fabry-Perot etalon) that 

eventually leads to a phase mismatch and a reduced efficiency. This was verified by a slight 

tilt of the non-linear crystal which revived the UV energy and brought it back to its initial 

value before undergoing the phase mismatch condition (Figure 3.54).  
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Figure  3.53 - VECSOL red emission spectral blueshift observed and demonstrated for one of the 

peaks within the multimode emission spectrum as a result of induced refractive index modification 

caused by photodegradation of the organic gain medium. 
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Figure  3.54 - Filled circles in red are showing the red emission (fundamental beam) degradation. 

Three discrete curves traced by hollow violet circles are showing the UV emission revived two times 

upon BBO crystal realignment. The curves are obtained for incident energy of 30 Jµ  and a cavity 

length of ~ 1.4 cm. 
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In order to prove our hypothesis on phase mismatch due to refractive index modification, 

we followed the described procedure in below.  

As we saw, the red emission wavelength shifted by time due to refractive index modification 

resulted from photodegradation. This causes that phase-matched red peak to shift away 

from the narrow spectral acceptance band of the crystal (FWHM < 0.5 nm) and thus a 

decrease in UV efficiency due to phase mismatch. We plotted the UV intensity by taking 

into account the decrease in the UV efficiency caused by the reduced overlap between the 

shifted red peak and the spectral acceptance of the crystal. As a result, we obtained the 

solid line in Figure 3.52 which coincides almost perfectly with the experimental data.     

It should be mentioned that the above procedure, taken to obtain the solid line, was all 

based on the experimental data and no fitting parameter was used. 
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3.6 Chapter conclusion  

In this chapter, an external cavity laser based on a layer of dye-doped PMMA was 

presented and discussed. The structure design idea was rooted from inorganic Vertical 

External Cavity Surface Emitting Laser (VECSEL). Thus, the realized architecture was 

named VECSOL standing for Vertical External Cavity Surface-emitting Organic Laser.  

The whole structure was end pumped at 532 nm in separate experiments by two pulsed 

sources at 10 Hz repletion rate but with different pulse durations of 0.5 ns and 7 ns. Based 

on preliminary experiments, the latter resulted in optical conversion efficiency of 43% 

while this was measured 6.3% for the other source. The emission showed to be multimode 

with peaks spacing corresponding to the free spectral range (FSR) of the Fabry-Perot etalon 

formed by the 18- mµ -thick gain medium. Beam quality measurement revealed a perfectly 

diffraction-limited beam with 2
M 1= . A tuning range of 40 nm was achieved thanks to film 

thickness variation by going toward the sample edge. The structure power scalability was 

demonstrated for a typical case where the output energy became two times higher when the 

pump spot size doubled while keeping the pump fluence constant. The degradation rate 

showed to be constant before and after doubling the output energy. The laser emission 

photostability was studied for both cases of 0.5 and 7-ns-long pulse sources. This study was 

carried out based on a home-developed LabView program. We noticed that the 

degradation rates were highly dependent on the oldness of the used solution for sample 

preparation. Emission half-lifetime up to 10 times higher was observed for a sample 

prepared from a fresh solution than a sample made from a two-week old solution. 

Furthermore, VECSOL emission when excited by 7-ns-long pulse pump source showed to 

last for much longer time in comparison to the case when it excited with 0.5-ns-long pulses, 

evidencing the role of peak power in the photodegradation process.      

Following the above-described characterization, theoretical analysis was performed based 

on Tang-Statz-de Mars rate equations for better understanding of the VECSOL emission 

dynamics, specially, the big difference seen in conversion efficiency values for two pump 

pulse durations. These analyses then helped to improve the structure performance and 

increase the VECSOL efficiency to 57% in an optimized geometry which up to date, it is 

the efficiency record among the reported conversion efficiencies for organic thin-film-based 

devices. 

As observed during the experiment and then proved via modeling, the 7-ns-long pump 

pulse allowed having a few-cm-long cavity. Therefore, thanks to the open cavity and also 

the high intracavity intensity, the VECSOL emission centered at 650 nm could be extended 
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to the ultraviolet region through intracavity frequency doubling.  

Using type-I phase matching, an optical conversion efficiency of 2% (UV energy divided by 

the absorbed pump energy at 532 nm) was obtained for the UV emission. A tunability 

range from 309 to 322 was obtained. The measured emission wavelengths are the lowest 

reported (up to date) in the family of organic thin-film-based devices. 

In terms of photostability, the UV emission intensity dropped to half of its initial value after 

around 4500 shots at 10 Hz repetition in a cm-long cavity. This corresponds to a slightly 

higher degradation rate in comparison to what expected from the square of the 

fundamental output. However, we showed that this small difference could be fully 

explained by a fine wavelength shift during laser operation rather than by a UV-enhanced 

photodegradation as the structure was designed in such a way prevent UV photons to reach 

the gain medium.  

The realized device with its attractive features can be very promising toward practical 

applications, notably due to its fabrication simplicity, high conversion efficiency and very 

good beam quality. For example, the last feature would allow easy injection of the emission 

beam into an optical fiber for applications where this is needed. The cost and size of the 

cavity makes it very interesting for in-situ spectroscopy applications (of course, once a more 

affordable, compact and cost effective pump source could be found). Further progress is 

underway by exploiting other organic materials and going deeper in understanding of 

device functionality.   
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Overall conclusion and perspectives 

The aim of this thesis was to make a step forward in the field of organic solid-state lasers by 

addressing some issues that prevent these sources to be used in real applications. Let us 

very briefly summarize our results. 

During this thesis, we first examined and characterized a novel organic small molecule 

(fvin) for laser applications. This deep red-emitting compound with its unique structural 

design evidenced a considerably reduced quenching in neat film configuration which is 

rarely seen in the family of organic devices. This material was examined in DFB 

configuration and laser emission was observed. This result shows the suitability of this 

material for realization of very low threshold devices thanks to high amount of absorption 

that can be achieved within a thickness of a few hundreds of nm. Furthermore, since this 

material is an organic semiconductor, it is promising for future electrical pumping, once the 

existing issues toward this goal are resolved.   

In the second axis of this thesis, we started from scratch and then examined a novel 

external-cavity organic laser (called VECSOL) based on thin film of a classical dye 

(Rhodamine 640) doped into PMMA, with the aim of improved beam quality and 

increased lasing efficiency. Several characterization types (efficiency measurement, beam 

quality quantification, power scalability, tunability demonstration and photodegradation 

studies) were carried out in separate experiments for two different pump sources with 

different pulses durations (0.5 ns and 7 ns). A theoretical study of the emission dynamics 

was then performed. Simulations were carried out based on Tang-Statz-de Mars rate 

equations and validated by comparing with the experimentally-obtained results.  

Following the experiments, we observed that a long-pulse excitation regime allows using a 

few-cm-long cavity. This feature together with high intracavity intensity was used to extend 

the emission wavelength to the ultraviolet part of the spectrum through intracavity 

frequency doubling. In this way, a successful realization of the lowest-achieved wavelength 

in the UV region for thin-film-based devices was demonstrated.  

Fabrication simplicity, the efficiency record of this device (more than 50%) within the 

family of organic thin-film devices together with the diffraction-limited beam quality are 

appealing features which make this device an interesting candidate toward practical 

applications. 
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As this three-year-work comes to its end, it appears that there are still several works that can 

be done for device improvement functionality.  For example: 

Study of the VECSOL performance in several families of organic dyes, especially, in 

organic semiconductors (for instance, “fvin”) with the perspective of future electrical 

pumping (although, the VECSOL threshold is far higher than those reported in planar 

DFB structure, making VECSOL not the ideal candidate for an early demonstration of 

electrical pumping).  

A comprehensive degradation study is envisaged via the already-existing LabView program. 

This study includes examining the degradation issues (photochemical and thermal effects) 

in the VECSOL based on some other organic dyes such as Pyrromethene. According to 

very recent results obtained in our group, this material showed to be highly photostable 

with an emission that could last for several hours. The effect of oxygen on degradation is 

also the subject of future study which can be realized by comparative degradation studies in 

air and in an oxygen-free atmosphere.  

As we saw during this thesis, the VECSOL tunability was possible thanks to film thickness 

variation by going toward the sample edge. Therefore, finding a systematic approach to 

have a controlled tunability of the emission wavelength is highly sought in the future 

studies.  

Toward practical applications, a major problem is related to the pump source and a limit of 

the total device cost and portability which is imposed by the current sources. In this regard, 

the idea of laser diode pumping or LED pumping is very attractive and promising, 

following the recent results obtained by Samuel et al. [60] and also the advances in laser 

diode technology which have made possible the appearance of powerful blue-emitting laser 

diodes. 

The VECSOL architecture with its very versatile structure makes it a tool that can be used 

to study and quantify photophysical parameters in organic dyes and, more interestingly, in 

organic semiconductors that are usually unknown (or known with rather poor accuracy). 

This would make the VECSOL an attractive tool to a broader community of organic 

photonics in a way that it can be useful to characterize materials for OLEDs and solar cells, 

for instance. 
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Appendix 

Appendix 1: Some practical spectroscopic data relevant to the used 

laser dyes (Rhodamine 640 and DCM) 

Rhodamine 640 and DCM are two of the very well-known laser dyes used within the 

realized work of this thesis. The later has a full chemical name of “4-(dicyanomethylene)-2-

methyl-6-(p-dimethylaminostyryl)-4H-pyran” with the structure shown in the following 

figure (top). Rhodamine 640 has a full chemical name of “9-(2-carboxyphenyl)-

2,3,6,7,12,13,16,17-octahydro-1H,5H,11H,15H-xantheno [2,3,4-ij:5,6,7-i',j']diquinolizin-4-

ium perchlorate” and its structure is shown in the following figure (bottom). The consumed 

laser dyes were purchased from Exciton Inc. 
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A 1. 1 – Chemical structures of DCM dye (top), Rhodamine 640 (bottom). 
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Concerning a dye molecule, two of the very useful parameters are the absorption and 

stimulated emission cross sections which are denoted as 2

abs
(cm )σ  and 

2

em
(cm )σ , 

respectively. In the following, these parameters for different wavelengths are calculated 

from the absorption and emission curves measured experimentally in thin solid films of 

PMMA.   
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A 1. 2 – Absorption and emission curves of DCM-doped PMMA film and the corresponding cross 

sections for each curve. 

A 1. 3 - Absorption and emission curves of Rhodamine 640-doped PMMA film and the 

corresponding cross sections for each curve. 
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In the above graphs, the stimulated emission cross section is calculated from the well-

known Füchtbauer-Ladenburg equation:   

 

 (A 1.1) 

 

where λ  is the wavelength, 
f

φ  is the fluorescence quantum yield, f( )λ  is the fluorescence 

spectrum measured experimentally and normalized to one, n is the medium refractive 

index, c is the speed of light in air and τ  is the radiative lifetime.  

For the relation given in (A 1.1), the refractive index of doped PMMA was measured 

experimentally to be around n=1.5 (see appendix 2). For DCM, the values of 
f

φ =0.76 and 

τ =2 ns were used based on Ref. [179]. For Rhodamine 640, a 
f

φ = 0.8 [105] and τ =7.5 ns 

[106] were considered.  

For the calculation of absorption cross section the following procedure was taken.  

First, dye-doped solutions of PMMA in anisole were prepared (doping rates were 5 wt. % 

and 1 wt. % for DCM and Rhodamine 640, respectively) and spin-casted on a glass slide. 

The film thicknesses were determined by the Alpha-Step IQ surface profiler (KLA 

Tencor). The absorbances of the realized films were measured by UV-Visible 

spectrophotometer Varian (Cary 100 series). Absorbance is expressed as αℓ , with α  being 

the absorption coefficient and ℓ  the film thickness. The film transmission is written as 

T 10
−α= ℓ (the transmission can also be expressed by a power function with an exponential 

base, that is,T e
−α= ℓ ). The absorption coefficient can be easily determined through 

dividing the measured absorbance by the realized film thickness. To have the absorption 

cross section per dye molecule, the obtained absorption coefficient should be divided by 

the density of the dye molecules in the film. Using the relation (A 4.2) given in appendix 4, 

one can have a rough estimation of the density of the dyes in PMMA matrix as the 

following: 

 

 

 

 

 (A 1.2) 

 

 

 

 

3 23 1

film A

1

DCM

20 3

3 23 1

film A

1

Rhodamine 640

19 3

p N 0.05 1.2(g.cm ) 6.022 10 (mol )
N

M 303(g.mol )

1.19 10 (DCM molecules / cm )

p N 0.01 1.2(g.cm ) 6.022 10 (mol )
N

M 591(g.mol )

1.22 10 (Rhodamine 640 molecules / cm )

− −

−

− −

−

ρ × × ×
= =
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= =

= ×
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em
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Given the above estimation about the density of dye molecules within a film of PMMA, the 

absorption cross section ( 2
cm ) for different wavelengths can be easily obtained through 

division of the absorption coefficient α  by the N value. 

In the following tables, some of the useful spectroscopic properties of the DCM and 

Rhodamine 640 in solid matrices, found experimentally and/or reported in the literature, 

are summarized. 

 

 

DCM
 

Condition 

abs

maxλ  

(nm)  

em

maxλ  

(nm)  

2

abs(cm )σ  
2

em
(cm )σ  

τ  
(ns)  

f
ϕ  

*

f
k
 
1

(s)
−

 

**

nr
k

 
1

(s)
−

 
 

5 wt. % DCM 

in PMMA 

(measured by us) 

460 600 

@ 
16

max 1.37 10
−λ = ×  

16
max@  3.3 10

−λ = ×  -- -- -- -- 

@ 532 nm 17
2.86 10

−= ×  

DCM in PMMA 

Ref. [179] 453 550 ---- ---- 2 0.76 0.38 0.12 

DCM in bulk 

PMMA 

Ref. [105] 
460 570 

@ 16
max 5.1 10

−λ ×≃  

16
max@  3.6 10

−λ ×≃  1.31 0.66 0.5 0.25 

@ 532 nm 17
8 10

−×≃  

Rhodamine 640 

 

1 wt. % Rhodamine 

640 

in PMMA 

(measured by us) 

582 617 

@ 16
max 2.9 10

−λ = ×  

16
max@  2.1 10

−λ = ×  -- -- -- -- 
17

@  532 nm 0.77 10
−= ×  

1 wt. % Rhodamine 

640 

in PMMA 

Ref. [106] 

 

580 630 ---- ----- 7.5 -- -- -- 

Rhodamine 640 

in PMMA 

Ref. [180] 
-- -- @ 527 nm 16

1.2 10
−= ×  

16
max@  5.3 10

−λ = ×  4    

 
*

f
k  is the radiative rate constant and is defined as 

f f
k = ϕ τ . 

**

nr
k  is the nonradiative rate constant and is defined as 

nr f

f

1
k k ( 1)= −

ϕ
. 
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Appendix 2: Refractive index determination of doped PMMA  

The following technique was used to measure the refractive index of the Rhodamine 640-

doped PMMA film. 

First, a layer of the doped PMMA was spin casted on a silica substrate (round shape with 

standard size of a mirror) under the same experimental condition as the VECSOL sample 

had been prepared (PMMA solution of the same viscosity, 1 wt. % doping rate and with the 

same spin speed). The film thickness ( 18.7 m= µℓ ) was determined by Alpha-Step IQ 

surface profiler (KLA-Tencor Corp.). This sample was then inserted inside the 

spectrophotometer (Varian - Cary 100 series) and its transmission curve was monitored as a 

function of spectroscopic wavenumber (1 / λ ). As for long wavelengths the sample 

becomes transparent, the ∼  18- mµ -thick film forms a Fabry-Perot etalon for the incident 

wavelengths leading to a sinusoidally-modulated transmission curve. This curve was fitted 

by a sinusoidal function as the following: 

 

 (A 2.1) 

 

where A, B and C are constant, ɶ 1ν = λ  is the spectroscopic wavenumber, 1 (2n )Λ = ℓ  is 

the modulation period where nℓ  is the optical length with n being the refractive index and 

ℓ the film thickness. 

Using the above-described procedure, a refractive index of n 1.520=  was deduced for the 

doped PMMA film in a rather precise manner.  
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A 2. 1 – (solid line) transmission curve of a Fabry-Perot etalon formed by an ∼ 18- mµ -thick film of

Rhodamine 640-doped PMMA. (dotted line) a fit to the experimental data to deduce the refractive index of  a

doped  PMMA film. 
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Appendix 3: General information on the PMMA and spin speed 

curves 

Poly (methyl methacrylate) known as PMMA is a transparent polymer which was used as 

the host matrix to embed the dye particles. Standard PMMA solutions in anisole with 

molecular weights (MW) of 495,000 and 950,000 were bought from MicroChem Corp. 

The latter is known under the commercial name of PMMA A15 which corresponds to 

15 wt. % of dissolved PMMA in anisole and the former is recognized as PMMA A6 which 

is a solution with 6 wt. % of PMMA in anisole. The chemical structure of PMMA is shown 

in the following figure. 

 

 

 

 

 

 

 

 

In the following the first two graphs are the spin speed curves provided with the bought 

products.  

 

 

 

 

 

 

 

 

 

 

 

 
A 3. 2 – Spin speed curve of PMMA A15, provided by the MicroChem Corp. 

A 3. 1 – Chemical structure of Poly (methyl methacrylate) known as PMMA. 
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To make an ∼ 18- mµ -thick film of Rhodamine 640-doped PMMA, the PMMA A15 type 

was used and the spin coater was programmed with the following recipe: 

 

RPM 1 = 650 Ramp 1 = 1 Sec. Time 1 = 30 Sec. 

RPM 2 = 750 Ramp 2 = 3 Sec. Time 2 = 15 Sec. 

RPM 3 = 800 Ramp 3 = 3 Sec. Time 3 = 15 Sec. 

Ramp 4 = 30 Sec. 

 

The information in the first line of the above table means during one second the spin 

speed reaches 650 rounds per minute and keeps going at this speed during 30 seconds 

before starting the second phase.  

In order to make ∼ 600-nm-thick film of DCM doped PMMA (used for gain measurement 

and laser study in chapter 2), the less viscous PMMA type (PMMA A6) was used with the 

following spin speeds: 

 

RPM 1 = 500 Ramp 1 = 1 Sec. Time 1 = 1 Sec. 

RPM 2 = 700 Ramp 2 = 1 Sec. Time 2 = 1Sec. 

RPM 3 = 1000 Ramp 3 = 1 Sec. Time 3 = 40 Sec. 

Ramp 4 = 30 Sec. 

 

The used recipes for the spin coater were obtained based on the spin speed curves and 

trial and error method. 

As it can be seen in the above-given spin speed curves there is thickness gap from 600 nm 

A 3. 3 - Spin speed curve of PMMA A6, provided by the MicroChem Corp. 
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to around 4 mµ . Therefore, for the experiment where the VECSOL single-peak operation 

was sought, a film thickness in this gap was required. For this purpose, the two PMMA 

types (PMMA A15 and PMMA A6) were mixed with equal weight ratio (50%-50%). The 

following curve is the corresponding spin speed curve obtained experimentally in the 

laboratory.  

 

 

 

 

 

 

 

 

 

 

 

 

 

It should be noted that all the prepared samples were completely homogenous within a 

central zone with a gradually-increased thickness by going toward the edge. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 3. 4 - Spin speed curve of PMMA (A6+A15) in equal weight ratios obtained experimentally in 

our laboratory. 
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Appendix 4: Estimation of Rhodamine 640 dye density in a film of 

PMMA 

Estimation of the Rhodamine 640 dye density (N) in PMMA can be easily obtained 

through the following relation: 

 

 

 (A 4.1) 

 

 

This relation is expressed as the following: 

 

 

 (A 4.2) 

 

 

where 
3

N(cm )
−

 is the Rhodamine 640 dye density in the doped film, p is the doping rate 

(1 wt. % in our case), 
1 23

A
N (mol ) 6.022 10

− = ×  is the Avogadro number, 

Rhodamine 640
M (g / mol) 591=  is the Rhodamine 640 molar weight and 

3

film
(g / cm )ρ  is the 

doped film density which is considered to be almost equal to non-doped PMMA film 

density ( 
3 3 3

film PMMA
(g / cm ) (g / cm ) 1.2 g/cmρ ≈ ρ ≈ ) as 1 wt. % of doping should not cause 

a big difference between doped and non-doped films. 

Using the above information, the density of the Rhodamine 640 molecules is estimated to 

be 
19 -3

N 1.22 10  (cm )= × . 
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Appendix 5: VECSOL dielectric mirror transmission curves 

In the following, the first figure is the transmission curve of a typical dielectric output 

coupler (Altechna Inc.) with 200 mm curvature radius and ~ 98% reflectivity over the 

wavelength range of 600-680 nm measured by the UV-Visible spectrophotometer Varian 

(Cary 100 series).  

The second curve corresponds to the transmission curve of a dielectric plane mirror from 

the same supplier with reflectivity of ~ 99.5% in the range of 620-660 nm. The curve in the 

inset of each graph is a zoom over the desired spectral region determining the highest 

reflectivity. 
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A 5. 1 –. (top) typical transmission curve of the VECSOL output coupler with 98% reflectivity within 600-

680 nm. (bottom) typical transmission curve of the VECSOL plane mirror with 99.5% reflectivity within 

620-660 nm. The insets are zooms over the interested regions. 
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Appendix 6: Calculation of the VECSOL intracavity photon lifetime   

To obtain the intracavity photon lifetime (
cav

τ ), imagine a laser cavity where 
0
I  is 

representing the intracavity laser intensity in a transverse cross-section of the beam at time 

t 0= . 

 

 

 

 

 

 

 

 

 

 

 

The beam intensity at the same position after a round-trip inside the cavity at time 
1

t t=  

will be:   

 
2

1 0 1 2 i
I(t ) I R R (1 T )= −  (A 6.1) 

 

where 
i

T  is the cavity loss in single-way beam trip and 
1
R  and 

2
R  are the mirror 

reflectivities. Recall that I and q  are proportional (relation 3.41), then equation (A 6.1) can 

also be expressed in terms of the number of intracavity photons where in this case 
0

q  is the 

number of photons at time t 0=  and so on. Therefore, the number of photons after m  

round-trip inside the cavity is given by: 

 

 

 (A 6.2) 

 

where 
cav

L (n 1)d L= − +  is the optical path length found in relation (3.42) and c is the 

light velocity.  

The decay in q is exponential since after each round-trip inside the cavity a fixed number 

of photon would be lost. Then, relation (A 6.2) can be expressed as:  

m
2

m 0 1 2 i

2mL
q(t ) q R R (1 T )

c
 = = − 

A 6. 1 – VECSOL cavity and the corresponding notations for each part. 
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 (A 6.3) 

 

where,
cav

τ  is representing the intracavity photon lifetime which can be interpreted as the 

time during which the number of supposedly fixed pack of photons imprisoned inside the 

cavity decays exponentially to zero by the rate of 
cav

1 / τ . From (A 6.2) and (A 6.3) 
cav

τ  will 

be obtained as the following: 
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Stimulated emission in small-molecule organic films at a high dye concentration is generally

hindered by fluorescence quenching, especially in the red region of the spectrum. Here we

demonstrate the achievement of high net gains �up to 50 cm−1� around 640 nm in thermally

evaporated nondoped films of 4-di�4�-tert-butylbiphenyl-4-yl�amino-4�-dicyanovinylbenzene,

which makes this material suitable for green-light pumped single mode organic lasers with low

threshold and superior stability. Lasing effect is demonstrated in a distributed Bragg resonator

configuration, as well as under the form of random lasing at high pump intensities. © 2009

American Institute of Physics. �DOI: 10.1063/1.3182820�

Organic optoelectronics is a very active field of research,

partly driven by the rapid developments of organic light-

emitting diodes and photovoltaic cells. In this context, solid-

state organic lasers open the way to many applications �sens-

ing, telecommunications…�, due to their ability to produce

coherent radiation over the whole visible spectrum, together

with low-cost fabrication techniques on possibly large areas.

While huge challenges remain to be solved in order to

achieve direct electrical pumping of organic semiconductors,

recent reports have shown the interest of an “indirect” elec-

trical driving strategy, in which a small solid-state laser,
1

a

laser diode,
2

or a light-emitting diode
3

is used as an optical

pump source. Stimulated emission and lasing have been ob-

served in numerous conjugated polymers
4,5

as well as in

some small-molecule-based organic materials.
6,7

The latter

are especially attractive as they exhibit a well-defined mo-

lecular structure and can be thermally evaporated, which pro-

vides an accurate control over the layer thickness and a better

film quality. However, stimulated emission in small-

molecule materials is generally hindered in nondoped films

due to strong dipole-dipole coupling between excited-state

molecules and �−� stacking �overlap of the � orbitals� be-

tween neighboring conjugated segments, which can both

lead to significant luminescence quenching.
8

To limit

self-quenching, the emitter is generally introduced at low

concentrations in a polymeric or small-molecule organic

matrix.
9

Nonetheless, the realization of a single mode or-

ganic waveguide lasers requires high absorption over a short

distance, which cannot be readily achieved with low-doped

layers. This absorption problem can be bypassed in host-

guest blends: in such systems, the host strongly absorbs light

and subsequently transfers its excitation to the guest through

a Förster energy transfer mechanism.
10

In this case the pump

radiation is generally in the ultraviolet, which is detrimental

to the photostability of the laser and sets limits in the choice

of the pump source.

So far lasing in small-molecule neat films has been

demonstrated in materials such as sexiphenyls,
11

oligothiophenes,
7

or spiro derivatives.
12

However, the

reported emission wavelength lies essentially in the violet

or the blue part of the spectrum, with some rare exceptions

in the orange-red.
9

Indeed, long-wavelength emission is

generally achieved with extended �-conjugated planar

structures, in which the probability to observe �−� stacking

�and luminescence quenching� is therefore stronger. In

the present work amplified spontaneous emission

�ASE� and laser operation in a distributed Bragg reflector-

type cavity �DBR� is demonstrated in neat films of an

organic dye �4-di�4�-tert-butylbiphenyl-4-yl�amino-4�-

dicyanovinylbenzene,
13

named fvin in the following� in the

deep red part of the spectrum �650 nm�, pumped at 532 nm.

The molecular structure of the fvin molecule is depicted

in the inset of Fig. 1. Femtosecond transient absorption spec-

troscopy studies have evidenced the formation of a quite

distorted geometry in the excited state with regard to the

ground state. This leads to a large Stokes shift of up to 170

nm, with the consequence that red emission is achieved with

a relatively short conjugation length, which limits intermo-

lecular �−� aggregation. The large Stokes shift is also fa-

vorable to obtain a true four-level system with very low re-

absorption losses �see Fig. 1�. Quenching is also highly

reduced here by the steric hindrance exerted by the bulky

tert-butylphenyl substituents and twisting of the tripheny-

lamino group. These geometrical characteristics allowed us

to obtain amorphous materials �Tg=86 °C� with no microc-

a�
Electronic mail: sebastien.forget@univ-paris13.fr.

FIG. 1. �Color online� fvin emission and absorption spectrum in neat film.

Inset: structure of the molecule.
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rystallized areas, which would limit the lasing capabilities

because of the induced optical losses at the domain

boundaries.
11

The fvin neat film was realized on silica substrates

through thermal evaporation under a 10−6 mbar pressure. No

visible scattering was observed and the film optical quality

was excellent as expected when resorting to the thin film

evaporation process. The film thickness was monitored by

means of a quartz microbalance in the evaporator machine to

be 600 nm. Neat films absorbed as much as 84% of the

incident light at 532 nm, in the tail of the absorption band.

Since the refractive index is 1.82 at 633 nm �determined by

ellipsometry�, single mode waveguiding is expected.

The variable stripe length �VSL� method
14

was em-

ployed to measure the net gain coefficient. In this technique,

ASE is detected from the diamond-cleaved edge of the

sample for different pump excitation lengths. The lumines-

cence was collected via an optical fiber and sent to a spec-

trometer SPEX 270-M �grating 150 or 1200 lines/mm, cor-

responding to a resolution of 8 or 1 nm, respectively�
followed by an Andor technologies DH 720 charge coupled

device camera.

The experimental setup is depicted in Fig. 2. The 532 nm

pump beam was produced by a Nd:YVO4 Q-switched laser

�PowerChip, Teem Photonics� with frequency doubling

through single-pass in a lithium triborate crystal. The pulse

duration at 532 nm was 500 ps with a repetition rate of 10

Hz, and the pulse energy could be varied up to 20 �J. The

beam was expanded by an afocal telescope �L0 and L1� and

focused with a cylindrical L2 lens to form a thin stripe

�320 �m full width at 1 /e2, measured by a Spiricon cam-

era�. After selecting only the central part of this line to pro-

vide a uniform excitation intensity onto the sample, an ad-

justable sharp edge blade positioned on a translation stage

enabled to vary the length of the stripe. In order to avoid the

complex intensity modulation due to Fresnel diffraction ef-

fects after the blade edge,
15

the latter were optically conju-

gated through a 1:1 imaging system. We thus managed to

produce an intensity profile of the imaged pump stripe with

abrupt edges �as shown in the inset of Fig. 2�, provided that

the imaging lens had a large enough numerical aperture to

collect the high spatial-frequency information contents of the

far-field diffraction pattern. In practice, a 10 cm focal length

lens with a diameter of 1 in. was chosen as a good compro-

mise between the desired edge sharpness and the image deg-

radation due to spherical aberration.

Figure 3 shows the ASE intensity versus the pump stripe

length for different pump fluences. We clearly observed a

superlinear increase in the emission with the excitation

length, which can be well fitted with the following expres-

sion:

I�L� =
�spont

g − �
�e�g−��L − 1� ,

where I is the ASE intensity, L the stripe length, g is the

optical gain, � represents the passive losses �self-

reabsorption and waveguide losses�, and �spont is the power

density of spontaneous emission emitted into the stripe solid

angle.

In this expression, the gain saturation is neglected, which

is reasonable as only short pump stripes are considered. The

amount of losses � were experimentally measured with a

similar method
14

and were estimated to be around 10 cm−1.

We obtained a maximum optical gain of 50 cm−1 for a pump

fluence of 413 �J /cm2, which ranges among the highest re-

ported for red-emitting neat films of small molecules. The

maximum emission wavelength is in the deep red part of the

spectrum, around 660 nm and the ASE threshold is

22 �J /cm2, which is the lowest reported ASE “threshold” as

defined by McGehee et al.
16

for neat films made of small-

molecule organic red emitters. Moreover, pumping in the

green instead of UV induces excellent ASE stability: 80% of

initial ASE intensity �just above threshold� was still mea-

sured after 105 pulses at 10 Hz.

For the sake of comparison, we used the well-known

DCM dye in the same single mode waveguide configuration

since it exhibits similar absorption and emission spectral

characteristics. Contrarily to fvin, DCM is very sensitive to

quenching, which limited us to a 5 wt % doping in polym-

ethyl methacrylate �PMMA� matrix �Microchem Inc., Mw

=4.95�105 g mol−1�. The sample was prepared by spin

coating the DCM-PMMA anisole solution on silicon sub-

strates at a spin speed of 1000 rpm to obtain a 600-nm-thick

film. In this case only 15% of the pump beam at 532 nm was

absorbed. With the VSL method, an optical gain of 40 cm−1

was measured at the maximum pump fluence �413 �J /cm2�.

For a similar absorbed pump power, the gain in DCM is

then higher than in fvin. However, as the film thickness was

fixed to ensure single mode waveguiding, it is noticeable that

a higher gain is obtained with fvin for the same incident

pump power.

The fvin capabilities in a laser cavity were tested upon

appending a DBR resonator to the waveguide. To obtain a

FIG. 2. �Color online� Experimental setup. Inset: �a� stripe intensity profile

on the sample when the razor blade is set at 10 mm of the sample without

imaging lens and �b� with imaging lens �see text�. �c� is a photograph of the

pumped sample with the collection fiber on the left.

FIG. 3. �Color online� Net gain �gain minus losses� measurement with the

VSL method. Inset: net gain vs pump fluence.
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periodic modulation of the film thickness, we used a very

simple all-optical method based on direct laser ablation

through a phase mask.
17

We used an ArF excimer laser ��
=193 nm, energy per pulse=300 �J, repetition rate of 10

Hz� to illuminate a phase mask: the diffracted orders inter-

fere in the vicinity of the mask, creating an interference pat-

tern with a pitch that can be shown to be, under the condi-

tions of this work, the same as the period of the mask.
17

Local ablation of the organic material is obtained for illumi-

nation times around one minute �several hundreds of pulses�.
The optimal pitch � for a Bragg grating is given by the

Bragg formula 2neff�=m�, where neff is the effective index

of the waveguide and m is the Bragg order. Here, we used a

mask with a 1090 nm period, leading to laser emission at the

m=6 order �chosen here because the mask was readily avail-

able; lower thresholds are expected for lower order gratings�.
The periodicity of the grating extends over several millime-

ters with a modulation depth of 200 nm. The grating struc-

ture appears under an atomic force microscope to be smooth,

and free of groove defects.

We used a DBR configuration in which two Bragg grat-

ings �with the same 1090 nm pitch� facing each other were

engraved in a PMMA layer before the evaporation of a 695-

nm-thick fvin layer �see inset in Fig. 4�. The pump stripe

�active region� was located between the two mirrors. The

laser spectrum peaks at 647 nm as expected from the Bragg

formula with neff=1.82. The polarization of the laser beam

was parallel to the layer �TE�. A typical curve showing the

variation in the laser intensity with pump power is shown on

Fig. 4 �inset�. The lasing threshold is relatively high

�60 �J /cm2� because of the high order Bragg configuration.

Interestingly, we also observed that under high pump

fluences, lasing can occur without any resonator, under the

form of random lasing, a phenomenon that has been already

observed in some films of conjugated polymer and small

molecules.
18

Indeed, we observed that the ASE spectrum, for

fluences higher than typically 0.3 mJ /cm2, was highly struc-

tured, exhibiting multiple narrow peaks with a spectral width

limited here by the spectrometer resolution �1 nm�. The

physical origin of the feedback still remains unclear in this

system and is under study.

In summary, we have demonstrated single mode laser

action in a thermally evaporated neat film of a red-emitting

dye at 647 nm with a very simple DBR patterning technique.

The optical gain was measured for different pump powers

with the variable stripe length method and a maximum value

of 50 cm−1 was obtained. In order to obtain more accurate

fits, a simple way to avoid the complex intensity modulation

provided by Fresnel diffraction on the edges of the slit was

presented. The fact that fvin molecule exhibits optical gain

and ASE with a threshold as low as 22 �J /cm2 in a neat film

configuration shows that quenching effects are tremendously

reduced compared to classical dyes such as DCM or

rhodamine, in which emission is totally suppressed in neat

films. Consequently, in a single mode waveguide configura-

tion, a higher gain can be obtained for the same pump power

in a neat film of fvin than in a doped film of DCM. Laser

operation in the red �at 647 nm� was demonstrated with a

DBR resonator fabricated with a very simple technique. At

last, random lasing with coherent feedback was observed for

pump fluences exceeding �0.3 mJ /cm2.

The present results give very favorable implication for

the use of fvin material as red-emitting organic laser material

with a pumping wavelength in blue or green region.
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We report on a solid-state laser structure functioning as the organic counterpart of a vertical external-cavity sur-
face-emitting laser (VECSEL) design. The gain medium is a poly(methyl methacrylate) film doped with Rhodamine
640, spin casted onto the high-reflectivity mirror of a plano–concave resonator. Upon pumping by 7 ns pulses at
532 nm, a diffraction-limited beam (M2

¼ 1) was obtained, with a conversion efficiency of 43%; higher peak
powers (2 kW) could be attained when resorting to shorter (0:5 ns) pump pulses. The spectrum was controlled
by the thickness of the active layer playing the role of an intracavity etalon; tunability is demonstrated at over
and up to 20 nm. © 2010 Optical Society of America

OCIS codes: 140.2050, 140.3580, 160.4890, 230.5750, 250.7270.

Organic solid-state lasers offer the potential of low-cost,
compact, and broadly tunable coherent sources over the
whole visible spectrum [1]. They may find applications in
the fields of, e.g., polymer optical fiber telecommunica-
tions [2], bio/chemo-sensing [3], or spectroscopy [4]. In
the perspective of achieving direct [5] or indirect [6] elec-
trical pumping of organic semiconductors, most recent
studies have dealt with low-loss resonator structures,
such as distributed feedback resonators [7,8] ormicrocav-
ities [9,10]. In the meantime, less attention has been paid
to the question of optimizing conversion efficiency, beam
quality, and power scaling capability. Low-threshold op-
eration and high output power are indeed incompatible
statements in a single device: whereas weak output
coupling and small active volume are desirable for low-
threshold lasing, achieving high output power leads to an
optimal transmission for the output coupler [11] and re-
quires keeping the pump fluence at a low level to cope
with photobleaching and thermal issues. Furthermore,
low-loss compact resonators do not generally provide
diffraction-limited beams [12].
A combination of high efficiency, high output power,

and high beam quality is achievable with external reso-
nators. A typical external-cavity organic laser consists of
a thick (approximately millimeters to centimeters) dye-
doped polymeric sample prepared by, e.g., radical poly-
merization [13] or the sol-gel technique [14], which has to
be polished to optical quality prior to its insertion in an
open stable resonator. Preparation of such samples is
complex and not compatible with organic semiconductor
processing techniques. As a simpler alternative, it has
been proposed to spin coat an organic film directly onto
one of the mirrors [15–17]. However, pumping with fem-
tosecond pulses not only limited the cavity length to a
few micrometers, making this type of device very similar
in nature to microcavity lasers, but also led to modest
efficiencies (1.7%) [17].
In this Letter, we report on a vertical external-cavity

surface-emitting organic laser [VECSOL, upon analogy
with the vertical external-cavity surface-emitting laser
(VECSEL) structure [18]]. It consists of an organic poly-
(methyl methacrylate) (PMMA) film doped with Rhoda-

mine 640, spin casted onto the high-reflectivity mirror of
a plano–concave resonator, pumped in the nanosecond
regime. It shares the same general properties as VEC-
SELs: diffraction-limited output, high efficiency, power
scaling capability upon a simple increase of pump spot
size (hence without higher photodegradation), possibility
of long (cm) cavities enabling the insertion of intracavity
elements, such as spatial or spectral filters. It is compa-
tible with organic semiconductors and hence with a po-
tential of future electrical driving.

The resonator consisted of a highly reflective plane di-
electric mirror (R > 99:5% in the range of 600–660 nm)
and a 200 mm radius-of-curvature output coupler (R ¼

98% at 600–680 nm). The two mirrors were transparent
(T > 90%) at 532 nm. A 17-μm-thick film of PMMA
(Mw ¼ 9:5 × 105 g mol−1) doped by 1 wt% of Rhodamine
640 was spin coated directly onto the plane mirror, allow-
ing 80% of incident radiation at 532 nm to be absorbed in a
single pass. The laser cavity was end pumped (Fig. 1) with
a pump beam diameter of 140 μm. Two pump sources
were used: a “long-pulse” Nd:YAG laser (Saga 230, B.M.
Industries, Thomson CSF) emitting 7 ns (FWHM) pulses
and a “short-pulse” Nd:YVO4 laser (PowerChip, Teem
Photonics) with a pulse duration of 0:5 ns. Both sources
had a 10 Hz repetition rate and were frequency doubled

Fig. 1. (Color online) (a) Schematic representation of the
plano–concave VECSOL resonator (see text for details). (b)
Long-exposure time photo of the working VECSOL.
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through a single pass in a lithium triborate crystal. Laser
output energy was monitored with a calibrated photo-
diode and the emission spectrum detected by a spectro-
meter (1200 lines=mm grating, 1 nm resolution) followed
by a DH720 CCD camera (Andor Technologies).
In the following, the thresholds and slope efficiencies

are given with respect to the absorbed energy. The laser
characteristic curve for long-pulse pumping is shown in
Fig. 2 (left) for a 4 mm long cavity. A clear lasing thresh-
old is visible at 1:8 μJ (11:7 μJ=cm2) with maximum
output energy of 6 μJ (peak power of 870 W). An optical-
to-optical efficiency of 43% was measured, correspond-
ing to a power slope efficiency of 52%, or 63% expressed
in quantum efficiency. This ranges among the highest re-
ported conversion efficiencies for an organic laser [19]
and, to our knowledge, the highest for a thin-film based
dye laser. The laser beam was linearly polarized parallel
to the pump beam polarization. A typical emission spec-
trum above threshold is shown in Fig. 3. It consists of
several evenly spaced peaks, separated by 7:5 nm, which
corresponds to the free spectral range of the Fabry–Perot
etalon formed by the thick active layer itself. This filter-
ing of the cavity modes by the active layer was verified by
spin coating 10- and 5.6-μm-thick films, which yielded
peaks separated by the expected 13 nm and 22 nm spa-
cings, respectively. Interestingly, tunability could be
achieved here over the whole free spectral range of the
etalons by taking advantage of the unwanted thickness
growth observed at the edges of the mirror, due to the
high viscosity of the PMMA solution needed to obtain

such thick samples. This corresponded to wavelength
tunability of around and above 20 nm for the 5:6 μm sam-
ple. Single-peak (but yet highly multimode) operation
was obtained by using a 2.35-μm-thick sample, as shown
in the inset of Fig. 3. However, tunability could not be
achieved in this case because of the perfect thickness
uniformity of the sample, realized with a lower molar
mass PMMA.

Under “short-pulse” pumping (0:5 ns), the laser thresh-
oldwas lowered to 0:95 μJ (6:2 mJ=cm2). The output peak
power reached the value of 2 kW for an absorbed pump
fluence of 75 mJ=cm2, while in this casemaximum output
energywas 0:7 μJ (Fig. 2, right). The conversion and slope
efficiencies were 6.3% and 7%, respectively. The conver-
sion efficiency is significantly higher than in previously
reported external-cavity thin-film dye lasers [17] thanks
to the fulfillment of two requirements: the pump intensity
is higher than the pump saturation intensity (∼MW=cm2

for organic dyes) by 1 or 2 orders of magnitude for the
“long-pulse” and “short-pulse” pump, respectively, which
guarantees that a large fraction of the total population can
be inverted in a timescale shorter than the radiative life-
time; the pulse width is long enough to let the laser field
build up from spontaneous emission. With the 7 ns pump
pulse, steady state is reached within the pulse, as an out-
put energy of 6 μJ emitted from an active area comprising
∼3:1012molecules corresponds to an average of 6 photons
emitted per molecule and per pulse; with 0:5 ns pumping,
every molecule emits an average of 0:7 photon=pulse, as
oscillation buildup is not over when pumping terminates.

A remarkable feature of VECSOLs is that the length of
the cavity can be increased up to ∼6 cm for “long-pulse”
pumping (7 ns) and 1 cm for “short-pulse” (0:5 ns) pump-
ing, which enables the insertion of intracavity optical
components. This is in contrast with previously reported
external-cavity organic semiconductor lasers, where the
use of femtosecond pulses for pumping restricted the
cavity length to a few micrometers [17] because of the
need for a small oscillation buildup time.

Beam quality was quantified by measuring the M2 fac-
tor (Fig. 4) for both pump sources: the output was diffrac-
tion limited (M2

¼ 1). A typical image of the TEM00 beam
profile is depicted in the inset of Fig. 4, with two images
of other TEMnm Hermite–Gaussian modes that are obser-
vable upon fine misalignment of the laser cavity.

Fig. 2. (Color online) Output laser energy (left) and output
peak power (right) versus absorbed pump energy under 7 ns
and 0:5 ns pumping, respectively. The dashed line is a linear
fit to the experimental data.

Fig. 3. (Color online) Typical emission spectrum of a 17-μm-
thick active layer. Inset, single-peak laser operation achieved
for a 2:35 μm layer.

Fig. 4. (Color online) (a) Spatial evolution of the output beam
profile along the emission direction. The dotted line is a fit to
the experimental data with M2

¼ 1. Inset, TEM00 laser beam
profile. (b) TEM10 and TEM20 images of the VECSOL emission
obtained by fine misalignment of the VECSOL cavity.
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Finally, photostability was investigated at fixed ab-
sorbed pump fluence above threshold (15:3 mJ=cm2). Un-
der “long-pulse” pumping, the output emission decreased
to half its initial value after∼140000 pulses against∼5000

shotswith “short-pulse”pumping. This is consistentwith a
one-order-of-magnitude difference in intracavity peak
powers. These values are common for solid-state dye la-
sers [20]. The plane mirror could be translated without
misalignment to maintain stable lasing performance dur-
ing hours of operation. After the whole sample was de-
graded, simple rinsing in acetone prior to spin casting
yielded a fresh active mirror without loss of performance.
In summary, laser emission from a VECSOL based on

PMMA doped with Rhodamine 640 was studied. The effi-
ciency was highly dependent on the pump pulse duration:
with a 7 ns pump pulse at 532 nm, output energy (6 μJ),
power slope efficiency (52%), and conversion efficiency
(43%) were higher than those obtained with 0:5 ns pulse
pumping, for which, in contrast, higher peak powers
(2 kW) were measured. A long-pulse pumping regime al-
lows better photostability and enables lasing with cavity
lengths up to 6 cm. The spectrum shows multiple peaks
due to the etalon effect of the active layer; tunability could
be obtained at over and up to 20 nm upon playing on
thickness variations observed at the edge of the sample.
The laser emission was perfectly diffraction limited
(M2

¼ 1) for both pump lasers. The VECSOL design is
an interesting alternative to traditional low-loss resona-
tors when organic lasers have to meet practical applica-
tions requiring a stable, high-quality, and powerful beam.

The authors acknowledge financial support from the
ANR (JC/JC call, “BACHELOR” project) and Paris 13
University (BQR credits).
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A solid-state organic thin-film laser with intracavity frequency doubling is reported. Tunable

ultraviolet emission from 309 to 322 nm is achieved from a vertical external cavity surface-emitting

organic laser, with 2% efficiency �1 �J at 315 nm�. The laser comprises a poly�methyl

methacrylate� layer doped with Rhodamine 640, spun-cast onto a plane mirror, a remote concave

mirror, a nonlinear crystal, and a dichroic separator. The output is spectrally narrow ��0.5 nm full

width at half maximum� and tunable through phase-matching selection of the fundamental radiation

lasing modes. These results highlight a low-cost and portable alternative to tunable UV laser

sources, useful for spectroscopic applications. © 2011 American Institute of Physics.

�doi:10.1063/1.3571558�

Tunable UV �200–400 nm� laser sources are of funda-

mental interest in many fields such as atmospheric spectros-

copy, ionization spectrometry, chemical or biological hazard

detection, laser-induced fluorescence spectroscopy, combus-

tion diagnostics, or photobiology.
1

For most of these applications, portable and low-cost

devices are desirable. Tunable UV radiation has been dem-

onstrated using nonlinear optical conversion, either by opti-

cal parametric oscillation
2

or by sum-frequency mixing from

dye lasers,
3

Ti-sapphire lasers, alexandrite or Cr-doped

colquiriites.
4

It may also be obtained directly from rare-

earth-doped crystals pumped by Nd laser harmonics.
5

All

these systems are expensive and hardly transportable.

In the other hand, a combination of broad tunability, low

cost, and compactness can be achieved with organic solid-

state lasers.
6

This is especially true when the gain medium

takes the form of a thin film, since its deposition onto the

substrate �by, e.g., spin casting or ink-jet printing� can be a

high-throughput and cost-effective process, balancing the

drawbacks of a finite lifetime. Furthermore, many demon-

strations of lasing in organic semiconductors have presented

the possibility for realizing electrically-pumped lasers;
7

while this goal has not yet been reached, recent reports of

diode-pumping
8

and light-emitting diode-pumping
9

sug-

gested that cheap tunable optically-pumped lasers may be-

come a reality.

However, tunability of organic pi-conjugated systems is

limited to the visible spectrum, and extending the remarkable

properties of organic lasers to lower wavelengths is funda-

mentally restricted to the near-UV domain. UV dyes are in-

deed inefficient light emitters in virtue of their low quantum

yield of fluorescence;
10

furthermore the deep-UV optical

excitation needed to obtain lasing in the UV results in a

very fast photodegradation. Therefore, among a few reports

of organic lasers below 400 nm,
11

the lowest wavelength

obtained to date directly from an organic thin-film laser is

361 nm.
12

We propose an alternative way to reach the UV domain

with an organic thin-film device, while not compromising

photostability: it consists in using intracavity frequency con-

version in an open resonator. Whereas frequency doubling is

standard in liquid dye lasers to obtain tunable UV light,
13

it

has been up to now mostly unexplored in solid-state dye

lasers, presumably because available intensities are too

weak. External frequency doubling has been reported from a

bulk dye-doped rotating plastic disk laser,
14

but has never

been demonstrated in a thin-film organic laser.

We have based the design of an efficient frequency-

doubled organic laser on two simple building principles: �1�

the laser beam at the fundamental wavelength must have

high peak brightness, i.e., high peak power and high beam

quality; and �2� the resonator must be open to enable intrac-

avity mixing, upon insertion of an efficient nonlinear crystal

inside the cavity. Neither condition is met in traditional or-

ganic thin-film laser structures, such as distributed feedback

or microcavity lasers.
12,15,16

It has been proposed to mix an

organic nonlinear chromophore with an active lasing dye

within the same structure, however, the concept requires

complex poling techniques and has been only demonstrated

with a liquid dye.
17

In this letter, we propose a hybrid structure composed of

a red-emitting thin-film open-resonator laser comprising a

beta barium borate �BBO� crystal phase-matched for fre-

quency doubling and a harmonic separator. This architecture

derives from the vertical external cavity surface-emitting or-

ganic laser �VECSOL concept� recently demonstrated in our

group.
18

The VECSOL is the organic counterpart of the ver-

tical external cavity surface-emitting laser �VECSEL� �Refs.

19 and 20� and is made up of a thin layer of a dye-doped

polymer spun-cast onto a high-reflectivity mirror, and a re-

mote concave output coupler closing the cavity. The struc-

ture is optically pumped by a frequency doubled Nd:YAG

laser �532 nm, 10 Hz, 7 ns�. The pump spot diameter on the

organic sample was set to 180 �m to match the fundamental

cavity mode size. High conversion efficiencies were obtained

�up to 57%, corresponding to intracavity peak powers of sev-

eral tens of kilowatt�, together with excellent beam quality

�M2=1�. The open cavity of VECSEL makes it the ideal

structure for intracavity frequency mixing.
20

The VECSOL setup was modified as illustrated in Figs.

1 and 2. The BBO crystal �section 10�10 mm2� was cut for

a�
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type-I phase matching at 620 nm ��=38.9°, �=90°�. The

thickness of the crystal was 3 mm, determined as a trade-off

between conversion efficiency and walk-off.

The laser medium was a 21.7-�m-thick film made of

1-wt. % Rhodamine 640 in poly�methyl methacrylate�
�PMMA, molar weight 9.5�105� spun cast onto the highly-

reflective �R=99.5% @600–650 nm� plane mirror. All ex-

periments were performed in air at room temperature. The

sample absorbed 85% of the incident pump power. In order

to maximize intracavity peak power for the fundamental ra-

diation, the two cavity mirrors were chosen to be highly

reflective in the 600–650 nm range, and the concave mirror

�curvature radius R=150 mm� was also coated for high re-

flectivity in the 300–330 nm range to enable conversion of

the red beam in both propagating directions. Since the VEC-

SOL efficiency drops as the cavity length increases �as an

effect of the increasing oscillation buildup time
18

�, the length

of the cavity was here set to 10 mm, which was the minimum

value practically achievable given the size of intracavity el-

ements. The setup remains extremely compact �see photo in

the inset of Fig. 2� and could be further miniaturized.

A dichroic plate was inserted at Brewster angle inside

the cavity, with one side having a high s-polarization

reflectivity coating in the 300–330 nm range and a high

p-polarization transmission coating in the 600–650 nm

range. The role of this plate was to allow a type-I phase

matching scenario by forcing the red beam to be p-polarized,

to guarantee outcoupling of the UV beam, while ensuring

that UV photons never meet the organic film. This avoids

any UV-enhanced photodegradation, and decouples degrada-

tion issues from UV generation.

The input-output characteristics of the source are shown

in Fig. 3; the red and UV emissions exhibit a linear and

parabolic evolution versus pump power, respectively, as ex-

pected when pump depletion is negligible. The UV output is

1 �J per pulse, corresponding to a peak power of 250 W; the

optical-to-optical conversion efficiency �UV energy divided

by the absorbed pump energy� is 2%. This is similar to the

maximum conversion efficiency of 2% obtained at 338 nm in

an inorganic intracavity frequency-doubled VECSEL with

GaInP quantum wells running in the cw mode.
20

For higher

pump power levels, photodegradation induces a sublinear be-

havior of the laser output �see Fig. 3� and a reduced lifetime.

The spatial profile of the UV beam is shown in the inset of

Fig. 3. The fundamental laser beam is diffraction-limited,

and the slight anisotropy of the UV spot is linked to the small

angular acceptance of BBO.

The red output spectrum is controlled by the subcavity

formed by the organic film acting as a Fabry–Perot filter �see

Fig. 4�; it comprises several peaks spaced by 6 nm, corre-

sponding to the free spectral range of a 21.7-�m-thick eta-

lon. Each peak contains many modes of the external cavity,

which cannot be resolved with a standard spectrometer. The

UV spectrum, in contrast, exhibits a single peak �with a spec-

tral width below 0.5 nm—limited by our spectrometer reso-

FIG. 1. �Color online� Experimental setup.

FIG. 2. �Color online� Long-exposure photograph of the setup showing the

pump beam �left�, a red beam leaking from the dichroic plate �bottom� and

the UV beam, visible through fluorescence of a paper sheet �on top�. Inset:

close up of the cavity.

FIG. 3. �Color online� Left: red �fundamental� laser emission as a function

of the pump energy. The structure is not designed to produce red radiation,

thus the vertical axis represents one of the leaks in arbitrary units. Right: UV

output at 315 nm. The full line is a parabolic fit. Inset: UV beam profile.

FIG. 4. �Color online� Top: typical spectrum of the laser. Bottom: several

individual UV peaks obtained for a given pump spot location onto the or-

ganic layer, for different orientations of the BBO crystal.
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lution�, because the spectral acceptance of the nonlinear pro-

cess �also on the order of 0.5 nm� allows only one of the red

peaks to fulfill the phase-matching condition at a given crys-

tal angle. Upon tilting the BBO crystal by a fraction of de-

gree, it is straightforward to make the spectral acceptance

curve matching any of the red peaks. Moreover, we observed

nondegenerate sum-frequency mixing occurring between

two adjacent red peaks �for example, 626 nm+632 nm

=314.5 nm�, which leads to additional UV peaks located

in-between frequency-doubled lines. In Fig. 4, a typical se-

ries of spectra is shown corresponding to a given position of

the pump spot onto the sample; it corresponds to an UV

emission tunable by discrete steps upon BBO orientation

from 309.5 to 316 nm. Interestingly, the device is also con-

tinuously tunable between these values in virtue of the non-

perfect thickness homogeneity of the film, especially near the

edges where the spin-casting process causes the film to be

thicker than at the center.
18

It was then possible to obtain

continuous tunability from 309 to 322 nm, by combining a

scan of the pump spot location to a fine control of BBO

orientation.

At last, we studied the laser photostability at a pump

energy level fixed at four times the laser threshold �see Fig.

5�. More than 5100 shots were observed before the UV in-

tensity dropped to half its initial value. It can be seen in Fig.

5 that the UV output does not vary with time as the square of

the fundamental red energy, as it should be the case since the

dichroic plate protects the sample from a direct UV degrada-

tion. We relate this effect to the slight blueshift observed on

the fundamental output �see inset of Fig. 5� induced by re-

fractive index modifications in the sample. A shift from 650

to 649.2 nm was measured within one hour of operation

�36 000 pulses�. As the dye molecules degrade, the index of

refraction decreases toward the lower index of undoped

PMMA, causing the resonance condition of the Fabry–Perot

etalon to shift, and the lasing wavelength accordingly, induc-

ing a phase mismatch. Taking into account the wavelength

shift in the spectral acceptance of BBO, we predicted a UV

emission behavior from the red emission that fits correctly

the experimental data �see Fig. 5�.
A slight realignment of the nonlinear crystal brings the

UV energy back to a higher value which confirms that the

accelerated degradation rate is only due to phase matching

issues. An active tracking system could then easily be imple-

mented to restore the expected degradation profile. The UV

emission lifetime can therefore be considered as only limited

by the lifetime of the red dye, which can be extremely high

�millions of pulses� in red dyes. The extended lifetime is at

the cost of a deriving wavelength, which is not necessarily a

problem in applications such as biology where spectral sig-

natures are broad.

In conclusion, we demonstrated an ultraviolet organic

thin-film laser tunable between 309 and 322 nm, based on

intracavity sum-frequency mixing of Rhodamine 640 in

PMMA by an inorganic BBO frequency converter. The de-

vice is based on the VECSOL concept, which produces high-

brightness beams and offers an open cavity allowing for the

implementation of intracavity nonlinear conversion. UV en-

ergies in the microjoule range were obtained with 2% con-

version efficiency. The spectrum of the UV output contains a

single peak ��0.5 nm full width at half maximum�, as the

spectral acceptance of BBO plays the role of a narrowband

filter on the multiple-peak spectrum of the fundamental red

laser. Wavelength tuning was obtained through phase-

matching control �upon BBO orientation, by discrete steps�
as well as through layer thickness control �uncontrolled fluc-

tuations near the edges�, resulting in a continuous tuning

range of 13 nm.
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