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Introduction 

The first practical LASER, demonstrated by Maiman in 1960,1 has produced a 

revolution in Science and Technology. Applications using lasers have spread among 

many areas, such as Research, Medicine, Telecommunications, Material processing, 

etc. Nowadays, lasers are used in our everyday life, for example they are frequently 

used in compact disc (CD) and digital video disc (DVD) players, printers and 

supermarket scanners. Among a wide variety of available lasers, those in which the 

active medium is organic –the organic lasers – are particularly interesting because 

thanks to the broad photoluminescence (PL) spectra of organic molecules, they allow 

tuning the emission color across the whole visible spectrum. Besides, thanks to the 

chemical versatility offered by chemical synthesis, the material properties can be easily 

modified. 

The first organic laser was a liquid dye laser,2,3 in which the active medium consisted of 

an organic molecule (a dye) dissolved in a solvent (i.e. ethanol, methanol, hexane, 

etc.). These systems were commercialized and are used in various applications. 

However, liquid dye lasers present some limitations: large size, the need of high power 

pumping sources, difficulties in handling due to the need of recirculating the liquid 

solution to prevent dye photodegradation, etc. So researchers have pursued for years 

the development of compact and easy-to-handle organic solid-state lasers (OSLs).4 

Among them, of special importance towards achieving compactness, mechanical 

flexibility and easy integration with other devices, are those in which the active 

material is in the form of a thin waveguide film of good optical quality (low 

propagation losses), conforming the subclass of Thin Film Organic Lasers (TFOLs). 

Within this subclass, those in which the active film can be prepared by means of 

solution-based methods, such as spin-coating, printing, etc., are preferred for their 

prospect of reducing device cost.  

In 1996 solid-state lasers based on semiconducting luminescent polymers were 

reported.5-8 Since then, Organic Semiconductors, OS, (including not only polymers, but 

also oligomers, dendrimers and small molecules) have been the most widely 

investigated organic gain media, in most cases in the form of neat active films, because 

of their prospect for developing electrically driven lasers. Most advances with these 

materials have focused on decreasing the threshold,4,9-15 thus, allowing in some cases 

pumping with very compact sources, such as laser diodes or even with light-emitting 

diodes (LEDs).13-15 

Therefore, today, optically-pumped TFOLs constitute a very attractive class of low-cost 

and mechanically flexible devices. A distributed feedback (DFB) laser, consisting of a 

solution-processable waveguide including a diffractive relief grating, has been a 
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particularly succesful TFOL which has already demonstrated its applicability, at 

laboratory scale, as tunable sources for spectroscopy (Photometry, Raman and 

Surface-Enhanced Raman Scattering –SERS-, among others),16,17 amplifiers for Optical 

Communications,9,18 vapor explosive chemical sensors19 and highly sensitive and 

possibly specific non-intrusive label-free sensors for drug discovery, biological 

research, diagnostic tests, food safety, etc.20-22 For most of these applications, devices 

based on one-dimensional gratings (1D DFB) operating in the second order of 

diffraction are preferred because the laser beam is emitted perpendicularly to the film 

surface and its properties are independent of the excitation beam angle over the 

sample. Today, one of the major challenges remaining to bring TFOLs to the real 

market is to find an active material which is simultaneously photostable; efficient as to 

enable pumping with a compact source, such as a LED; capable of emitting at various 

colours and processable by low-cost solution-based methods.  

Among all these applications, of particular interest for the scope of this thesis is the 

one in which the DFB laser is used as a bulk refractive index sensor. The principle of 

operation consists in detecting changes in the emission laser wavelength upon 

deposition of liquids of different refractive index. The sensing performance is typically 

characterized by the bulk sensitivity, Sb, defined as the resonance wavelength change 

per refractive index unit (expressed in nm/RIU). The sensor resolution, r, which refers 

to the minimum wavelength shift that can be measured, is also an important 

parameter. In comparison to other refractive index sensors, organic DFB lasers are very 

attractive because of their high Sb and r,21,23,24 simple fabrication and integration with 

other devices, wavelength tuning capability and small size. 

An even more interesting application is to use the organic DFB laser as a biosensor. In 

this case the evanescent wave can detect nanoscale materials by functionalizing the 

surface of the active film. An important advantage of DFB biosensors, with respect to 

most other biochemical and cell-based assays, is that no labels are needed to detect 

the analyte. A label is generally designed to be easily measured by its color or its ability 

to generate photons at a particular wavelength. It is attached to the analyte, so it 

indirectly indicates its presence, but it has several drawbacks. For example, it often 

requires special laboratories which generate large quantities of contaminants 

reagents. Another problem is that fluorophores degrade quickly over time and by 

exposure to light. The human epidermal growth factor receptor 2 oncogene, also 

called ErbB2 protein or HER2, is one of the most studied protein molecules in the field 

of cancer. ErbB2 is overexpressed or amplified in around 15-30% of breast cancer,25 

and in many other types of human malignancies such as ovarian, stomach and lung 

cancer. Until now, ErbB2 had not been studied as receptor molecule or biomarker in a 

DFB biosensor.  
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The procedure used to prepare a TFOL is usually a solution-based method, such as 

spin-coating, casting, printing, etc. In these methods, most of the solvent from the 

polymer solution evaporates during the deposition process, but a part of it remains in 

the film, which would affect the material properties, as well as lead to a lack of 

reproducibility and stability. The solvent can be eliminated with a proper annealing-

thermal treatment and often, techniques such as chromatography and neutron 

reflectometry have been used to quantify the solvent content.26-28 However, the 

dependency on film thickness of the effect of the treatment and the amount of 

remaining solvent are still a matter of controversy. Along the work of this thesis, the 

possibility of monitoring the solvent extraction from a polymer film subjected to 

thermal treatments, by means of an organic DFB laser, is demonstrated. 

In this context the main OBJECTIVE of this thesis is to prepare high performance TFOLs 

and to demonstrate their capability for sensing. In the first part, we have prepared DFB 

sensors based on an active material previously investigated in the group: polystyrene 

(PS) doped with perylene orange (PDI-O), which has shown a very high photostability 

and a relatively low threshold. In the second part, we have studied a novel class of 

active compounds called carbon-bridged phenylenevinylenes (COPVs) which have 

shown an exceptional performance. 

This dissertation consists of three fundamentals parts: 

An INTRODUCTION divided in three chapters. The first one provides a description of 

the photophysic fundamentals which are behind the most important photonic devices 

and properties described in this thesis: laser, distributed feedback laser, resonator, 

waveguide and amplified spontaneous emission (ASE).  Secondly, an overview of the 

usage of DFB lasers for sensing is provided (chapter 2): bulk refractive index sensors, 

biosensors and solvent extraction monitoring. The third chapter provides a state-of-

the-art of organic materials used as gain media in DFB lasers and sensors. 

The second part is called EXPERIMENTAL METHODS (chapter 4), which is dedicated to 

explain the experimental procedures used in the University of Alicante and in the 

University of St. Andrews. All the work has been developed in Alicante, except for the 

study of a COPV polymer, which was carried out in St. Andrews through a three month 

stay.  

In the third part, the RESULTS obtained along this thesis are described. It is composed 

of two chapters. In the first one, three different applications of DFB sensors based   

PDI-O-doped PS, are demostrated (chapter 5). In the second one, we describe results 

obtained with several derivatives of the novel materials family of COPV compounds 

(chapter 6), particularly a series of six oligomers (COPVn, with n = 1 - 6), where n is the 

number of repeating units), two COPV compounds with different substituents attached 
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to the COPV core (COPV1-IPR and COPV2-IPR), and a COPV polymer (poly-COPV1). The 

DFB lasers based on these materials have shown an excellent performance 

simultaneously in the various parameters important for applications. Finally, the most 

important achievements of the presented work, as well as the future lines of 

investigation, are summarized in the CONCLUSIONS AND FUTURE PERSPECTIVES 

chapter (chapter 7). 
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1.1. Principles of a laser 

 1.1.1. Stimulated and spontaneous radiation processes 

Every atom in the periodic table, as well as every molecule or ion has its set of 

quantum energy levels that can be pumped or excited up into higher energy levels (E2) 

and also make downward transitions to lower levels (E1), emitting radiation of energy 

ħ𝜐p= E2-E1 (Planck-Einstein relation), where ħ is known as the Planck constant and 𝜐p is 

the frequency of a photon. This phenomenon has relevance in the emission of light, so 

below the various transitions that can occur between the quantum energy levels of an 

atom (or molecule, or ion) are explained. 

When we study the coupling of an atom (or molecule, or ion) to a monochromatic light 

wave, three different radiation processes can be identified: stimulated absorption, 

stimulated emission and spontaneous emission:29  

(I) Stimulated absorption only takes place if there is an applied external field, 

generally associated to an optical beam, in which an atom is promoted from the 

ground state to the excited state. 

(II) Stimulated emission takes place when an atom in the excited state decays to 

the ground state because of the incidence of a photon with energy similar to 

the difference between states. The emitted photons have very similar phase 

and energy to the external photon which stimulated them. 

(III) Spontaneous emission is produced when an atom in the excited state decays to 

the ground state. This process is incoherent or noisy-like. 

Any source of light, including the laser, emits light when excited atoms drop to lower 

states. But for laser action to occur, the pumping process must produce not only 

excited atoms, but also a condition of population inversion. To achieve it, metaestable 

states are needed, in which the atom would stay in for long times, if there are not 

outside influences, such as collisions or certain light waves passing by. Once most 

molecules are in metaestable states, the population of states is said to be inverted.30 

For this reason, it is impossible to obtain inversion by optically exciting a two-level 

system. In a system with four states, a dynamic equilibrium can be built, generating a 

stationary inversion between two of the four levels by supplying energy, and so to 

fulfill the requirement for running a laser. An inversion can be obtained with three 

levels as well, whereas the four-level system causes a strict separation of the states 

directly, contributing to the pumping process and the laser process.29 
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1.1.2. Essential elements of a laser 

The word LASER (Light Amplification by Stimulated Emission of Radiation) has become 

a well-recognized word in everyday language. It is derived from its predecessor, the 

maser (MASER: Microwave Amplification by Stimulated Emission of Radiation).29 In 

modern usage, the term “light” in the acronym LASER includes electromagnetic 

radiation of any frequency, not only visible light. However, because the maser was 

developed first, devices of this sort operating at microwave and radio frequencies are 

referred to as “masers”.  

The essential elements of a laser device are (figure 1.1):  

(I) A gain medium consisting of an appropriate collection of atoms, molecules or 

ions in which amplification of optical waves occurs by stimulated emission of 

radiation. 

(II) A pumping process to excite these atoms (molecules, etc.) into higher quantum 

mechanical energy levels, or excited states. Generally it may be electric or 

optical pump (the energy is transferred from an external source into the active 

medium). Optical pumping techniques may be continuous or pulsed, the last 

one characterized by the pulse duration, tp, and the repetition rate, ν. 

(III)  Suitable optical feedback elements that allow amplifying a beam of radiation in 

each pass through the active medium, in order to achieve enough distance 

traveled so that gain exceeds loss. For example, two mirrors between which the 

active material is placed (laser or resonant cavity). 

 

Figure 1.1.- Scheme of a standard laser, based on a two-mirror cavity, and its essentials 

elements. 
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1.1.3. Threshold gain condition31-33 

Once population inversion has been generated by pumping energy into the gain 

medium, laser gain may occur. The process in which a single photon traveling down a 

laser medium stimulates and excites an atom, which then emits a photon with the 

same frequency and phase, allows obtaining laser gain. Laser gain (or optical gain) is a 

measure of how well a medium amplifies photons by stimulated emission. In the ideal 

case of population inversion, the irradiance of the beam (I0) will increase exponentially 

(I) as a function of the gain length (L) and the gain coefficient (kg) as: 

𝐼(𝐿) = 𝐼0𝑒𝑘𝑔𝐿            

 (1.1) 

In a real situation, for example, in a standard two-mirror laser, as shown in figure 1.1, 

the emitted laser light will be attenuated by the gain medium as well as by the mirrors, 

with losses (ϒ), causing a reduction in laser gain. The general criterion to obtain lasing 

is that the stimulated emission should exceed spontaneous emission plus all the losses. 

In other words, laser oscillation can only sustain in the cavity medium if it attains at 

least unit gain after a round-trip between mirrors and maintains it overcoming losses 

inside the cavity. Below this threshold condition is formulated. 

Let us consider a laser beam of intensity I0 which passes through an active medium of 

length L homogeneously filling between the space between two mirrors M1 and M2 

with reflectivities R1 and R2, respectively. The beam of intensity I0 initiates from the 

surface of M1 and attains an intensity I1 = I0 exp (k- ϒ)L when it reaches the surface of 

M2 after traveling a length L. Then it is reflected in M2 (I’1=I1R2) and travels back to M1, 

at which the light intensity becomes I2=I’1exp (k- ϒ)L. Finally, I2 becomes I’2 after 

reflection from M1 (I’2= I2R1) to complete a round trip I’2 = I0R1R2 exp 2(k- ϒ)L . 

Then, by imposing the condition that the gain G = I’2/I0 attained in a round-trip should 

be at least unity to sustain the laser oscillation inside the cavity, the threshold 

condition would be G = R1R2 exp2(k - ϒ)L = 1, so the expression for the threshold gain 

coefficient (kth) is: 

     𝑘𝑡ℎ = Υ +
1

2𝐿
𝑙𝑛

1

𝑅1𝑅2
         (1.2) 

 

1.1.4. Laser output-beam properties31,34  

The output beam from a laser consists of electromagnetic radiation or light that has 

coherence, property that arises from the classical resonant-cavity properties of the 

laser resonator, rather than from any of the quantum transition properties of the laser 

atoms. The term coherence refers not to a property of a signal at a single point in 
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space and time, but to a relationship between one signal at one point in space and 

time, and the same or another signal at other points in space and time. Laser beams 

are often described as being different from ordinary light sources in being temporally 

or spectrally coherent and spatially coherent. These terms are explained below: 

-Temporal coherence 

The term temporal coherence refers to the correlation between the amplitude and/or 

the phase of the signal at one time and at earlier or later times. An easy way to 

measure the temporal coherence of a beam consists in measuring the maximum and 

minimum intensities (Imax and Imin respectively) observed in the interference pattern 

produced by a Michelson interferometer and then calculating the fringes visibility (V) 

as: 

 𝑉 =
𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥+𝐼𝑚𝑖𝑛
                      (1.3) 

A value of V = 1 implies Imin = 0, which means perfect temporal coherence. 

There are also certain precise mathematical definitions of functions that give the 

degree of correlation between two signals observed at different points in space and/or 

time. The coherence time (τc) is defined by the delay over which phase or amplitude is 

predictable. The coherence length (Lc) is defined as the distance the wave travels 

during the time τc.. The temporal coherence and the monochromaticity are related as: 

    

              Δ𝜐 ∼
1

𝜏𝑐
     (1.4) 

being Δ𝜐 the range of frequencies that a wave contains (spectral band-width). 

-Spatial coherence 

Spatial coherence is the essential prerequisite of the strong directionality of laser 

beams. Good-quality laser emission is characterized by a very high degree of 

correlation between the instantaneous amplitudes, and especially between the 

instantaneous phase angles of the wavefront at any two points across the output 

beam (spatial coherence).  

 

1.1.5. Laser cavity or resonator: laser modes31-34  

As we have explained, an essential element of a laser is a feedback structure or optical 

resonator which allows a beam of light to circulate in a closed path. Therefore, 

according to eq. (1.1), the effective distance along which light would travel would be 

large and consequently its gain. In addition, the appearance of longitudinal and 

transverse modes and directionality properties, are determined by the cavity. 
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The cavity modes are defined as the standing distributions of the electromagnetic field 

which obey Maxwell equations and cavity boundary conditions. An optical resonator 

allows some oscillating transverse electromagnetic (TEM) modes (that means that the 

electric, E, and magnetic, H, fields are perpendicular to the propagation direction). It 

should be distinguished between TE polarization in which E is perpendicular to the 

incident plane, and TM polarization, in which H is perpendicular to the incident plane. 

In general, the laser cavity is resonant at certain wavelengths, , for which the number 

of waves (standing waves) inside the cavity is an integer number q. At all other 

wavelengths the waves are extinguished. These resonant wavelengths are called 

longitudinal modes and are spaced apart at regular intervals of frequency Δ𝜐. 

Assuming that the distance between the cavity mirrors is L, the condition for a 

standing wave in the cavity is: 

    𝑞
𝜆

2
= 𝐿     (1.5) 

Taking into account that 𝜐 = c/λ, being c the speed of light in vacuum: 

𝜐 = 𝑞 (
𝑐

2𝐿
)      (1.6) 

These frequencies, 𝜐, are known as longitudinal modes while q is known as the 

longitudinal mode index. The frequencies of these modes are equally spaced as: 

Δ𝜐 = 𝜐𝑞+1 − 𝜐𝑞 = (
𝑐

2𝐿
)     (1.7) 

The longitudinal modes are related to the monochromaticity and the coherent length 

(Lc) of the laser emission. 

Transverse modes are related to the field distribution in a plane perpendicular to the 

propagation direction of the beam. This distribution determines the spatial coherence. 

In the simplest description, a laser will oscillate in the form of a more or less uniform, 

quasi-plane-wave optical beam bouncing back and forth between carefully aligned 

mirrors at the two ends of the laser resonator. Only waves that are very accurately 

aligned with the resonator axis will remain within the cavity and be able to oscillate. 

Hence the beam direction for the oscillating waves will lie very accurately along the 

cavity axis. Therefore, transverse modes will depend on the cavity mirrors and 

diaphragms and they will determine the beam directionality.  

In many lasers, transverse modes with rectangular symmetry are formed. These modes 

are designated as TEMmn, with m and n being the integers referring to the horizontal 

and vertical orders of the pattern. The TEM00 is the lowest order or fundamental 

transverse mode of the laser resonator and has the same form as a Gaussian beam. 

The pattern has a single lobe, and has a constant phase across the mode. Modes with 

increasing m and n show lobes appearing in the horizontal and vertical directions, 
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respectively. They are higher-order modes and have a larger spatial extent than the 00 

mode. 

For a given set of m, n indexes, it is usual to have some longitudinal modes, with 

consecutive q values, that contribute to the optical beam. This fact is because the 

amplification response of a real active medium occurs in a characteristic frequency 

range, known as the atomic gain profile. For many lasers, the space between axial 

modes Δ𝜐 is smaller than the atomic linewidth; and hence there will be several axial-

mode cavity resonances within the atomic gain curve or profile. The laser may then 

oscillate, depending on more complex details, on just the centermost one of these 

axial modes, or on several axial modes simultaneously. 

 

1.2. Amplified emission without resonant cavity: amplified spontaneous 
emission (ASE)35-37  

If population inversion is achieved in a gain medium with three or more levels, it 

should be able to amplify an incident beam of light. A parameter typically used in the 

literature to assess the potential of a given material for laser applications is the ASE. 

ASE appears in systems in which gain is so high that amplification is obtained in a single 

pass through the material without the need of laser cavity. It is often observed in 

systems in which light propagates preferentially in a given direction because of the 

shape of the material (for example when it is a long rod). Due to the high gain, the 

spontaneous emission is amplified due to the stimulated emission. Since there is no 

laser cavity, ASE is not true lasing, but a mixture of stimulated emission and 

spontaneous emission. The main differences between ASE and laser emission are the 

following: 

(I) The ASE spectrum is narrower than the corresponding fluorescence spectrum 

but broader than the laser emission spectrum. Typical ASE linewidths are a few 

nm (i.e. 3-10 nm). 

(II) Properties such as polarization and directionality are less developed in ASE 

emission, than in laser emission. The output characteristics are somewhere 

between truly coherent lasing and a completely incoherent emission. 

(III) Absence of resonant laser modes in ASE. 

A typical configuration in which ASE occurs is when the active film constitutes a 

waveguide (figure 1.2). In order to have waveguiding two conditions need to be 

fulfilled: 

(I) The refractive index of the active film should be larger than that of the 

substrate and the cover. 
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(II) In asymmetric waveguides in which the refractive index of the substrate and 

the cover are different, the active film thickness should be larger than a certain 

value, called the cut-off thickness for the propagation of one mode.  

More details about these conditions are provided in section 1.3.  

 

Figure 1.2.- Waveguide along which light propagates. nc: cover layer refractive index; 

nf: film refractive index; ns: substrate refractive index (nc <nf> ns). 

The characterization of the ASE properties is usually carried out by exciting with a 

beam shaped to a stripe of typically various mm long and around 0.5 mm wide. The 

light emitted is collected from the edge of the waveguide as a function of the 

excitation intensity (figure 1.3). If the device is excited above a certain intensity value 

(called threshold, Ith) ASE is obtained. The ASE threshold corresponds to the pump 

intensity at which ASE appears, experimentally evidenced by the observation of a 

sudden decrease in the emission linewidth, as well as an abrupt enhancement of the 

output intensity (more details in section 4.3.2).  

The ASE emission spectrum narrows at the wavelength at which the net gain is highest. 

The ASE intensity follows the expression: 

𝐼(𝜆) =
𝐴(𝜆)𝐼𝑝

𝑔𝑛𝑒𝑡(𝜆)
(𝑒𝑔𝑛𝑒𝑡(𝜆)𝑙𝑝𝑠 − 1) 

where A is a constant related to the cross section for spontaneous emission, Ip is the 

pump intensity, gnet is the net gain coefficient, and lps  is the length of the pump 

stripe. It is possible to determine gnet by measuring the ASE intensity as a function of 

lps and fitting data with eq. 1.8 (more details in section 4.3.2). 

 

Figure 1.3.- Sketch of ASE characterization geometry. Pump (or incident) beam, sample 

or waveguide and ASE emission.  

(1.8) 
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1.3. Waveguide description38  

An optical waveguide consists of a film in which light is confined and propagates along 

the film plane (figure 1.4). Light confinement is carried out by successive total 

reflections in the two interfaces of the guide. Let us consider the case of three media 

(dielectric, lossless, homogenous and isotropic) with a central layer of refractive index 

nf, surrounded by two layers of indices ns and nc called the substrate and cover layer 

respectively. A planar waveguide is characterized by parallel planar boundaries with 

respect to one direction (x), see figure 1.4 and is infinite in extent in the other two 

directions (y and z).  

These waves propagate in the z direction which their amplitude exponentially 

decreases in the x direction. In the optic-ray approach (enough for the purpose of this 

work) light propagation is carried out by the superposition of several plane waves 

being propagated in zigzags between the two interfaces, film-cover and film-substrate. 

The light confinement in such a structure is based on a total reflection phenomenon on 

the interfaces. Thus, two critical angles 𝜃𝑐  and 𝜃𝑠 based on Snell Law can be defined as: 

  

sin 𝜃𝑐 =
𝑛𝑐

𝑛𝑓
                                (1.9) 

  sin 𝜃𝑠 =
𝑛𝑠

𝑛𝑓
                    (1.10) 

Let’s call 𝜃 the angle of incidence with respect to the normal to the interface (figure 

1.4). If 𝜃> 𝜃𝑐, light is in total reflection on the two interfaces, film-cover and film-

substrate, it remains confined between them. These are well confined guided modes. 

 

Figure 1.4.- Light confined on a film of thickness hf. 

Let us consider the step index waveguide, where the refractive index remains constant 

throughout the guide, substrate and cover layer. The phase shift for such a wave is 

composed by three terms: the phase shift Δφ, due to the difference in optical paths 

(eq. 1.11); and the two phase shifts (according with Fresnel’s formulae), which are due 

to the total reflection on the two interfaces, Φ(nf, nc) and Φ(nf, ns). For the case of TE 

polarization these shifts are given by eq. 1.12 and 1.13: 

∆𝜑 = 2𝑛𝑓ℎ𝑓𝑘𝑐𝑜𝑠𝜃 =
4𝜋

𝜆
𝑛𝑓ℎ𝑓𝑐𝑜𝑠𝜃        (1.11) 
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Φ𝑇𝐸(𝑛𝑓,𝑛𝑐 )
= 2𝑎𝑟𝑡𝑔 [

𝑛𝑓
2𝑠𝑖𝑛2𝜃−𝑛𝑐

2

𝑛𝑓
2−𝑛𝑓

2𝑠𝑖𝑛2𝜃
]

1

2

                      (1.12) 

Φ𝑇𝐸(𝑛𝑓,𝑛𝑠 )
= 2𝑎𝑟𝑡𝑔 [

𝑛𝑓
2𝑠𝑖𝑛2𝜃−𝑛𝑠

2

𝑛𝑓
2−𝑛𝑓

2𝑠𝑖𝑛2𝜃
]

1

2

              (1.13) 

where k is the wave number: k = 2π/λ. 

In order to maintain light propagation within the guiding layer, it is important that light 

interferes constructively. For that, the total phase shift should be a multiple of 2π. 

Therefore, we can write the following guided mode dispersion equation as: 

2𝑛𝑓ℎ𝑓𝑘𝑐𝑜𝑠𝜃 − Φ𝑇𝐸(𝑛,𝑛𝑐 ) − Φ𝑇𝐸(𝑛,𝑛𝑠 ) = 2𝑚𝜋   (1.14) 

where m is an integer  0. 

The eq. 1.14 can be rewritten as a function of the effective index neff, defined as neff = 

nf sin 𝜃m. The eq. (1.15) imposes discrete values of 𝜃𝑚 related to different values of m, 

which determine the set of guided modes for the structure. 

2𝑘ℎ𝑓√(𝑛𝑓
2 − 𝑛𝑒𝑓𝑓

2 ) = Φ𝑇𝐸(𝑛,𝑛𝑐 )+Φ𝑇𝐸(𝑛,𝑛𝑠 ) + 2𝑚𝜋   (1.15) 

Φ𝑇𝐸(𝑛,𝑛𝑐 ) = 𝑎𝑟𝑐𝑡𝑔 [
𝑛𝑓

2−𝑛𝑐
2

𝑛𝑓
2−𝑛𝑒𝑓𝑓

2
]

1

2

    (1.16) 

Φ𝑇𝐸(𝑛,𝑛𝑠 ) = 𝑎𝑟𝑐𝑡𝑔 [
𝑛𝑓

2−𝑛𝑠
2

𝑛𝑓
2−𝑛𝑒𝑓𝑓

2
]

1

2

   (1.17) 

By inserting the eq. 1.16 and 1.17 in eq. 1.15, we can obtain an expression that 

provides the neff values as a function of ns, nf, nc, hf and , as follows: 

2𝜋

𝜆
ℎ𝑓√𝑛𝑓

2 − 𝑛𝑒𝑓𝑓,𝑚
2 − 𝑎𝑟𝑐𝑡𝑔 √

𝑛𝑒𝑓𝑓,𝑚
2 −𝑛𝑐

2

𝑛𝑓
2−𝑛𝑒𝑓𝑓,𝑚

2 − 𝑎𝑟𝑐𝑡𝑔 √
𝑛𝑒𝑓𝑓,𝑚

2 −𝑛𝑠
2

𝑛𝑓
2−𝑛𝑒𝑓𝑓,𝑚

2 = 𝑚𝜋     (1.18) 

It should be noticed that the neff value of a given guided mode of order m increases as 

film thickness increases.  

In an assymetric waveguide, that is, in which ns ≠ nc, the minimum value of effective 

index which allows waveguiding corresponds to a thickness below which the mode 

cannot propagate in the guide. This minimum thickness is known as the cut-off 

thickness for the propagation of the mode at that wavelength (). It can be calculated 

from the dispersion equation 1.14.38 The expression is shown below: 
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ℎ𝑐𝑢𝑡−𝑜𝑓𝑓 =
𝑚𝜋+𝑎𝑟𝑐𝑡𝑔(

𝑛𝑠
2−𝑛𝑐

2

𝑛𝑓
2−𝑛𝑠

2)

1
2

2𝜋

𝜆
(𝑛𝑓

2−𝑛𝑠
2)

1
2

 

 

1.4. Types of laser resonators30,39,40 

The simplest laser cavity consists of two mirrors facing each other, as shown in figure 

1.1. There are other kinds of resonators that are frequently used in organic lasers 

(figure 1.5):  planar microcavity, micro-ring resonator coated around an optical fiber, 

1D or 2D distributed feedback resonators (DFB). The latter is equivalent to a 2D 

photonic crystal (PC).   

A planar microcavity (figure 1.5.a) consists in an active film sandwiched between two 

mirrors, typically a commercial dielectric mirror and a thermally evaporated metal. 

Light propagates perpendicularly to the film plane, bouncing between the two mirrors. 

Although this architecture is easy to make, unfortunately, the distance traveled by the 

light during each pass though the gain region is small (<200 nm). Consequently, the 

lasing threshold is usually high. 

An approach to make low-threshold lasers is to use a micro-ring resonator (figure 

1.5.b). The easiest way to make such as resonator is to dip-coat a polymer film onto a 

glass optical fiber. In micro-ring resonators, light is totally internally reflected around 

the perimeter of the ring. Lasers of this type typically show narrow-linewidth lasing 

modes with spacing that varies inversely with the ring diameter. Single-mode lasing 

has been observed from rings with diameters of 5 µm. Assuming that the round-trip 

losses are not substantially greater than in the case of planar microcavities, a much 

lower excitation density ~1 µJ/cm2 is required in order to achieve sufficient gain to 

reach the lasing threshold. However, these resonators are distinctive in that they do 

not emit a well-defined directional output beam; instead, light is emitted uniformly in 

all radial directions. 

When inorganic crystalline semiconductors are used to make waveguide lasers, mirrors 

are sometimes made simply by cleaving the crystal. The resulting facets at the ends of 

the waveguide reflect light because of the refractive index mismatch between the 

crystal and air. Unfortunately, organic lasers cannot be made so simply. The reflectivity 

at the film-air interfaces usually is less than 10% because the refractive index of 

organic materials is relatively low (1.6-2.0). 

An alternative resonator to obtain low threshold and well-defined directional output 

beam in organic lasers, consists in a structure in which light is waveguided through 

large distances in the gain medium. An example of this kind of structure is the DFB 

laser which incorporates a periodic modulation of the refractive index so that light can 

(1.19) 
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be reflected by Bragg scattering. Lasers of this type are different from most other 

types of lasers in that the mirrors are actually incorporated into the gain medium. If we 

compare DFBs structures with other resonant structures described, DFBs offer high 

reflectivities, longer gain lengths, and higher optical confinement of the oscillating 

mode, leading to very low operation thresholds. In some cases they have been so low 

that it was possible to pump with compact and cheap sources such as laser diodes or 

even LEDs. Besides, the emitted beam presents high quality and stability, allowing also 

output wavelength purity or single emission.41  

In addition to the basic one dimensional (1D) DFB laser (figure 1.5c), there has been 

growing interest in recent years in more complicated diffractive resonators that may 

apply a 2D feedback in the plane of the active film. These structures are 2D DFB lasers 

also called a 2D PC (figure 1.5 d). 

 

Figure 1.5.- Schematic resonators showing propagation directions of the resonant laser 

field: a) planar microcavity, b)micro-ring coated around an optical fiber, c) 1D DFB, d) 

2D DFB or 2D PC. 

 

1.5. Distributed feedback (DFB) lasers42-44  

Among the different possible resonators used to make TFOLs, those in which the active 

film is in the form of a waveguide film, are the most interesting ones. DFB lasers have 

to date demonstrated the largest success. Besides the advantages explained in section 

1.4, a DFB laser can be easily integrated with field-effect-transistor geometry, 

promising for the development of electrically-pumped TFOLs, an also it can be 

mechanically flexible if all layers in the devices are of organic nature.  

The optical feedback and the out-coupling for the laser are achieved by the DFB 

resonator. In most cases it consists of a relief grating, patterned typically on a 

substrate on which the active material is coated (figure 1.6). The active film or gain 

medium works as a waveguide (explained in section 1.3), along which the light emitted 
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upon optical excitation propagates. The light feedback is produced by constructive 

interference (maximum coupling) of the waves coupled between forward and 

backward propagation along the waveguide. 

 

Figure 1.6.- DFB sketch. Λ: grating period, d: depth, hf: film thickness. 

In a 1D DFB laser, the resonant wavelength in the cavity satisfies the Bragg condition 

(Bragg) and is given by:  

𝑚 ∙ 𝜆𝐵𝑟𝑎𝑔𝑔 = 2 ∙ 𝑛𝑒𝑓𝑓Λ     (1.20) 

where m is the order of diffraction, neff is the effective refractive index of the 

waveguide, and Λ is the grating period. 

In this work we are going to study second order DFB lasers (m=2 in eq. (1.20)), for 

which light is coupled out of the film by first order diffraction, in a direction 

perpendicular to the waveguide film at a wavelength DFB close to Bragg (given by eq. 

1.20). One advantage of using 1D gratings operating in the second order of diffraction, 

m=2, is that their properties are independent of the angle of the excitation beam over 

the sample and emission occurs in a perpendicular direction. This is an ideal situation if 

the DFB laser is envisaged to be used as a sensor. The neff value depends on hf, , nf, ns, 

nc, (see eq. 1.18).  

An important characteristic of the presence of the periodic structure is the existence of 

a range of wavelengths forbidden to propagate in any direction. In this sense, the 

wavelength that exactly satisfies the Bragg condition (Bragg in eq. 1.20) cannot 

propagate in the waveguide. This is known as the photonic stopband. Coupled mode 

theory45 predicts that the DFB laser will normally oscillate on a pair of wavelengths, 

one at either edge of the photonic stopband. The stopband is translated in the 

observation of a characteristic dip in the emission intensity due to the inhibition of the 

propagation of waveguided photons by the gratings. 39,41 In the second order DFB (m = 

2) there is a strong discrimination between the two band-edge modes, caused by their 

different radiation losses and coupling strengths to free space radiation, so only the 

mode at the long wavelength side of the Bragg dip is observed. For this reason it is 

often said that these lasers show band-edge emission.  
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DFB grating fabrication is generally accomplished by techniques such as electron beam 

lithography (EBL), holographic lithograpy (HL), nanograting transfer or nanoimprint 

lithography (NIL).9 HL and NIL will be explained in section 4.1.3  since they have been 

used to prepare the DFB gratings in this thesis. While NIL shows the highest potential 

for fabrication scalable to mass production, HL allows the preparation of large size 

devices (various cm) and provides great feasibility for changing the grating period (Λ) 

without the need of changing the stamp master, and therefore, tuning easily the 

emission wavelength of the device. The stamp master (used in NIL) is prepared by 

other methods, generally expensive (often EBL). 

In this thesis we have prepared devices with different types of DFB geometries, in 

particular geometries I, III and IV of figure 1.7. Geometry II, also shown in the figure, 

has been used in previous works of the group. 

(I) Grating on inorganic substrate (i.e. transparent fused silica, silicon oxidized at 

the surface (SiO2) of a silicon wafer or glass) fabricated by EBL, NIL43,46,47 or 

HL48 and subsequent etching; active film on top of it. This is the most common 

resonator used in the literature. The resonator can be reused in different 

devices after dissolving the active film and depositing a new one. Lasers with 

this kind of DFB geometry are the ones showing generally the lowest 

thresholds.49  

(II) Grating on active film fabricated by NIL. The advantage of this geometry with 

respect to geometry I it is that fabrication is simpler because no etching 

methods to transfer the pattern to the substrate are needed.50  

(III) Grating on resist layer, fabricated by HL51-53 or NIL, deposited over inorganic 

substrate and active film on top of it. Also in this case the etching step is not 

needed. However, due to the small difference in the refractive indexes of resist 

and the active film, thresholds are generally higher. 

(IV) Grating on photoresist layer, fabricated by HL, deposited over the active film. 

In this case the active material thickness is uniform. This type of geometry has 

been used for the first time in the frame of this thesis. As we will show later, a 

remarkable aspect is that their performance is as good as that of lasers based 

on geometry I. 

 

Figure 1.7.- Different types of DFB device geometries. Grating period, (Λ). 


