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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 and Digital Video Disc (CD and 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 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 liquid 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 prospects 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, as LEDs; 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 

indirectly indicate its presence, but it presents 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 the 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 

treatment and often, techniques such as chromatography and neutron reflectometry 

have been used to quantify the solvent content. However, the dependency on film 

thickness of the effect of the treatment and the amount of remaining solvent are still a 

matter of controversy.26-28 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 Carbon-bridged phenylenevinylenes (COPVs) useful to improve the 

performance of DFB Lasers, in general, as well as their use as sensors. 

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 part 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, and a COPV polymer (poly-COPV1). The 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 

ħ  p= E2-E1 (Planck-Einstein relation), where ħ is known as the Planck constant and νp 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 similar energy of 

the difference between states. The emitted photons have phase and energy 

very similar to the external photon which stimulated them. 

(III) Spontaneous emission is produced when an atom in the excited state decay 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 is needed. 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.  

 

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 (k) as: 

 ( )     
               (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, 

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 filled between the space of 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 is: 

           
 

  
  

 

    
         (1.2) 

 

1.1.4. Laser otuput-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 single point in space 

and time, but to a relationship between one signal at one point in space and time, and 
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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 

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 as: 

   
         

         
                      (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. Coherence time τc is defined by the delay over which phase or amplitude is 

predictable. Coherence length Lc is defined as the distance the wave travels in time τc.. 

The temporal coherence and monochromaticity are related as:     

                 
 

  
     (1.4) 

being Δν 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 their 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. 

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 
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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 wavelengths, λ, 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 Δ . 

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

standing wave in the cavity is: 

 
 

 
       (1.5) 

Taking into account that   = c/λ, speed of light in vacuum (c): 

   (
 

  
)      (1.6) 

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

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

           (
 

  
)     (1.7) 

Longitudinal modes are related with 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, 

respectively, higher-order modes have a larger spatial extent than the 00 mode. 
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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 atomic gain profile. For many lasers, the space between axial modes 

Δν 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 

amplified spontaneous emission (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 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 those of the 

substrate and the cover. 

(II) The active film thickness should be larger than a certain value, called the cut-off 

thickness for the propagation of one mode. More details in section 1.3.  
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These conditions have been developed in the next section. 

 

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 is narrowed at the wavelength at which the net gain is 

highest. The ASE intensity follows the expression: 

 ( )  
 ( )  

    ( )
(     ( )     ) 

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 lth is the length of the pump stripe. 

It is possible to determine gnet by measuring the ASE intensity as a function of l 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 with amplitude exponentially decreasing 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    and    based on Snell Law can be defined as: 

  

      
  

  
                                (1.9) 

        
  

  
                    (1.10) 

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

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

substrate, remained 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, respectively. 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,  (nf, nc) and  (nf, ns). For the 

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

              
  

 
                (1.11) 
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              (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: 

              (     )     (     )        (1.14) 

where m is an integer  0. 

The equation 1.14 can be rewritten as a function of the effective index neff, defined as 

neff = nf sin  m. The equation (1.15) imposes discrete values of    related to different 

values of m, which determine the set of guided modes for the structure. 

    √(  
      

 )     (     )    (     )        (1.15) 
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   (1.17) 

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

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

  

 
  √  

        
       √

      
    

 

  
        

       √
      
    

 

  
        

         (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 (λ). It can be calculated 

from the dispersion equations previously reported.38 The expression is shown below: 
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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; 

distributed feedback resonator (DFB); 2D photonic crystal (PC) resonator.   

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

mirrors, typically commercial dielectric mirrors and 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 

1.5b). 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 diameters. 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, polymer lasers cannot be made so simply. The 

reflectivity at the polymer-air interfaces usually is less than 10% because the refractive 

index of luminescent polymers 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 

be reflected by Bragg scattering. Lasers of this type, (figure 1.5 c), are different from 

(1.19) 
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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, 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 commonly form 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 resonator, coated around an optical fiber, c) 

DFB, d) 2D PC resonator. 

 

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 

upon optical excitation propagates. The light feedback is produced by constructive 
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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 

(λBragg) and is given by:  

                     (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 DFBs 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 λDFB close to λBragg (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, λ, 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 (λBragg 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. 

DFB grating fabrication is generally accomplished by techniques such as electron beam 

lithography (EBL), holographic lithograpy (HL), nanograting transfer or nanoimprint 
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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 method, 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 on 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) 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 [Opt. Express 

2011 Manuel] 

(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). 
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2.1. Introduction 

Sensors are tools for acquiring the quantitative information about our surroundings. In 

this section it is explained some concepts needed to understand how the DFB sensors 

prepared in this thesis work.   

The emission wavelength in a 1D DFB (DFB), as it was explained in section 1.5, appears 

close to the wavelength at which the cavity resonates (λBragg), which is determined by 

the grating period (Λ), the diffraction order (m) and the effective refractive index (neff), 

according to the expression (eq. 1.20). The neff parameter depends, as it was defined in 

eq. 1.18, on the active film thickness (hf) and on the refractive index of active film, 

substrate and cover layer (nf, ns, and nc, respectively).  

Molecules have the capability to interact with evanescent electromagnetic fields that 

pass through them. They can become temporarily polarized by upon exposure to a 

light’s electromagnetic field. The electric susceptibility,  e, quantifies the extent of a 

molecule’s “polarizability”, (molecules with higher  e are more easily polarized). This 

parameter is directly related to the relative permittivity of the dielectric constant εr, as: 

             (2.1) 

At the same time, εr, is related with the refractive index (n) as: 

   √                                     (2.2) 

Generally, n is a quantity defined for a bulk material, while  e and εr can apply to 

individual molecules such as those absorbed on optical biosensor surfaces.54  

According to the Bragg equation (eq. 1.20) and to the molecule’s “polarizability”, 

accounting for the bulk and molecule approximation respectively, different types of 

sensors can be obtained. The three types of interest for this thesis are: 

(I) DFB bulk refractive index sensors, in which DFB changes as due to changes in 

the refractive index of the cover layer (liquid superstrate deposited on top). 

(II) DFB biosensors in which the specific capture of biomolecules or analyte at the 

surface of the devices produces changes in εr, and therefore, a shift in DFB. 

(III) Sensors of the solvent retained in annealed polymer films, in which DFB 

changes due to variations of the thickness and refractive index of the film. In 

this case the target to be detected is within the active layer (the solvent) 

instead of a liquid superstrate deposited on top of the device, as in previous 

cases.  
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2.2. Overview of refractive index sensors 

Optical refractive index sensors use an electromagnetic field to detect refractive index 

changes. The DFB laser, explained above, is one type of optical sensor among others 

reported. Over the past decades, different types of optical resonant refractive index 

sensors have been developed among which the most important are these based on: 

surface plasmon resonances (SPR), photonic crystal structures (PC), whispering gallery 

modes (WGM).  

SPR devices are based on the excitation of surface plasmons. A surface plasmon wave 

(SPW) is a charge density oscillation that occurs at the interface of two media with 

dielectric constants of opposite signs, such as metal (gold or silver) and a dielectric. 

There are four basic methods to excite an SPR: prism coupling,55 waveguide coupling,56 

fiber optic coupling57 and grating coupling.58,59 In the prism coupling configuration, a 

monochromatic linearly polarized light source, a glass prism, a thin metal film in 

contact with the base of the prism and a photodetector are typically used.60 Obliquely 

incident light on the base of the prism will exhibit total internal reflection from the 

prism to the metal film. The evanescent field can couple to an electromagnetic surface 

wave, a surface plasmon, at the metal-prism interface. At a particular coupling angle, 

the reflected light intensity goes through a minimum due to the SPR. The SPR angle 

position is sensitive to changes in the refractive index of a thin layer adjacent to the 

metal surface that is sensed by the wave, resulting in a shift of the SPR angle to larger 

values.54  

PCs were presented in section 1.4 (figure 1.5). Their operation principle consists in 

measuring changes in the peak wavelength value (PWV) of the reflected or transmitted 

light when biochemical binding events take place on the surface of the device. The 

incident light, whose wavelength lies within the photonic bandgap (produced by the 

periodic structure), cannot propagate through the PC and a wide bandgap emerges on 

the transmission (or reflection) spectrum. However, it is possible to introduce a defect 

in the periodic structure which is highly sensitive to a change in the local environment. 

In particular, the sensing transduction signal is produced when n changes as the result 

of analyte binding to the defect.61  

The existence of WGMs can occur in spherical,62 glass capillary tubes,63 silicon oxide 

toroids64 and ring cavities.65 Inside these cavities only WGMs are allowed due to self-

interference of the recirculating rays. The light is propagated by total internal 

reflection between the high and low n media. 

In a ring resonator, the WGM spectral position, , is related to n through the resonant 

condition: 
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     (2.3) 

where r is the ring outer radius, neff the effective index experienced by the WGM, and 

m is an integer. So monitoring λ changes as a result of neff changes it is possible to 

obtain information about the analyte under study.61  

The optical sensors just described above (SPR, PC and WGMR) represent different 

types of “passive” optical component, in which the sensed output is measured simply 

by measuring some characteristics of light reflected from or transmitted through the 

device. The second-order solid-state organic DFB laser represents the next step from 

passive to active optical sensors, because the structure incorporates its own source of 

optical gain and feedback. Thus it allows achieving narrow bandwidth output through 

the process of stimulated emission.66,67   

Although the linewidths achievable by DFB sensors are generally not narrower than 

those obtained with some of the passive resonators, they are simultaneously capable 

of high sensitivity and a high degree of resolution.66,67 DFB sensors show significant 

advantages for sensing, including: 

(I) Simple implementation. The excitation laser beam may illuminate the DFB 

surface from any angle, and the laser emission always exits the structure at a 

normal angle. So gathering the light emitted by the laser into a spectrometer or 

an interferometer instrument for measuring its wavelengths can be simply 

done by using an optical fiber.67  

(II) The resonator can be fabricated through simple fabrication techniques such as 

HL or NIL, enabling easily the extension to large scale production, while thin 

films of active materials are most commonly deposited by evaporation, spin-

coating, ink-jet printing or horizontal dipping.67  

(III) An organic laser structure can be fabricated on a mechanically flexible 

substrate, providing a chip easily integrated into existing assay equipment.24  

(IV) DFB sensors meet also the requirement for multiplexing sensing and have 

demonstrated in some cases the possibility of using compact laser diodes or 

even LEDs15 as the optical pump, which constitutes a promising scheme for 

their commercialization. 

An important advantage of all the sensors described in this section, including DFB 

sensors, is that they allow direct detection without labels, that is, they are label-free. 

Generally the label is designed to be measured by its color or its ability to generate 

photons at a particular wavelength and acts as a surrogate to indirectly indicate the 

presence of the analyte to which it has been attached. However, the labels themselves 

pose several potential problems: they often require special laboratories, the 

excitation/emission efficiency of fluorphores is degraded by time and exposure to light 
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by photobleaching, quenching may reduce the efficacy of fluorescent tags in an 

unpredictably manner, it can modify the molecule’s conformation, etc. 

In label-free sensors, instead of using labels, a receptor molecule is normally 

connected in some way to a transducer that produces an electrical signal in real time. 

Label-free sensors are ideal devices for highly sensitive and possibly specific non-

intrusive sensing with great potential in a variety of applications such as drug 

discovery, biological research, diagnostic tests, food safety and environmental 

monitoring.  

 

2.3. DFB lasers as bulk refractive index sensors 

DFB lasers as it was explained in section 2.1 have the ability to detect materials 

deposited over the active film. These materials, which can be liquids or solids 

deposited as thin film. The deposition of a superstrate produces a change in λDFB, 

relative to the value of a reference sample (without superstrate), due to the change in 

nc (figure 2.1).   
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a)                                                                b) 

Figure 2.1.- a) Wavelength shift of the emitted spectrum. b) Wavelength shift vs. 

refractive index change.  

The sensitivtiy, Sb, is an important parameter to evaluate the sensor performance. It 

gives information about the magnitude of the sensor transduction signal change in 

response to the change in the analyte.61 Sb in a bulk refractive index sensor is defined 

as the derivative of the lasing wavelength shift relative to the value in air, Δλ, with 

respect to n (expressed in nm/RIU units) as follow:  

   
   

  
     (2.4) 

However, the magnitude of Sb does not fully describe the capability of the device to 

detect and quantify the properties of the sensor. It is also important to provide 
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information about the ability to accurately measure the spectral shift, that is to 

indicate by the sensor resolution, r. This, r, refers to the minimum wavelength shift 

that can be measured. Details on how this parameter has been measured will be given 

in section 4.5.2. The sensor resolution and the sensor sensitivity are combined to give 

the system limit-of-detection (LOD) in RI units:63   

     
 

  
       (2.5) 

 

2.4. DFB lasers as biosensors  

2.4.1. Cell-assays 

Life science research tries to study interactions among biomolecules or to detect 

specific analytes from bodily fluids. These capabilities and many others are based on 

cell-assays that allow scientists to ask basic questions about whether one analyte 

interacts with another, how strong the binding affinity is between two proteins, if a 

chemical compound will affect the proliferation rate of cancer cells or to know the 

concentration of a cancer biomarker within a patient’s blood sample. 

Due to the difficulty in detecting biological analytes directly through their intrinsic 

physical properties (i.e. mass, size, electrical impedance, or dielectric permittivity), 

biological research has historically relied upon attachment of some sort of “label” to 

one or more of the molecules/viruses/cells being studied (see section 2.1). 

In label-free sensors the selective detection capability is provided through the 

attachment of a layer of receptor molecules to the surface of the transducer. The 

surface of the transducer, due to the receptor layer, have the ability to selectively 

attach specific material from a test sample while not allowing undesired material to 

attach. For example, when a single strand of DNA is attached to the sensor surface, the 

surface has the capability to preferentially bind a complementary strand of DNA from a 

test sample. Likewise, when a protein attaches to the sensor surface, the sensor has 

the capability to preferentially bind antibodies to that protein from a test sample.  

For specific detection of biomolecules within complex mixtures that contain many 

potentially interfering molecules, it is frequently used a “blocking” surface which 

prevent nonspecific attachment, being this surface an important component to 

performing successful assays. Surface chemistry procedures allow attaching receptor 

ligands to biosensor surfaces with covalent bond linkages while maintaining the 

biological activity of the ligands. Therefore, they are not easily washed away. 

The ErbB2 protein is an important oncogene or antigen relevant to certain aggressive 

types of breast cancer and its overexpression has been proven to serve as biomarker of 
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the status and progression of the illness68 (being 15 ng/mL the established clinical 

biomarker cut-off). ErbB2 overexpression is also one of the most widely investigated 

clinical indicators of ovarian, gastrointestinal and lung cancers. 

Until now, some methods are established for the assessment of ErbB2 status, whereas 

it has not been detected by using a DFB sensor. For the detection of ErbB2 protein 

(analyte) in a DFB sensor a functionalization with anti-ErbB2 antibodies (receptor) has 

to carry out. The immunoassay employed in this thesis is explained in section 4.5.3. 

 

2.4.2. Determination of sensor parameters in a DFB biosensor 

In a DFB sensor the interaction between the analyte and the receptor (figure 2.2) is 

detected from a shift wavelength due to changes in εr, as it was explained in section 

2.1. Since in this case no changes in nc are intended to be measured neither Sb nor r as 

were defined in section 2.3 can be used. 

 
Figure 2.2.- DFB biosensor sketch. 

In a biosensor, performance is normally assesses by specifying r and LOD, defined as 

follows. The resolution in a biosensor system refers to the smallest change in mass 

density that can be measured. To determine the r value of a biosensor, one must 

characterize the noise of the sensor when operated with its detection instrument. 

Noise can be easily characterized at a basic level by allowing the sensor to reach a 

steady-state condition and recording the measured output many times in sequence 

without any intentional change to the sensor (called the negative sample). The noise is 

thus defined as the standard deviation, σ, of the negative sample. The minimum signal 

detectable, r, can be defined as 3 σ.54 

The LOD in a biosensensor system is usually defined as the smallest amount of analyte 

that produces a quantifiable output signal. It ultimately depends on the resolution of 

the optical system, and therefore, it is strongly related to the experimental noise.69  
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2.4.3. DFB biosensors state-of-the-art 

A thorough review of the literature only shows a few reports of organic DFB lasers 
used as biosensing devices:23,24,70,71 

-Lu et al.23 demonstrated the capability of a DFB device to detect 3.4 nM (60 

ng/mL) of human immunoglobulin G (IgG) protein. That laser consisted on a 

Rhodamine 590 (Rh590) doped SU-8 active film spin-coated over a grating 

engraved over UV-curable polymer and a 30 nm-thick top layer of titanium 

oxide (TiO2).  

-Tan et al.24 fabricated similar DFB devices, with the organic active film 

prepared by horizontal dipping and demonstrated their use to detect tumor 

necrosis factor alpha (TNFα) down to 0.625 μg/mL. Later on,70  with the same 

kind of DFB devices, the same authors detected 34 nM (600 ng/mL) of rabbit 

IgG. 

-Haughey et al.71 fabricated DFB lasers based on an oligofluorene truxene (T4) 

active film deposited by spin-coating on top of a DFB grating engraved on an 

epoxy resist. They studied the avidin-biotin interaction and demonstrated 

detection down to 1 μg/mL of avidin using a biotinfunctionalized DFB. 

Sensitivities (Sb) in the biological range (at n = 1.33) of around 20 nm/RIU have been 

achieved with DFBs used for the detection of proteins.66,71 Better sensitivities, of the 

order of 70-150 nm/RIU have been obtained by experiments and simulations23 with 

DFB laser sensors coated with a thin layer of high refractive index of TiO2 (n= 2.1). 

However, M. Lu et al.23 fitted the wavelength emission versus refractive index curve 

over a 14 nm tuning range, while C. Vannahme et al.72 calculated the sensitivity at 

refractive indexes close to n = 1.5, thus far from the biological range.  

 

2.5. DFB lasers to monitor solvent extraction in annealed polymer films 

In this thesis we have used a DFB laser for sensing in a different way than the previous 

two cases, which have used by other authors. Here we show that it is possible to use a 

DFB laser to detect the amount of solvent retained in films prepared by spin-coating. 

Moreover, we have been able to monitor the solvent extraction when the film is 

subjected to thermal treatments. 

In this case λDFB of the laser changes due to a modification of the active film 

parameters (hf and nf) as a consequence of the solvent extraction upon the thermal 

treatments. The importance of performing these thermal treatments and the methods 

typically used to determine the solvent retained in the films are explained below. 
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In polymer thin films, prepared by spin-coating, most of the solvent from the polymer 

solution evaporates during the deposition process (see sections 4.1.1 and 4.1.2), but a 

part of it remains in the film. Its presence would affect important properties, such as 

chain mobility, film homogeneity,26
 charge carrier transport,73

 or substrate adhesion.74 

Therefore, films are typically subjected, right after deposition, to thermal annealing 

treatments at a temperature above its glass transition temperature, Tg, aiming at its 

elimination. Determining a proper treatment to ensure the complete solvent 

elimination and consequently device reproducibility and stability has been investigated 

by several authors.  

The solvent content in thin spin-coated polymer films subjected to thermal treatments 

has been quantified using techniques such as gas chromatography27 and neutron 

reflectometry.28 The dependency on film thickness of the effect of the treatment and 

the amount of remaining solvent are still a matter of controversy,26-28 probably 

because of differences in the many factors that affect the polymer morphology, such 

as the polymer concentration, the type of solvent, the parameters used in the spin 

coating process, the thermal annealing time and temperature and the adhesion to the 

substrate surface.75 Here we show for the first time the use of the DFB laser for this 

purpose. 
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3.1. Introduction 

Among different types of laser materials, π-conjugated molecules and polymers are of 

great interest and are the basis of the so called “organic lasers”. Many photophysical 

aspects of π-conjugated systems are relevant for lasing, for example, conjugated 

organic molecules are intrinsically four-level system (see section 1.1.1). Organic lasers 

offer the opportunity of tuning the emission wavelength within the visible range 

because their photoluminescence (PL) spectra are broad. Actually this is their most 

interesting property with respect to other types of lasers.  

Liquid dye lasers, in which the active material consists of a liquid solution containing a 

laser dye, are commercially available since many years ago and are often used in 

spectroscopy, photochemistry, photophysics, nondestructive testing and medicine. 

However, due to important limitations of these devices, for example: 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, researchers 

have pursued for years the development of compact and easy-to-handle OSLs.4,9  

Among them, those in which the materials are prepared as a thin films organic lasers 

(TFOLs) show great potential for applications in spectroscopy76,77 optical 

communications18 and sensing.20,78 TFOLs are specially important towards achieving 

compactness, mechanical flexibility and easy integration with other devices, among 

which, those that can be prepared by means of solution-based methods, such as spin-

coating, printing, etc., are preferred for their prospect of reducing device cost.9  

One of the major challenges remaining for the realization of a commercial compact 

and inexpensive TFOL is the active organic material, which should be simultaneously:  

(I) Efficient for lasing at a low threshold, Ith, in order to operate under excitation 

with a weak light source. (see sections 1.2, 4.3.2 and 4.4.2). 

(II) Photostable to ensure a long operational lifetime (τ1/2) for the device. (The 

photostability usually is determined as the time at which emitted intensity 

decays to half of its initial value τ1/2, or in some cases to 1/e of its initial value 

τ1/e; τ1/2 and τ1/e depends on incident pump intensity, Ipump, see sections 4.3.2 

and 4.4.2). 

(III) Capable of emission at various wavelengths, λ, or colors (color tuning).  

(IV) Solution-processable. 

(V) For the case of materials in which the organic units are dispersed in a matrix, to 

show high miscibility into it.  
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In addition, if the TFOL involves light propagation along the film plane, as in a DFB 

laser, the film should be properly prepared to constitute a waveguide with high optical 

quality (low loss).  

 

3.2. Organic gain media typically used in organic DFB lasers 

Most of the active laser materials thus far investigated for TFOLs4,9 belongs to one of 

the three following categories:  

(I) Organic semiconductors (OS) -mainly polymers, such as 

polyphenylenevinylenes (PPVs) or polyfluorenes (PF) (figure 2.1)- but also 

oligomers, dendrimers and small molecules, prepared as neat films (no dilution 

in inert matrix). 

    
a)                                                            b) 

Figure 2.1.- a) polyphenylenevinylenes (PPVs), b) polyfluorenes (PF). 

(II) Conventional aromatic dyes (figure 2.2) such as those of the families of 

rhodamine (Rh) , dicyanomethylene (DCM), pyrromethene (PM), 

perylenediimide (PDI), etc, diluted in a matrix.  

  

a)                                                                b) 

Figure 2.2.- a) 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran 

(DCM), b) pyrromethene 567.  

(III) Mixtures of active materials from classes (I) and (II), exploiting the concept 

energy transfer (figure 2.3), which is explained below. 
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a)                                                       b) 

Figure 2.3.- a) Tris-(8-hydroxyquinoline) aluminum (Alq3), b) 4-(Dicyanomethylene)-2-

methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM). 

The archetypical example of this latter kind, for which many investigations have been 

reported,79,80 is the combination of the organic semiconducting molecule Tris-(8-

hydroxyquinoline) aluminum (Alq3) doped with the laser dye DCM. The Alq3 host 

absorbs a UV pump photon and transfers its excitation to the DCM (guest). The energy 

transfer will be efficient if the overlap between the emission spectrum of the host and 

the absorption spectrum of the guest is large.4 Alq3-DCM is the material used in the 

few commercial devices available in the market. However, this material is not solution-

processable (thin films are prepared by thermal co-evaporation) which constitutes an 

inconvenience to obtain low-cost devices. Another limitation is that its emission is 

restricted to the red part of the spectrum.  

From now on, we will focus only on TFOLs of DFB type based on solution-processable 

materials. This requirement imposes also restrictions for matrix selection for type (II) 
active laser materials. Particularly, thermoplastics, such as PS or poly(methyl 

methacrylate) (PMMA) (figure 2.4), are very convenient for processing purposes since 

they can be prepared as good quality waveguides and also because they can be easily 

imprinted by NIL as to include the DFB resonators on the active film (geometry II, 
section 1.5).  

    

a)                                                       b)                     

Figure 2.4.- a) Polystyrene (PS), b) poly(methyl methacrylate) (PMMA). 
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Many solution-processable organic laser materials from classes (I) and (III) have been 

widely employed to fabricate TFOLs, but not with sufficient success with regards to all 

aspects needed for applications.  

 

3.2.1. Organic semiconductors versus dye doped polymers  

Studies on organic semiconductors (OS) have largely focused on the lowering of the 

laser threshold, and less frequently on the improvement of their photostability. 

Organic semiconductors such as tris(trifluorene)truxene (T3), Poly(2,5-bis(2’,5’-bis(2”-

ethylhexyloxy)phenyl)-p-phenylene vinylene) (BBEHP-PPV) and random 

fluorene/carbazole co-polymer (PF3Cz) have shown very low ASE threshold. In 

particular, 4, 0.2 and 0.06 kW/cm2, respectively.15,81,82  

Many OS materials, coated on DFB gratings fabricated by EBL or HL on conventional 

inorganic substrates such as transparent fused silica, oxidized SiO2 or glass are in the 

range 0.2-3 kW/cm2,13,15,81-83 and even lower.10-12,14,84 Such low thresholds enabled, in 

some cases, the use of LEDs, which are compact and cheap as pumping sources.13,14 

Despite the excellent threshold performance of OS based DFBs, their operational 

lifetime is generally poor, thus often not reported. Apart from few exceptions,12,81,85 

they degrade during the course of measurements when performed exposed to air, 

thus requiring encapsulation.15 Table 2.1 shows DFB laser parameters for some of the 

best performing OS-based DFB lasers reported in the literature. A detailed description 

of how these parameters are obtained is provided in chapter 4.  
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OS material Comments 
tp     

(ns) 

υ     

(Hz) 

Ith-DFB 

(kW/cm2) 

λDFB    

(nm) 

Ipump 

(kW/cm2) 

τ1/2            

(p.p.) 
Ref. 

[2(C6H13)]  4.2 10 0.038  500 0.38 1.1 x 105 12 

[3(C6H13)]  4.2 10 0.065  500 0.65 7.0 x 104 12 

T3  5 10 3 425-442 94 2.3 x 104
(τ1/e) 81 

T3  5 10 6 426 700 3.3 x 103 
(τ1/e) 85 

T3 nanocomposite 5 10 23 429 700 7.7 x 103 
(τ1/e) 83 

T4  - 10 0.3 446 - - 84 

BN-PFO (1st order) 10 10 0.006 447 - - 84 

BN-PFO (2nd order) 10 10 0.01 448 - - 84 

F8DP (1st and 2nd order) 10 10 0.004 452 - - 10 

PFO  12 10 0.1 449 - - 11 

Y80F8:20F5  12 10 0.03 447 - - 11 

S50F8:50F5  12 10 0.04 451 - - 11 

ADS223YE  4 20 0.2 568 - - 13 
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Table 2.1.- Pump beam characteristics and lasers parameters of DFB devices based on organic semiconductor active films: Pyrene-Cored 

Starburst [2(C6H13)], tris(trifluorene)truxene (T3), oligofluorene truxene (T4), 6,6’-(2,2’-octyloxy1,1’-binaphthyl) (BN-PFO), poly[9,9-

dioctylfluorene-co-9,9-di(4-methoxy-phenyl)fluorene (F8DP), 80% 9,9-dioctylfluorene and 20% 9,9-di(2-methyl)butyl (Y80F8:20F5), 50% 

9,9-dioctylfluorene and 50% 9,9-di(2-methyl)butyl S50F8:50F5, fluorene-benzothiadiazole co-polymer (ADS223YE); poly(2,5-bis(2’,5’-bis(2”-

ethylhexyloxy)phenyl)-p-phenylenev-inylene) (BBEHP-PPV), fluorene/carbazole copolymer (PF3Cz); nanocomposite (nanocomp.), 

encapsultated (encap.), light-emitting diode (LED);  tp (excitation pulse duration); repetition rate (υ); DFB threshold intensity (Ith-DFB); 

incident pump intensity to measure photostability half-life (Ipump); photostability half-life (τ1/2);   DFB emission wavelength (λDFB); reference 

(ref.). 

 

 

 

 

BBEHP-PPV (2nd order) 4 20 0.1 537 - - 14 

BBEHP-PPV (1st and 2nd order) 4 20 0.05 537 - - 14 

BBEHP-PPV encapsulated 47 LED  0.2 548 - - 15 

PF3Cz  8 5 2 448 - - 82 
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On the other hand, dye-doped inert polymers have usually very good photostability 

performances. Operational lifetimes up to 105 pump pulses, under ambient conditions, 

have been reported for DFBs based on state-of-the-art stable laser dyes of the PM86,87 

and PDI46,49,88 families, when dispersed in PMMA or PS. Conversely, their thresholds 

are often high, typically 10-200 kW/cm2,46,49,51,86,89 and even higher than 200 

kW/cm2.90-92 The higher thresholds of dye-doped materials in comparison to those of 

OS materials, is mainly because of the high dilution in the matrix, that it is necessary to 

prevent aggregative excited state annihilation. The lowest ASE threshold (3 kW/cm2) 

has been obtained in a PS film containing a PDI compound (perylene orange, PDI-O,).49 

The threshold improvement obtained with PDI-O, in comparison to other PDIs, such as 

PDI-C6 (N,N′-bis(1-hexylheptyl)-perylene-3,4:9,10-bis(dicarboximide)), is because of its 

molecular conformation, which enables higher doping ratios without PL quenching.49 

Table 2.2 and 2.3 show DFB laser and ASE parameters, respectively, for some of the 

best performing dye-doped polymers reported in the literature. 
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Dye Matrix 
tp 

(ns) 
υ 

(Hz) 
Ith-DFB 

(kW/cm2) 

λDFB          

(nm) 

Ipump 
(kW/cm2) 

τ1/2     
(p.p.) 

Ref. 

PM567 PMMA 0.5 500 168 - 2857 8.0 x 105 86 

PM567 and C540A P(MMA-TMSPM)  0.5 500 114 554 2857 4.8 x 106 86 

PM567 PMMA 0.5 10 339 615.5 1650 1.8 x 104 90 

PM605 PMMA 0.5 10 500 667.7 2500 ~104 90 

PM567 P(MMA:HEMA) 0.5 100 85 560-580 2302 4.5 x 105 87 

Rh 590 P(MMA:HEMA) 0.5 100 69 580-610 187 2.8 x 106 87 

Rh 640 P(MMA:HEMA) 0.5 100 85 660-680 432 >5.0 x 106 87 

DCM P(MMA:HEMA) 0.5 100 114 610-645 432 1.5 x 106 87 

LDS722 P(MMA:HEMA) 0.5 100 160 605-716 432 2.4 x 105 87 

PDI-C6 PS 10 10 16 572 35 3.1 x 105 46 

PDI-C6 PS 10 10 25  575 50 2.0 x 105 88 

PDI-O PMMA 20 15 12 570 51 5.4 x 104 89 
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Table 2.2.- Pump beam characteristics and laser parameters of DFB devices based on 

dye-doped polymers. Excitation pulse duration (tp), repetition rate (υ), DFB threshold 

intensity (Ith-DFB), pump intensity (Ipump), photostability half-life (τ1/2), DFB emission 

wavelength (λDFB), reference (ref.). Pyrromethene 567 (PM 567), rhodamine 590 

(Rh590) , dicyanomethylene (DCM), coumarin (C540), hemicyanine (LDS722), (N,N′-

bis(1-hexylheptyl)-perylene-3,4:9,10-bis(dicarboximide)) (PDI-C6), (N,N’-di(2,6-

diisopropylphenyl)perylene-3,4:9,10-tetracarboxylic diimide (PDI-O). Poly(methyl 

methacrylate) (PMMA), methyl methacrylate (MMA), 3-(trimethoxysilyl)propyl 

methacrylate (TMSPMA), hydroxyethylmethacrylate (HEMA), polystyrene (PS).  

 

Table 2.3.- Pump beam characteristics and ASE parameter of various dye-doped 

materials. tp (time pulse), υ (frequency), Ith-ASE (ASE threshold intensity), Ipump (pump 

intensity), τ1/2 (half-life),   λASE (ASE emitted wavelength), ref. (reference). (N,N′-bis(1-

hexylheptyl)-perylene-3,4:9,10-bis(dicarboximide))  (PDI-C6), (N,N’-di(2,6-

diisopropylphenyl)perylene-3,4:9,10-tetracarboxylic diimide (PDI-O), bay-substituted 

PDI presenting two sterically hindering diphenylphenoxy groups at the 1,7 positions 

and ethylpropyl substituents in the imide positions (b-PDI-1), phenyl-4,5-dihydro-1H-

pyrazole (DCNP). Polystyrene (PS), poly(methyl methacrylate) (PMMA), poly(9-

vinylcarbazole) (PVK), polycarbonate (Polycarb.), deoxyribonucleic acid  

cetyltrimethylammonium chloride (DNA – CTMA).  

Dye Matrix 
tp 

(ns) 
ν 

(Hz) 
Ith-ASE 

(kW/cm2) 

Ipump 
(kW/cm2) 

τ1/2   
(p.p.) 

λASE 
(nm) 

Ref. 

PDI-C6 PS 10 10 12 2560 6.0 x 103 579 49 

PDI-C6 PMMA 10 10 116 2560 1.8 x 103 - 49 

PDI-O PS 10 10 3 2560 7.2 x 103 579 49 

PDI-O PMMA 10 10 12 2560 1.0 x 104 - 49 

b-PDI-1 PS 10 10 50 100 5.0 x 104 610 51 

DCNP PMMA 6 10 1667 3000 3.2 x 104 629 91 

DCNP PVK 6 10 500 3000 3.0 x 103 629 91 

DCNP Polycarb. 6 10 2727 3000 3.5 x 103 636 91 

DCNP DNA-CTMA 6 10 2000 3000 1.5 x 103 638 91 

DCNP PMMA 6 10 1667 2000 3.2 x 104 629 92 
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3.2.2. Emission wavelength tunability 

Many advances have been achieved in the field of organic lasers with respect to 

tunning the emission wavelength by modifying the device geometrical parameters. For 

a given compound, the emission wavelength can be tuned typically by around 30 to 50 

nm by changing the thickness of the active film43 or the period of the DFB grating.4,9 

Continuous tuning in a single device has also been demonstrated by using films with a 

variable film thickness (the so called wedged configuration).93 

On the other hand, progress on wavelength tuning from the side of the active material 

has been clearly inferior. For instance, an important limitation of conventional dyes is 

that entirely different chemical structures are needed to cover a wide range of 

emission wavelengths. For example, in the case of PDIs, although there are strategies 

to tune their absorption and PL properties,94 to date highly efficient and photostable 

PDIs for lasing emit in a very restricted range (from 580-620 nm).49,51 

A very attractive approach for wavelength tuning, widely employed for structurally 

flexible -conjugated oligomers95,96 and polymers,97 consists on changing the number 

of repeating units in the molecular structure. However, this strategy often leads to an 

increase of their structural mobility and a significant reduction of their chemical 

stability, which is detrimental for threshold and photostability performance. 

 

3.3. Organic gain media used in DFB sensors 

A wide variety of materials have been used to fabricate the active layers of DFB 

sensors: organic semiconductors prepared as neat films, such as conjugated 

oligomers71  and conjugated polymers;20 or laser dyes dispersed in inert polymers, for 

example Rh 590 in the SU-8 resist,23,24 Coumarin 503 (C 503) in PMMA66  or PM 597 in 

Ormocore.72   

To date, DFB sensors based on polymer films containing PDI laser dyes have not been 

reported. A relevant feature of PDIs as we have seen in section 2.2.1 is the 

simultaneous combination of an excellent photostability under operation in ambient 

conditions, up to 105 pump pulses, and a relatively low DFB threshold, 3 kW/cm2 in the 

case of PDI-O doped PS or PMMA.46,49 These values are considerably than those of 

DFBs based on other materials. Another remarkable property of PDI-doped PS 

materials is their excellent thermal and chemical stability, which enables grating 

imprinting by thermal nanoimprint lithography (T-NIL) directly onto the active film on 

consequently in a very simple and economical way.50 

For example, DFB sensors based on Rh 590 or C 503 laser dyes dispersed in polymer 

matrixes have shown thresholds between 10 and 18 kW/cm2,23,66,70 without published 
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photostability data. DFB sensors based on PM 597 dispersed in Ormocore have shown 

photostability lifetimes of around 104 pump pulses and relatively high DFB thresholds 

(70 kW/cm2).72 Worth to mention are DFB sensors based on truxene-core molecules, 

showing a threshold of 12 kW/cm2 and an operational lifetime of around 103 pump 

pulses.71,85 In table 2.4 the DFB threshold and half-life of the sensors commented are 

listed. 

Active 
material 

class 
Active material 

tp 
(ns) 

Ith-DFB 
(kW/cm2) 

Ip 

(kW/cm2) 
τ(1/2) 

(p.p.) 
Ref. 

OS 

T3 5 12 700 103
(1/e) 71,85 

F8BT/MEH-PPV 0.3 61 - - 20 

DYES 
(polym.) 

Rh590 (SU-8) 10 10 - - 23,70 

C503 (PMMA) 10 18 - - 66 

PM597 (Ormoc.) 1 70 17400 104 72 

PDI-O (PS) 10 3 6 

2500 

105
 

104 

49 

Table 2.4.- Laser parameters of various DFB laser sensors reported in the literature. 

OS: organic semiconductor; polym. (polymer), T3 (star-shaped tris(terfluorenyl) based 

on truxene core), F8BT (poly[(9,9-dioctylfluorenyl-2,7-diyl)- co -(1,4-benzo-{2,1′,3}-

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

Rh590 (rhodamine 590), PM 597 (pyrromethene 597), ormocomp (ormoc.); excitation 

pulse duration (tp); DFB threshold intensity (Ith-DFB); incident pump intensity to measure 

photostability halflife (Ip); photostability halflife (τ(1/2)); reference (ref.). 
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4.1. Preparation of laser devices  

4.1.1. Spin coating process for deposition of active organic thin films 

Spin coating is, by far, the most commonly used method to produce smooth and 

uniform thin films. A big advantage of organic compounds, displaying good solubility in 

common organic solvents, such as the ones studied in this work, is their capability of 

being processed as thin films from solution-based methods such as spin-coating, 

printing, casting, etc. Organic molecules with laser activity dispersed in passive 

thermoplastic polymers can be easily prepared using the spin coating technique. In 

particular, the spinners SMA-SPINNER 6000 PRO and LabSpin6 (SUSSMicroTec) have 

been used to prepare thin films in the University of Alicante. 

The procedure starts by dissolving the polymer to be used as matrix and a certain 

amount of organic molecule with laser activity in a volatile solvent. The substrate is 

fixed by applying vacumm on top of a chuck, and an excess amount of solution is 

deposited on top of the substrate. Immediately after that (to avoid solvent 

evaporation), the chuck and the substrate are accelerated at high speed at an angular 

velocity,   

The rotation remains for some time in order to spread the fluid by centrifugal forces 

until it flows by the edges of the substrate. In a second stage of spinning, the film 

continues thinning slowly until pressure effects cause to reach an equilibrium thickness 

or until it turns solid-like due to a dramatic rise in viscosity from solvent evaporation. 

In a final stage of spinning, the thinning of the film is dominated by solvent 

evaporation.98,99 As we will explain in next section, an annealing process after spin-

coating is recommended for total solvent evaporation.   

The parameters that define the film thickness are the following: molecular weight (Mw) 

of the polymer, solvent evaporation, polymer/solvent interactions, solution/substrate 

interactions, polymer concentration, and rotational speed. All of them, apart from 

rotational speed and polymer concentration are limited by the available products. It is 

possible to obtain thinner or thicker films by increasing or decreasing respectively the 

rotational speed. However, the maximum changes of thickness are obtained by 

changing the solution polymer concentration. In this sense, film thickness decreases by 

lowering the polymer concentration in the solvent. 

The organic compound, whose laser activity wants to be studied, has to be dissolved in 

an appropriate solvent. The solvent should have a boiling point high enough to avoid 

too quick evaporation. Besides, to improve the solubility of the polymer used as matrix 

and the organic compound, the solution is usually stirred with a magnet overnight.  

In this work, two polymers have been used as matrix: PS and PMMA (purchased from 

Sigma-Aldrich). The PS used is bimodal, that means it is a mix of two polymers with Mw 
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= 1300 g/mol and Mw = 72500 g/mol, with a density ρ = 1.06 g/cm3 (25 ºC) and with a 

glass transition temperature around Tg = 64 ºC. The used PMMA has the following 

properties: Mw = 15000 g/mol, ρ = 1.19 g/cm3 at 25 ºC and Tg = 105 ºC. These polymers 

are passive and transparent in the visible range, so they work as matrixes that provide 

good mechanical films properties. The solvent used in our work has been toluene, 

which has the following parameters: purity ≥ 99.7 %, ρ = 0.865 g/cm3 (25 ºC) and 

boiling point (b.p.) = 110.6 ºC. This high boiling point allows obtaining uniform and high 

quality thin films because the solvent evaporates slowly. 

The organic compounds used in this thesis have been: a commercially available 

derivative of perylene (purchased from Phiton, Germany), known as perylene orange 

N,N’-di(2,6-diisopropylphenyl)perylene-3,4:9,10-tetracarboxylic diimide, PDI-O, see 

figure 4.1a,  and some derivatives of carbon-bridged phenylenevinylenes, COPVs, 

synthesized by the group of Eiichi Nakamura at the University of Tokyo. PDI-O belongs 

to the class of PDI derivatives symmetrically substituted at the imide nitrogen 

positions. It has been already investigated in some works,49,89 and it has shown low 

threshold and high photostabiliy when dispersed in PS at concentration up to 1.0 wt%. 

Various COPV compounds have been investigated in this thesis whose general 

chemical structure is shown in figure 4.1b. 

 

a) 

 

 

 

 

b) 

Figure 4.1.- a) Chemical structure of PDI-O. b) General formula of COPVs. 

A commercially available fused silica (FS) substrate (22 x 22 mm) was used for solvent 

loss, absorption, PL, and ASE measurements. For DFB laser fabrication, the active film 

was deposited on a substrate of a different nature (transparent fused silica, oxidized 

SiO2, or a resist layer deposited over a substrate), with surface relief gratings 

previously recorded using HL or T-NIL, geometries I and III (figure 1.7). Some DFBs 



CHAPTER 4. Experimental procedures________________________________________  

42 
 

were fabricated by recording a surface relief grating on top of a resist layer deposited 

over the active film (geometry IV, figure 1.7). 

 

4.1.2. Thermal treatments 

Annealing treatments, widely used in the processing of organic films can modify their 

film morphology and photophysical properties.100  In the case of using the spin-coating 

technique, as the film deposition method, most of the solvent evaporates during its 

last step. Some authors have reported26,27,101 that some solvent is still present in the 

films at the end of the process so polymer chains are in a non-equilibrated state under 

residual stress effects.26,27,102,103  

In this work, we have used a Selecta Ref S-201 oven to remove the solvent remaining 

in the prepared spin-coated films after deposition. In section 5.4 we have performed a 

detailed study of how the solvent (toluene) evaporates from the active film as a 

function of the time (t) and the temperature (Ta) of the treatment. Such study allowed 

us to conclude that appropriate thermal treatment parameters to ensure the 

elimination of practically all the solvent are t = 2 h and Ta = 90 ºC. This procedure has 

been used systematically for the films prepared along this work.  

- Measurements of solvent loss in polymer films 

In the section where the DFB sensor has been used to detect de amount of remaining 

toluene in the samples after thermal treatments along different times (section 5.4),  

we determined the mass of the solvent, by using a microbalance (Mettler Toledo 

XS105) with a resolution of ± 10 µg, and a thermobalance (TGA Netzsch TG 209) with a 

resolution of ± 1 µg. The microbalance provides us a quantification of the PS plus the 

solvent that are in the films, plus the weight of the substrate. The thermobalance 

provide us the quantification of PS that there is in the film before and after the thermal 

treatment. So, if we know the weight of the PS plus the solvent, before and after the 

annealing (by using the microbalance), and also the weight of PS (by using a 

destructive method, with a thermobalance), it will be possible to obtain the removed 

toluene as the difference between them.  

However, for samples with a small amount of toluene, a thermal desorption (TD) 

method, particularly a gas chromatograph (GC) coupled with a mass spectrometer 

(MS) were used. TD is a physical separation process whereby sorbent tubes are heated 

in a flow of carrier gas. Trapped vapor desorbs from the sample tubes into the gas 

stream and are transferred via a refocusing device, into GC/MS analyzer. In this work, 

we have used Horizontal TD GERSTEL TDS-2 and GC Agilent 6890N apparatus with an 

inyector GERSTEL cis 4+(PTV). All the set has a MS Agilent 5973N as selective detector. 

The fragment analyzed is often found in aromatic compounds containing a benzyl unit, 
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as toluene. The low limit of detection (~0.1 ng) allows accurate quantification of 

toluene in the samples.  

Thermobalance results have been provided by Prof. A. Marcilla (Chemic. Eng. Dep, UA) 

while the TD results have been carried out in the technical services of the UA. 

 

4.1.3. DFB fabrication  

- Thermal nanoimprint lithography  (T-NIL)21,104,105 

NIL is a method to fabricate micro/nanometer scale patterns at high throughput and 

high fidelity pattern transfer. There are several versions of NIL: T-NIL, room 

temperature-NIL (RT-NIL), ultraviolet-NIL (UV-NIL), etc. Common to all NIL techniques 

is that a template (mold/master or stamp), which contain the micro/nanopattern, is 

needed in order to mechanically modify a thin film, typically a monomer or polymer 

film.  

T-NIL is used to imprint conventional thermoplastic materials, which are characterized 

for having a glass transition temperature (Tg), which is the temperature at which a 

transition in the amorphous regions between the glassy and rubbery state occurs. In 

this technique it is important to use proper equipment to print with adequate control 

of temperature, pressure and parallelism between the stamp and the substrate.  

The T-NIL gratings used in this thesis (type I, figure 1.7) have been prepared by IK4-

Tekniker (Eibar). For DFB grating preparation, a transparent fused silica masters with 

one-dimensional DFB gratings of different periods, fabricated by e-beam lithography 

(EBL) and reactive ion etching (NIL Technology) were used. The stamp was treated with 

tridecafluoro-(1,1,2,2)-tetra-hydrooctyl-trichlorosilane antiadhesive coating deposited 

from the vapor phase. This treatment is very important to decrease the surface energy 

of the masters and, therefore, to facilitate the demolding step. The T-NIL consists on 

the following steps (figure 4.2): 

(I) A layer of 100 nm thickness of mr-I7010R (thermal NIL resist), purchased from 

Microrresist Technology GmbH was spin-coated on a transparent fused silica 

substrate or on a SiO2 layer obtained by oxidation of a silicon wafer.  

(II) Then, the substrate and the resist are heated up above the polymer Tg, and the 

feature pattern of the mold is pressed into the melt polymer film. For the 

gratings prepared in this work a temperature of 135 ºC and a pressure of 10 kN 

force during several min by using Jenoptik HEX03.  

(III) Cooling down to 40ºC,  

(IV) The mold is separated from the substrate. A residual resist layer of 50 nm 

remained over the substrate. 

(V) This residual layer was removed under an O2 plasma etching. 
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(VI) The grating was transferred to the substrate by CHF3/Ar plasma etching.  (Both 

etching processes were carried out in an Oxford PlasmaLab ICP 80).  

 

Figure 4.2.- Steps of the T-NIL process. 

- Holographic lithography (HL) 

Micro or nanometer scale patterns might be also fabricated by HL. This technique is 

based on a multi-beam interference phenomenon, achieved with two or more 

coherent beams. By recording the multi-beam interference pattern into a photoresist, 

it is possible to fabricate 1D, 2D, and 3D periodic structures. HL has some advantages 

over NIL as explained in section 1.5:  

HL enables fabricating periodic structures which correspond to the beam interference 

pattern allowed by the laser used (see figure 4.3). The period of the grating (Λ) is equal 

to the distance (D) between two interference maxima: 

  
 

    (
 

 
)
      (4.1) 

where λ (nm) is the wavelength of the laser and   is the interbeam angle (figure 4.3). 

In our group, HL had been previously used48,51-53  to fabricate devices with geometries I 
and III, according to figure 1.7. During this thesis we have prepared for the first time 

devices with the grating on a layer deposited on top of the active film (type IV, figure 

1.7). The advantages of this kind of DFB lasers will be discussed in section 6.3.3.  

The fabrication of devices with the resonator on the top of the active film consists of 

the following steps: 
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(I) Active film deposition: active layers with thickness in the range 300-600 nm 

were spin-coated over fused silica substrates. 

(II) Photoresist deposition: layers of several thicknesses of dichromated gelatin 

resist DCG were deposited by spin-coating over active films from hot water 

solutions (40 ºC) containing  4 wt% of DCG.  

(III) Grating recording: One dimensional gratings were recorded by HL with light 

from an Argon (Ar) laser emitting at 488 nm in a simple and stable setup (figure 

4.3), in which a mirror is attached with a 90° angle to the sample holder. The 

pattern recorded was obtained by the interference of the direct beam with the 

beam reflected in a mirror attached to the sample holder. An absorbent glass 

was attached to the back side of the sample, with an index matching liquid, to 

avoid backward reflections from the surface of the glass support. The light 

intensity pattern between exposed and unexposed area is translated in 

hardness variations in the DCG. 

(IV) Development: After desensitizing in a cool water bath (15 ºC), relief gratings 

are obtained by dry development in an oxygen plasma etching.  Development 

times between 2 and 4 min produced grating depths between 65 and 140 nm 

(±5 nm).  

Steps II, III and IV are carried out using red light, under which DCG is not sensitive. 

These steps are the same than those used to fabricate DFB resonators for devices with 

other geometries (I and III, figure 1.7). The only difference is that in these cases the 

photoresist layer is deposited over the substrate instead of over the active film.48,51-53  

 

Figure 4.3.- Experimental setup for holographic recording of gratings over DCG: (1) 

Argon laser, (2) shutter; (3) microscope objective; (4) pinhole; (5) collimator; (6) mirror; 

(7) DCG film over fused silica. 

 

4.2. Characterization of standard optical properties 

 4.2.1. Absorption and film thickness measurements 

The Lambert-Beer-Bouguer law describes the attenuation of an electromagnetic 

radiation beam (typically, visible light) as it travels through a medium. In its basic 

version, the law is formulated as follows:  
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(4.2) 

Where is the absorption coefficient; I0, is the initial beam intensity and I, is the 

intensity of the beam after traveling a distance x. 

The absorbance, also called optical density (OD) of a material is the logarithmic ratio 

between I0 and I.106 It can also be expressed as a function of the transmittance T as 

follows: 

(4.3) 

                         

In the case of media consisting of absorbing species dispersed in a solvent or solid 

matrix OD also depends on the pathlength transversed by the light and on the 

concentration of the absorbing species, according to the expression: 

         ( )                                        (4.4) 

where is the molar extinction coefficient (M-1 cm-1), C is the molar concentration (M 

or mol/L), l is the cell thickness (cm). 

In out laboratory at the UA the absorbance of solutions and films was measured by 

using a double-beam Jasco V-650 spectrophotometer (figure 4.4a). The high sensitivity 

of the photomultiplier tube detector enables accurate measurements of samples with 

low (and high) concentration. The light sources are a deuterium lamp for the range 

190-350 nm and a halogen lamp for the range between 330 and 900 nm. 

In the double beam design (figure 4.4b), the energy of the light source is divided into 

two with a half mirror, so one passes through the reference side, and the other are 

through the sample side. Therefore, an energy change in the light source, or a change 

in the monochromator efficiency affect to both beams in the same way.  The sample 

under study is placed in one channel of the spectrophotometer and a blank sample 

(fused silica substrate, for film based measurements; or the quartz cuvette containing 

only the solvent, for solution based measurements), is placed in the reference channel. 

Prior to these measurements, a baseline, without blank substrate or sample is 

measured. The baseline defines 0% absorbance and it is subtracted from the result. 

0( ) xI x I e

0 ( )( ) log log ( )
( )

I
OD T
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a)                                                            b) 

Figure 4.4.- a) External view of the spectrophotometer. b) Double beam design: the 

blank sample is placed on the left side and the sample to be studied on the right side. 

When the excitation beam in a spectrophotometer is incident on a film of uniform 

thickness, (see figure 4.5a), interference effects give rise to a fringe pattern as shown 

in figure 4.5b (black line). These fringes can be used to calculate its thickness. The 

method consists in comparing the fringe pattern of the experimental absorption 

spectrum with a theoretical interference pattern of a thin film. According to R. 

Swanepoel 1983107 the theoretical fringe pattern can be obtained if the wavelength 

dependence of the film thickness, the refractive index of the film and the refractive 

index of the substrate are known. So by considering the film thickness as variable 

parameter and superposing the theoretical and experimental patterns, the proper film 

thickness that makes the best adjustment of the experimental pattern can be 

obtained. The theoretical pattern is obtained assuming that the substrate has a 

thickness several orders of magnitude larger than the film and also by assuming that 

both substrate and film are transparent. 

On the other hand, this pattern often matches the experimental absorption spectrum 

of the organic molecule studied (red line, figure 4.5b), then resulting in noisy spectra, 

particularly with low organic molecule concentrations. Fortunately, it is possible to 

achieve the real absorption spectrum, without noise, (blue line, figure 4.5 b) by 

subtracting the theoretical interference pattern, (obtained before) from the 

experimental one.  

 To sum up, this method allows obtaining film thickness (with an error of around 2 nm) 

and also accurate absorption spectra by simulating an interference pattern taking into 

account the refractive index at every wavelength. However, it is possible to obtain the 

film thickness with a simplest method, consisting of taking into account only the 

refractive index at two wavelengths (between two interference maxima or minima).108 

(J. C. Manifacier 1976). In this case the error is larger (around 40 nm instead of 2 nm). 



CHAPTER 4. Experimental procedures________________________________________  

48 
 

300 400 500 600 700 800

0.000

0.007

0.014

0.021

0.028
 Experimental spectrum
 Interference pattern
 Corrected spectrum

 

 

O
pt

ic
al

 d
en

si
ty

Wavelength (nm)
 

a)                                                                    b) 

Figure 4.5.- a) Optical path of a ray incident on a thin film (orange) placed over a 

transparent substrate (blue). b) Experimental absorption spectrum (red line), 

theoretical fringe pattern (black line), real absorption spectrum (blue line). 

 

4.2.2. Photoluminescence (PL) measurements, including PL Quantum Yield 

(PLQY) 

PL consists in the absorption of radiant energy at one wavelength with subsequent 

emission at a different wavelength. Fluorescence and phosphorescence are both 

examples of PL (figure 4.6 a). Fluorescence involves absorbing and releasing light 

almost immediately (singlet state), while the light released by phosphorescence is 

delayed (triplet state). For this reason, these materials appear to glow in the dark. 

PL measurements were performed using a Jasco FP-6500 spectrofluorimeter. A Xenon 

lamp source is coupled to a monochromator, allowing the selection of the wavelength. 

Emission from the illuminated sample is collected through a second monochromator 

by a photomultiplier tube in photon counting mode.   Film PL spectra were obtained by 

exciting the sample at a 60º angle with respect to the normal to the film. PL emission 

was collected in reflection at a 30º angle, in order to avoid the pump beam (figure 

4.6b). 
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a)                                                                  b) 

Figure 4.6.- a) Pump beam and photoluminescence spectra. b) Sample holder and 

excitation-collection geometry. 

The PLQY is used to measure how efficiently a material emits light. PLQY is defined as 

the number of emitted photons relative to the number of the photons absorbed by the 

sample, as follows: 

     
                         

                          
 

  

     
    (4.5) 

S0 is the number of photons of the excitation light incident on the sample; S1 is the 

number of photons number of the excitation light scattered by the sample (not 

absorbed); S2 is the number of photons PL emitted by the sample. 

The PLQY measurements carried out in the UA have been performed by using a Jasco 

ISF-834 60 mm Ø integrating sphere connected to a Jasco FP-6500 spectrofluorimeter 

(figure 4.7). This sphere is designed to measure PLQY of a solid sample (powder). 

Larger spheres are used to measure PLQY in solution or film materials, in which the 

sample is placed inside them instead of outside (tangent to the sphere) as in our case. 

However, it is possible to correct the light emitted outside the integrating sphere (light 

guided on the sample and emitted by the edge) by taking into account a correction 

factor. For PS films the correction factor is about 4.5. Besides, the manufacturer 

instructions have been followed to correct the spectra, for example, for the indirect 

excitation: that is the light scattered by the sample and diffused in the integrating 

sphere that excites the sample again (figure 4.8a). 
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Figure 4.7.-Integrating sphere connected to a spectrofluorimeter. 

To calculate the PLQY for a given film it is necessary to measure the reflectance 

standard spectrum and the sample spectrum (blue and green line, respectively, figure 

4.8b). The area under the first spectrum is Lex.0 and the area under the second 

spectrum in the excitation wavelength range is Lex.1 (it is proportional to S0 and S1, 

respectively in eq. 4.5). E2 is the area under the sample spectrum in the emission 

wavelength range (it is proportional to S2 in eq. 4.5).  

To measure the reflectance standard spectrum, a polymer film without active 

compound, but with the same thickness of the sample to be studied is placed in 

window 1 (figure 4.8 a) and a diffusive teflon piece (called spectralon) is placed behind 

the polymer film. To measure the sample spectrum, the polymer film is replaced by the 

sample to be studied (with active compound).  

    

a)                                                                        b) 

Figure 4.8.- a) Excitation-emission geometry used in the integrating sphere. b) 

Intensity areas used to determine PLQY. 
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4.2.3. Refractive index determination (Abelès method)109,110 

One of the simplest methods to determine the refractive index of a thin film (nf) is the 

Abelès mehod. This method is simple, and only has the following requirements: the 

substrate should be transparent; the film and the substrate should be homogeneous 

and isotropic; and the film should have uniform thickness. These requeriments make it 

attractive and widely used. However, the existence of film absorption may introduce 

errors in the measurement. 

This method is based on the Brewster angle, . At an angle of incidence, , the 

reflectance of a sample coated with a film and the reflectance of a substrate are equal. 

The method consists in measuring the Brewster  angle at which equal intensity of the 

TM polarized monochromatic beam of light is reflected in a substrate without film and 

with film. Using the following equation it is possible to obtain nf, being na the air 

refractive index, (na =1). 

       (
  

  
)      (4.6) 

 

4.3. Amplified spontaneous emission characterization 

4.3.1. Setup 

The setup used to characterize the ASE properties of active films deposited over fused 

silica (COPV and PDI-O doped films) includes the following elements [figure 4.9]. 

1. An excitation optical source (a pulsed laser). Study on COPVs based films were 

performed by using a pulsed neodymium-doped yttrium aluminium garnet (Nd:YAG)  

laser model Quanta-Ray INDI. This laser produces pulses of 10 ns duration at a 

repetition rate of 10 Hz. A suitable pump wavelength is chosen in order to be near the 

absorption spectra of the COPV derivatives. In particular, we have used the second and 

third harmonic (532 and 355 nm, respectively) of the fundamental 1064 nm beam by 

using non-linear crystals. A pulsed Nd:YAG laser, model LS-2137U, LOTIS TII, was used 

to excite the samples based on the PDI-O compound, including those related to the 

sensors and biosensors work, as well as the work based on DFB lasers resonators 

fabricated by HL, at 532 nm (second harmonic), because this wavelength matches the 

absorption spectrum of PDI-O. Pulse duration is around 5-6 ns and the repetition rate 

is 10 Hz.  

2. A Raman cell has been used to shift the frequency of the laser source, by means of 

stimulated Raman-scattering (SRS) processes.  The second harmonic from the pulsed 

Nd:YAG  laser (Quanta-Ray INDI) is used to pump a high-pressure hydrogen-filled (H2) 

Raman cell. The laser light interacts with the molecular vibrations of H2, being the 



CHAPTER 4. Experimental procedures________________________________________  

52 
 

energy of the laser shifted and appearing the anti-Stokes line from the Raman cell at 

436 nm.  

3. A Pellin-Brocca prism or other suitable mirrors, according with the wavelength used, 

are used to select the proper laser beam direction.  

4. An inverted Galileo, including divergent and convergent lenses, is placed to expand 

and collimate the laser beam. The inverted Galileo allows achieving a collimated beam 

bigger in diameter than the initial laser beam. 

5. Neutral density filters of different transmittances to modify the energy of the 

excitation pulses. 

6- A cylindrical lens focalizes and shapes the laser beam into a stripe. The laser beam 

width (0.5 ± 0.1 mm) depends on the distance between the focus of the cylindrical lens 

and the sample. 

7. An adjustable slit was used to control the length of the stripe. For most 

measurements a length of 3.5 ± 0.5 mm was used. For the experiments to determine 

the gain coefficient, the length was varied from 0.05 to 3.50 mm.  

8. The sample (placed vertically with respect to the optical table), was photopumped 

at normal incidence. When ASE occurs, most of the light is emitted from the end of the 

stripe, at the edge of the sample (figure 4.10).  

9. An Optical fiber (from the Ocean Optics supplier) coupled to a spectrometer (item 

10) placed perpendicularly to the incident beam, at the edge of the sample to collect 

the light emitted by the film. (figure 4.10).   

10. USB2000 or MAYA2000 spectrometers from the Ocean Optics supplier. The 

USB2000 spectrometer can detect a wavelength range from 197.7 to 843.0 nm. The 

MAYA2000 spectrometer can capture higher resolution spectra, nevertheless, it can 

detect only from 550.14 to 613.78 nm.   

Light enters the spectrometer via a slit located at the bottom of a threaded receptacle 

which can be used to connect an optical fiber in both spectrometers. After that, light 

reflects from a mirror towards the grating, adapted to a specific wavelength range, and 

finally a mirror focuses the spectrum to the CCD detector array. Detector arrays in 

both spectrometers are different. The USB2000 contains a one dimensional CCD array 

(1x2048 active pixels) and the MAYA2000 contains a two dimensional Hamamatsu 

S9840 CCD array (2048x14 active pixels).  So the resolution in the second one is higher 

(0.13 nm for measuring the linewidth, expressed as the full width at half of the 

maximum, FWHM) than in the first one (1.3 nm).  
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11. Computer and OOIBase 32 or SpectraSuite (Ocean Optics) software. The first one is 

used with the USB2000 and the second one with the MAYA2000. These software 

programs are used to capture and to display the emission spectra. 

12. Energy meters (models 2936-C and 1928-C, Newport) plug into a photodetector 

(model 818E-10-25-S, Newport), were used to measure the energy of the pump pulses 

(not shown in figure 4.9). 

 

Figure 4.9.- Optical system used to characterize the ASE properties. 

  

Figure 4.10.- Sample photopumped at normal incidence and ASE emission collected by 

using an optical fiber. 

 



CHAPTER 4. Experimental procedures________________________________________  

54 
 

4.3.2. ASE parameters determination 

-Linewidth 

The linewidth of the spectrum has been defined as the full width at half maximum 

(FWHM). Experimentally the FWHM of a spectrum is determined as the difference 

between the two extreme values of wavelength at which the spectrum intensity is 

equal to half of its maximum value (figure 4.11). 

 

Figure 4.11.- Linewidth description as full width at half maximum (FWHM). 

-Threshold 

The ASE threshold is the pump intensity or pulse energy at which the PL emission 

spectrum starts narrowing. The ASE threshold is generally determined from the curve 

that represents the FWHM as a function of the pump intensity. In our work the 

threshold is defined as the intensity at which the FWHM decays to half of its maximum 

value (illustrated in figure 4.12a). The threshold can also be determined from the 

output versus the pump intensity curves, as the intensity at which the slope of the 

curve drastically increases figure 4.12b. However, in the case of ASE the increase is 

somewhat gradual so this latter method has a larger error. 
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Figure 4.12.- ASE threshold determination: a) from the curve that represents the 

emission linewidth versus the pump intensity and b) from the output versus the pump 

intensity curves versus pump intensity. 

-Photostability 

The photostability is determined from the plot of the ASE intensity as a function of 

time, while the sample was excited in the same region, at a constant pump intensity. 

The parameter used in this work to characterize this property has been the 

photostability half-life (τ1/2 
ASE), defined as the time (or number of pump pulses) at 

which the ASE intensity decays to half of its initial value. The magnitude expressed as 

the number of pulses is independent of the repetition rate. In this work we have 

performed the experiments either with a pump intensity two times above threshold 

(so-called “soft pump conditions” or either with a very high pump intensity, 2.5 

kW/cm2, so called “extreme pump conditions”. 

-Gain coefficient 

Net gain coefficient determination has been carried out by using the so called Variable 

Stripe Length (VSL) method. It consists in recording the ASE spectra for different 

lengths of the pump beam. Then, the ASE output intensity at the peak of the emission 

spectrum, for a given pump intensity, is fitted as function of the pump stripe length 

with eq. 1.8, using A and g as fitting parameters. 
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4.4. Distributed feedback laser characterization 

4.4.1. Setup 

The experimental setup to characterize the laser emission properties of the DFB 

devices differs from the one used to measure ASE (section 4.3.1) only in the 

geometrical configuration to excite the sample and to collect the emitted light. In 

particular, the cylindrical lens is replaced by a spherical one, so the beam over the 

sample (incident at 20º with respect to the normal to the film plane) is shaped into an 

elliptical spot (instead of a stripe) with a minor axis of 1.1 mm. The emitted light is 

collected in a perpendicular direction to the film surface instead of from the edge 

(figure 4.13).  

 

Figure 4.13.- Sample photopumped at 20º with respect to the normal to the film plane  

and collected in a direction perpendicular to the film surface by using an optical fiber. 

The size of the pump beam over the sample in both, the ASE and DFB experiments has 

been determined by using a conventional method. It consists in interrupting the laser 

beam with an opaque object (a knife edge) which is moved across its axis with a 

micrometer screw. By observing the beam projected at    1 m, it is possible to 

determine the width by the movement done since the image begins to disappear, until 

the image entirely disappears. 

 

4.4.2.DFB laser parameters determination 

-Linewidth 

The DFB linewidth is obtained in the same way as the ASE linewidth. Note that DFB the 

FWHM is smaller, typically < 1nm as a result of its higher coherence. 

-Threshold 

The methods to determine the threshold are the same used for ASE, described in 

section 4.3.2. However, in this case the second method, (the one based on identifying 
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the intensity at which a drastic change of slope in the outuput intensity curve), is 

normally used because slope change is higher than in ASE and therefore more 

accurate. 

-Photostability 

The photostability is determined as in the ASE experiments, from the plot of the DFB 

intensity as a function of time, while the sample was excited in the same region, at 

constant pump intensity. The parameter used to characterize this property has been 

the photostability half-life (τ1/2 
DFB), defined as the time (or number of pump pulses) at 

which the DFB intensity decays to half of its initial value. 

 

4.5. DFB laser used as sensor 

4.5.1. Setup 

The excitation and collection geometry used to study the sensing performance of DFB 

lasers differs slightly from the explained in section 4.4.1. In this case excitation and 

light emission collection is done through the substrate, with the sample placed 

horizontally with respect to the optical table to facilitate the deposition of liquid 

superstrates or biomolecules on top of the device (figure 4.14). This geometry, which 

requires the use of a transparent substrate, avoids disturbing the analyte with the 

pump beam.  

 

Figure 4.14.- Scheme of a DFB laser sensor and the geometry used for excitation 

(green arrow) and laser emission collection (red arrow). 
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4.5.2. DFB sensor parameters determination  

The central emission wavelength, λc, can be determined by a center of mass 

calculation and by fitting data with a Lorentzian function.72 In our work we have 

chosen the method of the center of mass calculation due to its lower standard 

deviation. In this case, the wavelength, λ0, at the maximum intensity I0, is first 

identified and then the center emission wavelength can be calculated by: 

   
∑     
 
    

∑   
 
    

        (4.7) 

 

where m is an integer chosen so that the data correspond to the full width of the 

emission peak. This method represents a weighted fit because only the central data 

points around I0 are used while all other data points are disregarded. 

The sensor resolution, r, as it was said in section (2.3) refers to the minimum 

wavelength shift that can be measured. It is obtained as twice the standard deviation 

of a set of successive measurements. In particular, sensor resolution has been 

obtained by analyzing the peak (λc) corresponding to the case of water superstrate 

from a set of 50 spectra, by using the center of mass, and after that, by calculating 

twice its standard deviation. 

In particular, in this work, Sb, has been determined exposing the sensor to liquids of 

different refractive index: distilled water, aqueous solutions of glycerin (25, 50, and 

75%) and pure glycerin. Then, by plotting the wavelength shift as a function of nc, Sb 

can be obtained from eq. (2.4) at the biological range (i.e. at n = 1.33). Obtaining Sb at 

the biological range is useful to assess the sensor potential to detect biomolecules, 

generally dissolved in water.  

 

4.5.3. Biosensor functionalization  

The biosensor functionalization starts with a “cleaning step” that consists in rinsing the 

DFB device with water and drying it with a nitrogen (N2) gun. The second step is the 

specific biofunctionalization of the surface with rabbit anti-epidermal growth factor 

receptor 2 (anti-ErbB2) monoclonal antibodies. The incubation of 20 µg/mL antibody 

solution in pH 9.6 carbonate-bicarbonate buffer is carried out overnight at 4ºC. After 

another “cleaning step”, a solution containing Bovine Serum Albumin (BSA) is 

incubated (5 mg/mL) in Phosphate-Buffered Saline (PBS) buffer (pH 7.3) during 2h at 

4ºC. BSA ensured perfect surface coverage for minimizing potential non-specific 

binding. Then, ErbB2 protein biomarker, is incubated, also in PBS buffer, during 2h 

(4ºC) at different concentrations: 0, 2, 10, 250 and 10,000 ng/mL. Finally, another 
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cleaning step is carried out. All incubations were performed with a carefully pipetted 

10 µL drop, covering the DFB grating, in a humid atmosphere to avoid evaporation. 

Anti-ErbB2 monoclonal antibody and ErbB2 was purchased from Sino Biological Inc. 

(China). BSA and PBS were from Sigma-Aldrich (Spain), and tumor necrosis factor alpha 

(TNFα) from Perprotech (United Kingdom). 

 

Figure 4.4.- Scheme of the immunoassay employed for ErbB2 biomarker detection. 

 

4.6. Experimental procedures in the University of St. Andrews  

4.6.1. Device preparation 

Thin films prepared in the University of St. Andrews were also prepared by spin 

coating. However, here the active material was a polymer (Poly-COPV1), so a polymer 

matrix such as PS was not used. The solution concentration is expressed as mg/mL (mg 

of Poly-COPV1 per mL of Toluene) instead of wt%. The substrates used for depositing 

the active films were glass microscope slides, they were first cleaned in acetone 

followed by isopropanol in an ultrasonic bath for 15 min each and after drying the 

samples with a nitrogen gun, an oxygen plasma treatment was used to remove the 

impurities and contaminants from surface. All samples were prepared in a class-1000 

clean room. 

-Film thickness measurements 

Film thickness was measured in the clean room by means of a Veeco Dektak 150 

profilometer. The average film thickness was obtained with line scans across a scratch 

(with a diamond stylus) at a few different locations of the surface film. The height 

position of the diamond stylus generates an analog signal which is converted into a 

digital signal which is analyzed and displayed. 
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-Laser resonator fabrication by UV-NIL 

The laser resonator studied in St Andrews was prepared by UV-NIL. The main 

difference between T-NIL (explained in 4.1.3 ) and UV-NIL is the following: in UV-NIL a 

UV-curable liquid photopolymer instead of a thermoplastic polymer is used as resist. 

The photopolymer is applied to the substrate and the mold, normally made of 

transparent material and placed on top. After the mold and the substrate are pressed 

together and the cavities are fully filled with the photopolymer, it is cured by UV light, 

so it becomes solid.  

A high resolution substructured master, fabricated by EBL, was used to cast a soft 

stamp on a glass. As the master surface was highly hydrophobic, it could be separated 

from the stamp without polymer residue. The soft stamp was then used to print the 

grating into a UV-NIL resist mr-UVCur06 (Microresist Technologies) by vacuum contact 

and UV curing. The soft stamp could be used for multiple imprinting processes. 

 

4.6.2. Optical characterization 

-Absorbance, PL measurements, including PL Quantum Yield (PLQY) 

The absorbance of poly-COPV4 was measured by a Varian Cary 300 Bio UV-Vis 

spectrophotometer. The light was produced, as explained in section 4.2.1, by an 

ultraviolet (deutereium) and a visible lamp (halogen). It is also double beam design as 

explained in section 4.2.1.  

Fluorescence and PLQY of films based on poly-COPV4 were measured using a compact 

Hamamatsy Photonics C9920-02 absolute PLQY measurement system. PL and PLQY 

principle are explained in section 4.2.2. The Hamamatsu system comprises a CW Xenon 

excitation light source, monochromator, and a spectrometer with an integrating 

sphere capable of nitrogen gas flow. 

-Laser characterization  

The excitation light in ASE and DFB measurements of poly-COPV4 was generated by a 

tunable OPO (Panther EX, Continuum Inc.). The 3rd harmonic of an Nd:YAG laser (355) 

was used to pump the OPO in order to obtain emission at 450 nm. The output 

wavelength of the OPO could be tuned from deep UV to infrared with a Beta Barium 

Borate (BBO) non-linear crystal and a pair of frequency-doubling crystals, with high 

output power density. The Optical Parametric Oscillator (OPO) used works at 20 Hz 

repetition rate and 4 ns pulse duration. To control the pump energy it has been used a 

polarizing filters system.  
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5.1. Introduction 

This chapter describes the use of DFB sensors (based on PDI-O doped PS films) for different 

applications as described in chapter 2. Firstly, we analyze the sensitivities and thresholds of 

some bulk refractive index DFB sensors (Λ = 376 nm), whose operation is based on 

detecting shift in the laser upon the deposition of liquids of different refractive index, nc. We 

have compared the properties of DFB sensors with different film thickness and have also 

analyzed the consequences of adding a top TiO2 layer to the devices. Secondly, we 

demonstrate the applicability of one of the refractive index sensors mentioned before to 

detect a cancer biomarker, ErbB2.  Finally, we have used a DFB laser (Λ = 368 nm) to 

monitor the extraction of the residual solvent content in the polymer films that constitutes 

itself the active film of the device. This sensor is used, particularly, to study the residual 

amount of toluene in PS films, by analyzing also, the wavelength shift produced in the 

device while the solvent is evaporated.  

 

5.2. DFB laser as cover layer sensors  

5.2.1. High sensitivity sensors based on very thin active films 

It is known that the sensitivity of this type of sensors increases when film thickness 

decreases, as illustrated in figure 5.1. This figure shows a calculation, through eq. (1.20), of 

λBragg as a function of hf for a device exposed to air and water. As observed, the wavelength 

shift upon water deposition (a-w) gets larger as hf diminishes, due to the increase in the 

dispersion curve slope. The neff values used in this calculation were obtained by solving the 

propagation wave equation for the simplest possible model waveguide, consisting of a film 

of thickness hf deposited over a planar fused silica substrate (ns = 1.46 at λ = 580 nm) of 

infinite thickness  (see section 1.3).88,112 It is also assumed that the cover layer (air or water) 

has infinite thickness. The calculated cut-off thickness for the waveguide in air for the TE0 

and TE1 modes (eq. 1.19) are respectively hcut-off (TE0) = 149 nm and hcut-off (TE1) = 600 nm. 

So, the election of hf = 160 nm aimed to be just above hcut-off(TE0).  
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Figure 5.1. Bragg wavelength versus active film thickness for single-layer DFB laser sensor. 

Calculation done through eq.(1.20) with neff values for TE0 and TE1 modes determined from 

the propagation wave equation considering the device exposed to air and water (full and 

dashed line, respectively).  

As it has been explained above, the use of a very thin active film allows increasing the 

sensitivity. For this reason, we have first chosen hf = 160 nm aimed to be just above hcut-off 

(TE0). For this device laser emission is associated to the TE0  waveguide mode. The refractive 

index sensing capability of this sensor with hf = 160 nm is illustrated in figure 5.2a, which 

shows the experimental DFB spectra in air and after the deposition of liquids of different 

refractive index on top of the device. The wavelength shift upon water deposition (a-w) is 

4.2 nm. The sensor sensitivity near the refractive index value of 1.33 (the biological range) is 

Sb = 32 nm/RIU (see figure 5.2b).  

This Sb value is comparable to those reported for other single-layer waveguide DFB sensors 

(Sb = 20 nm/RIU at n = 1.33),65,71 which have demonstrated their capability to detect 

biomolecules.65,113 This indicates that the PDI-O-based DFB sensors have sufficient 

sensitivity to be used for biomolecule detection, as we will show in section 5.3. It should be 

noted that these sensitivities can be further improved by including high refractive index 

layers on top of the laser device (see section 5.2.4) or by increasing the refractive index 

difference between active film and substrate, as recently demonstrated.113 The r, was 

calculated by analyzing with the center mass model73  the peak corresponding to the case of 

water superstrate. Thus, from a set of 50 spectra, we determined a resolution of 0.8 pm and 

a LOD of 2.5 × 10-5 RIU. This LOD value is similar to that of photonic crystal sensors.114,115  
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Figure 5.2.- a) Laser spectra of a single-layer DFB sensor with hf = 160 nm exposed to air and 

different liquids. Spectra (output DFB intensity, versus emission wavelength, from left to 

right correspond to air (A), water (W), and several aqueous solutions of glycerin 25 wt% 

(G25), 50 wt% (G50), 75 wt% (G75) and pure glycerin (G100)  on top of the device. b) 

Wavelength shift (∆λ) versus superstrate refractive index (n) and sensor sensitivity (Sb) 

determined in the biological range.  

  



CHAPTER 5. DFB laser for sensing applications_____________________________________________ 
 

67 
 

A drawback of using a very thin active film in the DFB laser is that the DFB threshold 

becomes larger and the operational lifetime becomes lower than those achievable with 

DFBs based on thicker films.43,46 For this reason, in order to improve the DFB threshold and 

operational lifetime, devices with thicker active films were prepared. We first fabricated a 

laser with hf = 180 nm, only slightly thicker than the one just discussed. The aim was to test 

how critical a change of thickness is in the sensor sensitivity and its threshold. Following the 

same procedure shown in figure 5.2b., the sensor sensitivity in the biological range is Sb = 

28 nm/RIU, only slightly inferior, while its threshold improves considerably, as discussed in 

detail in section 5.2.3.  

 

5.2.2. DFB sensors with thick films and the use of TE1 mode 

The strategy followed here to obtain a device with low threshold and a long operational 

durability, while keeping a reasonable sensitivity, has been to prepare an even thicker film, 

particularly hf = 850 nm, which supports two waveguide modes (TE0 and TE1). The idea is to 

make the DFB device operating at a wavelength associated to the TE1  mode, whose  

dispersion curve for thick films has a larger slope than that of the TE0 one (see figure 5.1), 

and therefore with better sensitivity.  

The wavelength shift of the device with hf = 850 nm upon water deposition, with respect to 

the one under air, was determined for both modes, TE0 and TE1 (see figure 5.3). Upon water 

deposition, the wavelength shift for the TE1 mode is ΔλA-W = 1.3 nm, two times larger than 

that obtained with the TE0 mode (ΔλA-W = 0.6 nm). The advantage of using the TE1 mode is 

also reflected in its higher sensitivity value (figure  5.3, inset). Note that although this Sb 

value is smaller than that of devices based on thin films, its operational lifetime is 

significantly larger and its threshold is significantly lower, as we will show below. We remark 

this fact because for applications for which a very large sensitivity is not needed but, a low 

threshold and long device lifetime are required the use of thick films would be a wise 

option.  
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Figure 5.3.- Laser spectra of a single-layer DFB sensor with hf = 850 nm exposed to air and 

different liquids. Spectra shown correspond to air (A), water (W), and several aqueous 

solutions of glycerin 25 wt% (G25), 50 wt% (G50), 75 wt% (G75) and pure glycerin (G100)  on 

top of the device. Each DFB spectrum consists of two peaks corresponding to the TE1 and 

TE0 waveguide modes. Inset: Wavelength shift of TE1 mode versus superstrate refractive 

index and sensor sensitivity (Sb) determined in the biological range. 

 

5.2.3. Influence of film thickness on the ASE and DFB properties 

The effect on the DFB spectra and thresholds of changing hf is analysed through figure 5.4, 

which shows results for the three prepared devices (with hf values of 160, 180 and 850 nm). 

ASE data for films of the same characteristics but deposited over substrates without gratings 

have also been included in figure 5.4. The interest of studying also the ASE properties relies 

on the fact that the ASE wavelength practically does not change when hf is varied, in 

contrast to the DFB wavelength, which is very sensitive to changes in hf.
43 So, ASE analysis 

constitutes a useful tool to clarify the role of the waveguide mode confinement on the 

threshold.88   

Let’s first analyze the ASE results (figure 5.4a), the ASE spectrum red-shifts only slightly 

when film thickness increases, while the ASE threshold increases considerably ca. from 6 

kW/cm2 (for hf = 850 nm) up to 120 kW/cm2 when hf  is decreased down 160 nm (see figure 

5.4b). This is due to the lower absorption and therefore PL intensity of the latter, as well as 

to a poorer confinement of the waveguide mode.88 As a consequence of having a higher 

threshold, the operational lifetime diminishes, given that the device needs to be pumped at 

a higher intensity and this parameter affects critically the photostability performance.46,47 

Indeed, the very large ASE photostability half-life value of 2 105 pp (under excitation two 

times above the ASE threshold) found for the 850 nm-thick film, decreases by around one 
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order of magnitude in the thinnest film. But this difference is not a material property 

dependent of film thickness, but a direct consequence of the higher threshold of the thin 

film, which requires a higher pumping intensity for operation and this parameter affects 

critically the photostability performance.46,96  
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Figure 5.4.- ASE properties for active films with different hf values. Emission spectra and 

output intensity versus pump intensity curves for threshold determination are shown in (a) 

and (b) respectively. Shown data correspond to hf = 160 nm (A: green line, circles), hf = 180 

nm (B: red line, triangles) and hf = 850 nm (C: black line, squares), deposited over fused silica 

without gratings. The corresponding PL spectra are also shown (dashed blue line). 
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In the case of the DFB lasers, changes in hf have an important effect on λDFB (figure 5.5a) due 

to the DFB grating. Thus, the analysis of the effect of changing hf on the threshold, which is 

also quite drastic (figure 5.5b) is more complex than in the ASE case. Devices with the 

thinnest films (hf = 160 nm and hf = 180 nm) show one single peak, associated with the TE0 

mode. Their thresholds are quite large (210 and 73 kW/cm2, respectively) mainly because 

they emit far from the wavelength of maximum gain (given by the ASE wavelength), but it is 

also because waveguide mode confinement is poor, as previously shown by the ASE data. 

The important role of the waveguide mode confinement is confirmed by the fact that for 

the film hf = 850 nm, the threshold of the DFB peak associated to the TE0 mode is only 20 

kW/cm2, although this one also emits at a wavelength far from the peak gain. Importantly, 

the lowest threshold was obtained for this thicker film, but for the DFB peak associated with 

TE1 mode (3kW/cm2), due to its proximity to the peak gain.  
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a)                                                                                      b) 

Figure 5.5.- DFB properties for single-layer DFB sensors with different hf values. Emission 

spectra and output intensity versus pump intensity curves for threshold determination are 

shown in (a) and (b) respectively. Shown data correspond to hf = 160 nm (A: green line, 

circles), hf = 180 nm (B: red line, triangles) and hf = 850 nm (C: black line, squares), deposited 

over fused silica with gratings. The corresponding PL spectra are also shown (dashed blue 

line). 
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5.2.4. Two layer DFB laser (TiO2/PDI-O doped PS over resonator)  

Here we discuss the effect on the sensor performance of depositing a high refractive index 

TiO2 layer on top of the devices explained above. The strategy has demonstrated success for 

increasing the sensitivity of other DFB sensors.23,24,72  In this sense we have used a DFB laser 

device with hf = 160 nm, such as the one whose data are shown in figure 5.2, but including a 

top, 26 nm thick, TiO2 layer (prepared in a MIDAS 450 semi-industrial vacuum chamber 

designed by IK4-TEKNIKER). 

First of all, it should be noted that DFB appears at a value of around 10 nm above the one 

obtained with the device without TiO2 layer (see figure 5.6a). Upon water deposition, the 

shift in the emission wavelength is now a-w = 10.2 nm and the sensitivity Sb = 60 nm/RIU. 

These values are around two times larger than those obtained with devices without TiO2. 

This Sb value is comparable to that reported by Vannahme et al.72 (Sb = 70 nm/RIU, at n = 

1.33) which performed a detailed investigation to optimize the thickness of the TiO2 layer to 

obtain the maximum sensitivity.  

The DFB spectra consist of a single peak associated with the TE0 mode, except in the case of 

glycerin exposure which showed an additional peak corresponding to the TE1 mode. The 

association of a given laser peak to a certain waveguide mode was done as in section 

through (eq. 1.20), although in this case the neff values could not be calculated in the frame 

of a waveguide film between two media of infinite thickness, because of the presence of the 

TiO2 layer. Instead, a multilayer model was used.93  
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a) b)  

Figure 5.6.- a) Laser spectra of two-layer DFB sensors (with top TiO2 layer) exposed to air 

and different liquids. Spectra shown correspond to devices with hf = 160 nm exposed to air 

(A), water (W), an aqueous solutions of glycerin at 50 wt% (G50) and pure glycerin (G100). 

Spectra shown in (a) correspond to TE0 waveguide modes. The spectrum for G100 shows 

also a peak at 570 nm (not shown) associated to the TE1 waveguide mode. b) Wavelength 

shift of TE0 mode versus superstrate refractive index and sensor sensitivity (Sb) determined 

in the biological range. 
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The effect of including a top TiO2 layer in the sensor structure has also been investigated for 

a DFB laser with hf = 850 nm, which as discussed in previous section, are particularly 

interesting for their lower thresholds and higher operational lifetime. The DFB spectrum of 

such a device with hf = 850 nm and the TiO2 layer consists of several peaks associated with 

different waveguide modes (TE1 and TE2 in air; TE1, TE2 and TE3 in water…; see figure 5.7, 

which makes the sensing capability analysis rather complicated.  
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Figure 5.7.- Laser spectra of a two-layer TiO2 (h = 26 nm)/PDI-O-doped PS (hf = 850 nm) DFB 

sensor exposed to: (a) air, A; (b) water, W; (c) water-glycerin 50 wt%, W-G; and (d) glycerin, 

G. 
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Only the TE2 mode allows sensing (a-w = 2.5 nm and Sb = 16 nm/RIU) in the same range of 

refractive indexes used in previous devices studied in this work (figure 5.8), since it is the 

one appearing in all cases (in air, water, etc…). In accordance with the device based on a 

thin active film, the sensitivity also increases thanks to the inclusion of the TiO2 layer. The 

existence of various DFB peaks due to the multimode character of these devices limits the 

interest of these devices in comparison to the ones showing only one DFB peak. 
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a)                                                                                        b) 

Figure 5.8.- a) Spectra of TE2 waveguide modes (peaks associated with other modes not 

shown). b) The wavelength shift for the laser peak associated to TE2 mode is plotted versus 

the superstrate refractive index for sensor sensitivity (Sb) determination in the biological 

range. 

With regards to the effect on the laser threshold of the presence of the TiO2 layer, it was 

observed that it becomes around two times larger than those of devices without TiO2. This 

can be attributed to the presence of higher order modes, although a detailed interpretation 

of this issue is not an obvious task.  

 

5.3. DFB lasers as biosensor 

A single-layer DFB with an active film with hf = 160 nm as explained in 5.2.1, has been used 

to detect ErbB2 protein biomarker. Specificity of the system to ErbB2 protein biomarker, 

achieved by functionalizing the PS with anti-ErbB2 monoclonal antibodies, is demonstrated 

(see section (4.5.3). The used DFB sensor shows one single peak, that before 

functionalization appears at λDFB = 555.2 nm (see figure 5.2).  
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5.3.1 Biosensing capabilities 

With the aim of proving the biosensing capabilities of the developed DFB lasers, an 

immunoassay for the detection of ErbB2 protein was developed (see section 4.5.3). This 

protein, as it has been commented (section 2.4.1), is an important oncogene relevant to 

certain aggressive types of breast cancer and its overexpression has been proved to serve as 

biomarker of the status and progression of the illness.68 Given the label-free properties of 

the DFB sensing, a direct immunoassay was designed. 

The emission wavelength of the laser was measured before and after the anti-ErbB2 

functionalization (see figure 5.9). An average shift of 0.51 nm was obtained, similar to other 

protein immobilization methods employed for DFB biosensors.24 When developing an 

immunoassay, it is always of the upmost importance to evaluate specificity. For such 

purpose, incubation of the anti-ErbB2 DFB surface with BSA at a very high concentration (5 

mg/mL) did not alter the emission wavelength of the DFB laser beyond the measurement 

uncertainty (see figure 5.9). This proved the correct formation of a specific anti-ErbB2 

antibody monolayer on the surface. In figure 5.9 it is also shown as an example the 

spectrum after deposition of a solution with the ErbB2 protein at a concentration of 10 

ng/ml. 

 

554,8 555,0 555,2 555,4 555,6 555,8 556,0
0,0

0,2

0,4

0,6

0,8

1,0
DCB

D
FB

 in
te

ns
ity

 (n
or

m
)

Wavelength (nm)

A

 

Figure 5.9.- DFB spectra of the sensor device in each step of the immunoassay. From left to 

right: (A) before functionalization, (B) after functionalization with antiErbB2, (C) after BSA 

blocking, (D) after analyte addition (ErbB2) at a concentration of 10 ng/ml. The symbols 

represent the collected experimental points. 
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The specificity and cross reactivity of the developed immunoassay was also tested using a 

solution of TNFα (incubated as BSA, see section 4.5.3), a related biomarker at a higher 

concentration (1 μg/mL) than those employed for the ErbB2 protein. As it can be seen in 

figure 5.10, where a positive sample of ErbB2 at 250 ng/mL is presented for comparison, the 

TNFα signal obtained was null, which proved the high specificity of the developed DFB 

biosensor. It can be seen that non-specific interactions due to large concentration of 

proteins are negligible, compared to the specific signal of low concentration ErbB2 positive 

samples. 
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Figure 5.10.- Selectivity tests for the ErbB2 immunoassay.  

 

5.3.2 ErbB2 immunoassay 

Several DFB chips were prepared to run the direct binding ErbB2 immunoassay on their 

surface, as well as to obtain a calibration curve. Solutions of ErbB2 prepared on PBS buffer 

with 0, 2, 10, 250 and 10000 ng/mL concentrations were incubated during 2 hours in order 

to quantify their emission shift. The DFB spectrum for the case of 10 ng/ml has been 

included in figure 5.9 to illustrate the displacements with respect to spectra obtained in 

previous stages of the immunoassay. With the displacements obtained for the different 

concentrations, a calibration curve is obtained (figure 5.11). It is remarkable that even the 

lowest concentration of 2 ng/mL gave rise to a detectable wavelength shift. A LOD of 14 

ng/mL was calculated as the concentration corresponding to a signal three times the 

standard deviation of the negative samples, that it is the samples with BSA. This was 

considered as the measurement error. To the best of our knowledge, this is the lowest 

concentration LOD value reported for a DFB-based protein biosensor. It is worth mentioning 

that the established clinical cut-off for the ErbB2 biomarker is 15 ng/mL.116 Therefore, the 

result obtained with our biosensor probes its potential utility.  
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This LOD value is higher than that achievable with other types of sensors. For example, a 

LOD as low as 26 pg/mL has been obtained for the ErbB2 biomarker in diluted samples using 

a highly sensitive amperometric magnetoimmunosensor.117 However, DFB laser biosensing 

represents a cost-effective way to detect biomolecules and the DFB laser can be made 

entirely in polymer20 or even be completely biocompatible.95   
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Figure 5.11.- Calibration curve constructed for the detection of ErbB2 with an organic DFB 

laser. The concentrations used are 2, 10, 250 and 10,000 ng/mL. The concentration LOD was 

estimated in 14 ng/mL. 

 

5.4. DFB laser to monitor solvent extraction upon thermal annealing  

5.4.1. Solvent loss and wavelength shift as a function of annealing time  

The toluene mass content in PS films with hf ~ 1000 nm. In the fresh sample the toluene 

mass is ~ 60 g (6.5 vol %), it was measured as described in section 4.1.2. Half of this 

content is evaporated in the first 30 min and the rest is evaporated during around 6 h, until 

the remaining solvent is very small, 0.3 g. A small amount of toluene, 0.1 g (measured by 

TD method), remains in the samples after 24 h treatments. The evolution of the residual 

mass of solvent in the film for different annealing times is shown in figure 5.12. 
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Figure 5.12.-Residual solvent in the sample as a function of the annealing time. Measured 

with microbalance and thermobalance (squares) or with thermal desorption (TD): gas 

chromatography (GC) coupled with mass spectrometry (circles).  

Laser emission spectra of a DFB after different thermal treatment times, t, is shown in figure 

5.13a (DFB with type I geometry according to figure 1.7). The laser emission wavelength 

(DFB), which is around 581.5 nm for the fresh sample, blue shifts as t increases. Figure 5.13b 

displays DFB as a function of t for one sample. Uncertainty is included in the figure as error 

bars. A fast decay in DFB is observed in the first 30 minutes and then, a slow decrease 

during several hours.  

580.0 580.5 581.0 581.5 582.0
0.0

0.5

1.0 300
120 60

30 2010

 

 

O
ut

pu
t i

nt
en

si
ty

 (A
rb

. U
ni

ts
)

DFB wavelength (nm)

0

0 50 100 150 200 250 300
580.0

580.2

580.4

580.6

580.8

581.0

581.2

581.4

581.6
 

 

D
FB

 w
av

el
en

gt
h  

(n
m

)

Annealing time (min)
 

a)                                                                                     b) 

Figure 5.13.- (a) Laser spectra of one organic DFB laser subjected to thermal treatments in 

an oven at 90 ºC at different thermal treatments times, t , (0, 10, 20, 30, 60, 120 and 300 

min); (b) Emission DFB wavelength, DFB, versus t for the same sample.  
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5.4.2. DFB sensor sensitivity 

By combining data from figures 5.12 and 5.13b, the DFB wavelength shifts, ΔDFB at different 

treatment times (with respect to the DFB value of the fresh sample) have been represented 

in figure 5.14 as a function of the solvent loss (mL). Solvent loss is calculated as toluene 

mass in the fresh sample (60 µg) minus the residual solvent. This representation is useful to 

assess the sensitivity of the laser device used here as a sensor of the amount of solvent 

eliminated. Two regimes can be distinguished: regime I, with a high sensitivity of  DFB 

/mL ~0.050 nm/g, during which approximately the first half of the solvent is extracted; 

and regime II, with a lower sensitivity (DFB /mL ~ 0.0075 nm/g), which corresponds to 

the slow extraction of the second half of solvent. Note that measurements in the first part 

of regime I (approximately the first 5 min), are difficult to perform mainly because of the 

temperature variations during the time needed to reach the steady-state inside and outside 

the oven.  
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Figure 5.14.- DFB wavelength shift as a function of solvent loss with respect to the values of 

the fresh sample. Dashed lines are guides to the eye. 

The observation of shifts in DFB upon solvent elimination is because of changes in the active 

film thickness (hf) and refractive index (nf), as indicated by measurements of these two 

parameters (see Table 5.1). The average hf value of the fresh samples is  ~ 1000 nm.  After 

30 min in the oven it quickly decreases down to ~ 990 nm, a value approximately equal to 

that obtained with an annealing time longer than two hours. On the other hand, nf 

decreases gradually in the range where hf is constant. Besides, the value nf after an 

annealing time of 30 min is approximately equidistant between the average value obtained 

for the fresh sample, and that corresponding to a sample annealed during 6 h. From these 

measurements, it can be concluded that the shift ΔDFB in the regime I is due to variations in 

both hf and nf, although with a stronger contribution of the former. On the other hand, in 
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regime II, hf is practically invariant with t, while nf keeps decreasing as in regime I. This 

explains the higher sensitivity of the sensors observed in the regime I respect to that of 

regime II.  

Table 5.1 includes also theoretical values of the effective index and the laser emission 

wavelength. The calculated neff values (neff
calc) were obtained by solving the propagation 

wave equation for the TE0 mode (see section 1.3). Once neff
calc is known, the corresponding 

Bragg value (Bragg
calc) can be calculated directly from eq. 1.20. It can be seen that the 

experimental and theoretical laser wavelength shift values are in very good agreement 

(error in Bragg
calc  is ± 0.10 nm). 

t            
(min) 

nf 
hf 

(nm) 
DFB 
(nm) 

ΔDFB 
(nm) 

neff
calc 

Bragg
calc 

(nm) 
ΔBragg

calc 
(nm) 

0 

(Fresh 
sample) 

1.5961 1063 581.50 0 1.58007 581.46 0 

30 1.5953 992 580.40 1.10 1.57734 580.46 1.00 

120 1.5949 991 580.26 1.24 1.57691 580.30 1.16 

360 1.5946 991 580.16 1.34 1.57662 580.19 1.27 

Table 5.1-. Experimental parameters: annealing time (t), film refractive index (nf), active film 

thickness (hf), DFB wavelength (DFB) and DFB wavelength shift (ΔDFB). Theoretical 

parameters: calculated effective index (neff
calc), theoretical laser wavelength (Bragg

calc) and 

theoretical laser wavelength shift (ΔBragg
calc).  

 

5.5. Conclusions 

5.5.1. DFB lasers as bulk refractive index sensors 

 We have demonstrated that organic DFB laser sensors consisting of active films of PS 

doped with the PDI-O laser dye have an excellent photostability under operation in 

ambient conditions and relatively a low threshold. 

 Their feasibility as bulk refractive index sensors as well as their sensitivity has been 

investigated through the changes observed in their laser emission wavelength upon 

exposure to different liquid superstrates: distilled water, aqueous solutions of 

glycerin and pure glycerin. 
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 A very thin film (hf = 160 nm) device has shown a sensitivity value comparable to 

other single-layer DFB sensors reported in the literature, while its threshold is 

relatively high and its operational durability moderate. A slight increase of thickness 

(hf = 180 nm) has allowed decreasing the threshold by three times, while its 

sensitivity diminishes only slightly. The increase of hf up to around 850 nm allows 

improving considerably the laser threshold and the operational durability, although 

the sensitivity decreases. In this case the overall performance is several times better 

when the sensor operates at the wavelength corresponding to TE1 mode.   

 The inclusion of a high refractive index TiO2 layer on top of the sensor structure 

improves the sensitivity by around two times, although in the case of devices based 

on thick films, the sensor operation is complicated by the appearance of many peaks 

associated with high order waveguide modes. 

 

5.5.2. DFB lasers as biosensors 

  The feasibility of a thin film DFB sensor based on PDI-O-doped PS active film, such as 

the one explained in previous section, as a label-free sensor capable of detecting a 

cancer biomarker (ErbB2) has been demonstrated.  

 Anti-ErbB2 monoclonal antibodies have been used to functionalize the PS active film. 

Incubation of the anti-ErbB2 surface with BSA protein ensures the specific anti-ErbB2 

antibody monolayer on the surface. 

 The specificity and cross-reactivity of the developed immunoassay has been 

demonstrated by using TNFα biomarker. 

 The sensor specificity and the LOD obtained for ErbB2 detection opens the possibility 

to use organic DFB lasers for clinical applications.  

 

5.5.3. DFB lasers to monitor solvent extraction upon thermal annealing 

 We have demonstrated the use of a PDI-doped PS DFB laser to monitor, with high 

precision, the amount of solvent extracted from a polymer film, as a function of the 

time of the thermal treatment at which the film is subject after its deposition by the 

spin coating technique. The polymer film under consideration is the active film of the 

DFB device. 

 Half of the initial content of the film, that of the fresh sample (not thermally 

annealed), is evaporated during the first 30 min. of thermal treatment. Solvent 
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elimination produced a blue shift of the DFB laser wavelength. The other half of 

solvent is evaporated slowly, along 6h, until the remaining solvent amount is very 

small.  

 By representing the DFB wavelength shift as a function of the solvent loss, as a 

consequence of the thermal treatment two regimes can be distinguished: In Regime 

I, λDFB changes rapidly (high sensitivity) mainly because of a decrease of hfilm, and to a 

minor extent also because of a decrease of nfilm; In Regime II, in which λDFB varies 

slightly (low sensitivity), hfilm remains constant and nfilm still decreases. 

 A very good agreement between experimental λDFB and calculated Bragg
calc, as a 

function of the thermal treatment time, has been found.  
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6.1 Introduction 

In the introduction of this thesis we indicated that, at present, a major challenge is to find 

a material which shows simultaneously low threshold, long photostability and wide 

tunability, as well as the capability of being processed from solution-based methods. In 

this chapter, we show that these properties are amalgamated in a novel family of 

compounds –COPVs- by demonstrating ASE and DFB laser devices based on thin films 

containing this material. In the context of sensing applications, the use of these 

compounds will allow improving sensor sensitivity and efficiency. More efficient devices 

will allow pumping with more compact sources.  

It is known that for a given active material, λDFB can be tuned in a certain range by 

changing Λ and/or h. For example, for PS doped with 0.5 wt% of PDI, a tuning range of 

around 30 nm was achieved by changing h, while keeping the same Λ.43 A similar 

procedure has been used to obtain lasers with COPVs emitting at any wavelength 

between around 370 and 600 nm.  

We have studied in a first stage, the optical properties of films consisting of a 

thermoplastic polymer such as PS or PMMA used as passive matrix in which a COPV 

compound is dispersed. In this first stage, a series of six different COPV compounds 

denoted as COPVn (figure 6.1a) with increasing number of monomer units (n): COPV1, 

COPV2, COPV3, COPV4, COPV5 and COPV6. A representative synthetic method for COPVn 

has been previously described.118 We have also studied other COPV derivatives COPV1-

IPR and COPV2-IPR (figure 6.1b). In a second stage, a polymer, poly-COPV1 (figure 6.1c) 

prepared as neat film was investigated. All the COPV compounds were synthesized from 

commercially available materials by the group of Prof. Nakamura at the University of 

Tokyo.  

COPVs, are new organic dyes which present several remarkable properties: 

(I) They have a robust all-carbon skeleton, available in a homologous series made by 

the repetition of a basic unit,119 which gives them high emission quantum yield 

close to unity over the whole range of visible light region (ca. 380-590 nm), as well 

as high stability against light irradiation and carrier injection.  

(II)  They possess flat and rigid π-system that can be excited with low photoexcitation 

energy.119-121  

(III)  The substituents attached to the bridging carbon atoms provide them with 

solubility in solvents, as well as miscibility and dispersibility in matrices. 

A prominent property of COPVn is the high film PL efficiency as well as exceptionally high 

stability for COPVn with n > 3. The conjugation is sufficiently efficient to delocalize 

charges over the two termini (see figure 6.1) and hence to stabilize the multipolarons. 

The stability can be ascribed also to the steric protection of the π-system against 

intermolecular interactions by the p-octylphenyl groups (Ar). These aryl groups are 
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responsible for the high solubility of COPV derivatives in organic solvents, (an unusual 

property among such highly conjugated flat π-systems).  

 

a) 

 

 

b) 
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c) 

Figure 6.1.- Chemical structure of COPV derivatives investigated: a) COPVn derivatives 

with n = 1 to 6, R1 = R2 = R3 = R7 = R8 = R9 = H, the rest of the R groups are either aryl or 

phenyl as shown. b) COPV1-IPR and COV2-IPR; c) Poly-COPV1 (molecular weight, Mw = 

14500 g/mol). 

 

6.2 Absorption, PL and ASE properties of COPVn dispersed in polymer films 

6.2.1 Absorption, PL and ASE spectra of COPVn dispersed in polystyrene films  

Given the oligomeric character of the COPVn compounds (n = 1 to 6), the molecular 

extinction coefficients () increase with n ( values measured in dichloromethane at the 

wavelength of maximum absorbance vary from 1.39 to 18.6 ( 104 cm-1M-1).118  So, to 

prepare films with the different compounds and with similar absorption at a similar 

wavelength, larger doping ratios will be needed with the shorter oligomers (table 6.1 and 

figure 6.2). The absorbance (ABS), PL, and ASE spectra of COPVn (n = 1 to 6) dispersed in 

PS films are shown in figure 6.2. 
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           e) f) 

Figure 6.2.- a) to f) show the absorbance (ABS, thick solid line, left axis), 

photoluminescence (PL) and ASE (dashed line and thin solid line, respectively; right axis) 

spectra for PS films containing a COPVn derivative, for n = 1 to 6, respectively (doping rate 

indicated in the legend), deposited over bare fused silica substrates (without gratings).  

In order to illustrate how ASE emission allows covering the whole visible spectrum, all the 

ASE spectra have been plotted together in figure (figure 6.3), being the ASE linewidth 

around 6-9 nm for all compounds. The active films emit from 385 nm in COPV1, up to 583 

nm in COPV6 (figure 6.3). The tunability of λASE by way of a simple change in the number 

of repeating units of conjugation (figure 6.1) represents a unique aspect of the COPV dye 

system compared to the conventional dye tuning strategy, in which entirely different 

chemical structures are needed to cover a wide range of visible light. For example with 

PDIs showing good laser performances, only the spectral range between 580 - 620 nm can 

be covered.49,51 A similar strategy of tuning the laser wavelength by changing the number 

of repeating units has been employed for some structurally flexible π-conjugated 

oligomers95 and polymers.97 In those cases, the increase in the oligomer length also 
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resulted in an increase of their structural mobility, reducing significantly their chemical 

stability, and hence impeding their ASE thresholds and lifetimes.   

350 400 450 500 550 600
0.0

0.2

0.4

0.6

0.8

1.0
2 65

 

 

A
S

E
 In

te
ns

ity
 (A

rb
. u

ni
ts

)

Wavelength (nm)

1 3 4

 

Figure 6.3.- ASE spectra for all COPVn compounds to illustrate coverage of the whole 

visible spectrum.  

 

6.2.2 ASE threshold, PLQY and gain coefficient 

ASE thresholds, Ith-ASE, for COPVn (n = 1 - 6) PS films, are shown in figure 6.4. They were 

determined as described in section 4.3.2. Data show the existence of an inverse 

correlation between the absorption coefficient at the pump wavelength, [pump], and Ith-

ASE; all data except for COPV1-2 and highly doped COPV4 and COPV6 (larger [pump]) are 

aligned on the same slope. This correlation between [pump] and Ith-ASE support the 

difference between COPV1-2 and COPV3-6 (see figure 6.4 and table 6.1).   
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Figure 6.4.- ASE thresholds (Ith-ASE) for PS films containing COPVn, for n = 1 to 6, versus the 

absorption coefficient at the pump wavelength, pump, [pump]. The full line is a guide to 

the eye to show the behavior trend for COPV3–6.Errors in [pump] and Ith-ASE were 

estimated statistically as the standard deviation from measurements on several nominally 

identical samples. 

 

The PL quantum yield (PLQY) for all COPVn derivatives in PS films remains, as in 

solution,118 extremely high (>90%) up to 5 wt% (see table 6.1) and decrease for higher 

doping rates (see data for COPV2, COPV4 and COPV6 in figure 6.5) suggesting that the 

fluorescence quenching, is because of intermolecular aggregation. The PLQY decrease 

obtained in COPV4 and COPV6 at high dye concentration explains the observed saturation 

in Ith-ASE at these concentrations (figure 6.4). 
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COPVn 
aCOPVn (wt%) 

in matrix 
bMatrix 

ch 
(µm) 

dPLQY 
(%) 

elpump 

(nm) 

e
[lpump] 
(cm-1) 

gASE 

(nm) 

hIth-ASE 

(kW/cm2) 

i1/2
ASE  

Soft pump 
(pump pulses) 

j1/2
ASE 

Strong pump 
(pump pulses) 

kFWHMASE 

(nm) 

1 3.0 PS 0.61 100 355 1.13103 384.5 250 1.2102 - 7 

 
5.0 PS 0.72 100 

 
1.88103 385.2 90 1.8102 - 6 

1-IPR 4.2 PS 0.59 100 
 

1.7103 404.0 150 *1.2103 - 12 

 
6.9 PS 0.77 95 

 
3.0103 404.7 70 *6.0102 - 9 

2 3.0 PS 0.61 100 355 6.0102 462.7 33 1.7104 1.2103 9 

         *7.2103   

 
5.0 PS 0.68 100 

 
9.3102 464.0 18 1.6104 - 6 

  
 

      
*3.6103 

  
 10.0 PS 0.62 0.96  2.1103 464.0 10 6.0103 - 6 

 20.0 PS 0.64 0.88  4.5103 464.0 6 3.0103 - 5 

2-IPR 3.8 PS 0.64 100 
 

5.7102 473.8 61 *1.4104 - 8 

 
6.9 PS 0.76 94 

 
8.0102 475.1 19 *9.0103 - 9 

3 2.0 PS 0.65 100 436 1.91103 514.8 4.0 8.4104 6.0103 8 

4 2.0 PS 0.63 100 436 1.2103 548.2 7 1.9105 1.3104 7 

 
2.0 PMMA 1.16 100 

 
1.2103 544.6 7 1.8105 1.3104 7 

 
5.0 PS 0.60 100 

 
2.4103 549.2 2.7 1.4105 1.0104 8 

 
10.0 PS 0.65 94 

 
5.1103 550.8 2.5 1.1105 7.9103 7 

 
15.0 PS 0.53 85 

 
7.9103 552.2 1.5 8.0104 5.6103 7 

 
20.0 PS 0.56 77 

 
1.1104 552.8 1.5 5.6105 3.9103 7 

 
20.0 PMMA 0.49 - 

 
1.1104 552.2 1.8 3.0104 2.1103 7 

5 0.5 PS 0.63 100 532 50 571.1 90 3.0105 1.8104 8 

 
1.0 PS 0.62 100 

 
1.0102 571.8 55 3.7105 2.2104 8 

6 0.5 PS 0.62 100 532 3.9102 582.4 17 7.7105 5.1104 8 

 
1.0 PS 0.64 94 

 
6.1102 582.7 10 7.5105 4.7104 9 

 
2.0 PS 0.69 99 

 
1.6103 583.4 3.0 9.6105 5.0104 8 
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Table 6.1.- Optical and ASE parameters of devices based on COPV. aError  0.1 wt%; bPS: polystyrene film, PMMA: poly (methylmetacrylate); 

cFilm thickness (error 5%); dPhotoluminescence quantum yield (errors for COPV6 films in figure 10); ePump wavelength; fAbsorption coefficient 

at the pump wavelength (errors in figure 6.5); gASE wavelength (error is 0.5 nm); hASE threshold (errors in figure 6.4, estimated from 

measurements on several nominally identical samples); iASE photostability half-life under Ipump (2  Ith-ASE), except those with * for which Ipump 

200 kW/cm2 , at 10 Hz pump (error   10%, estimated as in [g]); jSame as [h], but at Ipump = 2.5103 kW/cm2;kASE linewidth (error is 1 nm). 

 
4.0 PS 0.77 94 

 
2.89103 583.7 1.7 3.6105 2.4104 8 

 
8.0 PS 0.52 78 

 
6.5103 584.4 2.5 1.2105 1.3104 7 

 
20.1 PS 0.49 40 

 
1.59104 585.0 2.0 3.5104 2.5103 6 

Poly-COPV1 neat No 0.25 68 450 6.67104 527.3 4.0 7.7104 - 5 
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Figure 6.5.- Film photoluminescence quantum yield, PLQY, for a) COPV2, b) COPV4 and c) 

COPV6 versus absorption coefficient at the pump wavelength pump, and versus dye 

concentration (bottom and top axes, respectively). Errors in PLQY were estimated 

statistically as the standard deviation from measurements on several nominally identical 

samples. 

The net gain coefficient (gain minus losses), gnet, (see section 4.3.2) at two different pump 

intensities for an 8 wt% COPV6 doped PS film were obtained from plots of the output 

intensity versus the length of the excitation beam figure 6.6. The gnet values were 

obtained have been 60 and 6.3 cm-1, at pump intensities of 43.3 and 11.5 kW/cm2, 

respectively. Data have been fitted with eq. 1.8 by using AIp values of 2.60 and 0.86, 

respectively. Gain saturation is present in the curve obtained at the higher pump 

intensity, (43.3 kW/cm2), so only points obtained at short excitation lengths were used for 

the fit.  
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These gnet values are much superior to those obtained with other p-phenylenevinylene 

oligomers (gnet = 13 cm-1 at Ipump = 55 kW/cm2)96 and PDIs dispersed in PS (gnet = 8 cm-1 at 

Ipump = 60 kW/cm2)122 and only about twice lower than state-of-the-art organic 

semiconductors.4,123 
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Figure 6.6.- The dependence of the emission intensity at λ = 584 nm on the excitation 

length at pump intensities of 43.3 and 11.5 kW/cm2 (squares and stars respectively). The 

solid lines are fits to the data using eq. (1.8) with AIp values of 2.60 and 0.86 (in arbitrary 

units); and net gain coefficients, gnet, of 60 and 6.3 cm-1, respectively.  

 

6.2.3 ASE photostability  

A remarkable property of COPVn is their excellent ASE photostability under ambient 

conditions. For a 2 wt% COPV6 doped PS film (figure 6.7), the ASE intensity remained 

unchanged after 3.5  105 pp (ca. 8 h).  Its ASE photostability half-life (1/2
ASE) was around 

1  106 pp ( >24 h) under soft pumping (SP) conditions, that is under pump intensity 

(Ipump) only twice that of Ith-ASE (3 kW/cm2, or 600 nJ/pulse). This photostability is in stark 

contrast to that of flexible counterparts of COPVs such as phenylenevinylene oligomers96 

and polymers,4,9 whose ASE under ambient conditions lasts for just a few minutes. 

Moreover, the photostability of COPV6 in PS films is even better than the best results 

reported for aromatic laser dyes doped in a polymer matrix.46,49-51,86 The high 

photostability of COPVn was further attested by an experiment pumping COPV6 with an 

extremely intense light (figure 6.7), denoted here as exteme pump (EP) conditions (Ipump = 

2.5 x 103 kW/cm2 ~103 times more intense than its threshold), where 1/2
ASE decreased 

only by a factor of 20 (5.5 x 104 pp, ca. 92 min). 
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Figure 6.7.- ASE intensity versus time, and versus the number of pump pulses (bottom 

and top axes, respectively) for a 2 wt% COPV6-doped PS film deposited over a bare fused 

silica substrate under soft pump (full line, pump intensity 2 times above the ASE 

threshold) or strong pump (dashed line, pump intensity 1000 times above threshold) 

conditions.  

Dye laser photostability, which is partly related to intermolecular degradation pathways, 

depends on the concentration of the dye in a polymer matrix, that is, on the absorption 

coefficient at the pump wavelength, [pump], as has been observed in PDIs dispersed in 

PS and PMMA.50-51  As observed in samples based on COPV6 (see figure 6.8) no significant 

differences in 1/2-ASE are found in the range 0.5 – 2 wt%. However, the half-life 1/2
ASE 

decreases when [pump] increases between 4 and 20 wt%, but even at heavy doping 

rates as great as 20 wt%, the lifetime is still long (1/2
ASE = 3.5  104 pp). 
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Figure 6.8.- ASE photostability half-life, 1/2
ASE  versus the absorption coefficient at the 

pump wavelength, [pump], of films with different COPV6 concentrations (shown on the 

top axis) under soft pump (■) and strong pump (▲) conditions. 

On the one hand, devices based on COPV3-5 are likewise highly photostable in PS films 

under air at room temperature (1/2
ASE ~ 105 pp under SP, figure 6.9), while 1/2

ASE 

decreases gradually from COPV6 to COPV3. We consider that the high photostabilities of 

COPV3-6 reflect the robustness of their excited states, a properly probably originating 

from the steric protection and the effective π-conjugation, as demonstrated by Raman 

spectroscopy of the neutral and cationic COPVs.124   

On the other hand, the photostability decreases significantly for COPV1 and COPV2, 

probably because of their high photoexcited state energy. COPV1 decomposed too 

quickly under soft pumping conditions to be studied for its half-life. The half-life 1/2
ASE of 

COPV1 and COPV6 doubled under a nitrogen atmosphere, suggesting that the 

degradation process involves oxidation of the dye molecules on the most reactive 

terminal sites, not through the p-octylphenyl-protected -surface. Taken together with 

the threshold data and the adverse effects of molecular oxygen for ASE, we suggest that 

the higher Ith-ASE values and the short operational lifetimes of COPV1 and COPV2 are 

related to the activation of the excited state to photoreaction through the unprotected 

terminal positions similarly to the reaction with molecular oxygen.  
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Figure 6.9.- Shows the 1/2
ASE values for all COPVn (doping rates into PS are the same as in 

figure 6.2) under soft pump (■) and strong pump (▲) conditions. 

 

6.2.4 Effect of replacing polystyrene by poly(methyl methacrylate) 

We have explored the effect on the ASE properties of replacing PS by PMMA, as the 

polymer matrix to disperse COPVn. The PMMA film thickness used was larger (~1 µm) 

than that of the PS one (~0.6 µm), in order to obtain a similar confinement of the 

waveguide mode (the refractive index of PMMA n = 1.49 at λ = 579 nm is lower than that 

of PS n = 1.59 at λ = 579 nm). The ASE and DFB performances, in terms of threshold and 

photostability lifetime are very similar to those obtained with those based on PS (see 

tables 6.1 and 6.2). The only difference found is that the ASE wavelength is slightly blue 

shifted when using PMMA (figure 6.10) as a consequence of the different local 

environment for COPVn. 
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Figure 6.10- Shows the ASE spectrum of a PMMA film containing 3 wt% of COPV4 (full 

line), compared to the spectrum of a PS film with the same COPV4 content (dashed line). 

 

6.3 DFB lasers based on COPVn-based active films 

6.3.1 DFB spectra 

A list of relevant geometrical and performance parameters for the various DFB lasers 

prepared, based on either PS or PMMA active films containing a COPVn derivative, are 

listed in table 6.2. Representative DFB spectra are shown in figure 6.11. The use of 

gratings engraved by different methods (thermal-NIL or HL) over substrates of different 

kind (i.e. SiO2 or polymeric resists), serves to show the possibilities from the point of view 

of processing. At this respect, an issue of particular interest is the possibility of preparing 

flexible devices, for example by using polymeric substrates with gratings.  
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Figure 6.11.- Emission spectra of DFB lasers in which the active film is made of PS and a 

COPVn compound, for n = 1 to 6. Device label description: the Arabic number denotes n; 

the roman number in the superscript denotes the type of DFB device geometry according 

to figure 1.7 and the accompanying capital letter refers to a particular device. Device 

parameters (grating period and depth, active film thickness, excitation wavelength, 

resonator material) for all lasers are listed in table 6.2. 

We focus now mainly on the best performing system, COPV6. The lasing wavelength DFB 

was tuned within a spectral range of around 20 nm, centered at the wavelength of 

maximum gain (ASE) by changing  and/or the thickness of the COPV6 film (h), see table 

6.2 and figure 6.12.(a) Single mode emission was obtained in all cases with linewidths 

<0.13 nm.  
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       a)                                                                         b) 

Figure 6.12.- a) Emission spectra of various DFB lasers based on PS films containing 

COPV6. b) DFB spectrum for one of the lasers based on COPV6 (device 6I-D) on an 

expanded scale to illustrate that emission is single mode. Parameters details are shown in 

table 6.2. 

 

6.3.2 Threshold and photostability 

It should be noted that for the scope of this work, in which the emphasis is in the 

capabilities of the active material, we have not worked towards the optimization of the 

laser threshold, which is known to depend on various device parameters such as number 

of waveguide modes, proximity of the emission wavelength to the maximum of the gain 

spectrum, confinement of the waveguide mode, etc.43 This means that the threshold 

values shown in table 6.2, could be further improved by modifications in the device 

architecture.    

Nonetheless, we have already obtained excellent results with DFB lasers based on COPV6. 

Devices based on 8 wt% COPV6-doped PS films, emitting close to ASE (devices 6I-C and 6 I-

D, Table 6.2; 6I-D also in figure 6.12(b)) have shown a Ith-DFB as low as 0.7  0.1 kW/cm2, or 

70  10 nJ/pulse—a value which is the lowest among the reported DFBs based on dye-

doped polymer active materials, and very close to the requirements for LED pumping 

(~0.2-0-5 kW/cm2).14 In addition, these devices at a 8 wt% doping rate show operational 

lifetimes as long as 1/2
DFB = 1.0  105 pp. A COPV laser prepared with a PS film containing 

2 wt% of COPV6 showed a longer lifetime (device 6I-B in table 6.2, 1/2
DFB = 1.0  106 pp) at 

the expenses of a slightly higher threshold value of Ith-DFB = 2.1  0.2 kW/cm2, or 210  20 

nJ/pulse (figure 6.13). The higher DFB threshold of device 6I-B is mainly due to the lower 

COPV content. And therefore, it is consequence of the lower absorption coefficient and 

the higher ASE threshold as shown in figure 6.4. It is also because the separation of λDFB 

from λASE of this device is larger than that of device 6I-C (table 6.2) as this parameter is 

known to have the largest influence on the threshold as we have mentioned above. 
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Figure 6.13.- Plots of the output intensity versus the pump intensity for various COPV6 

devices (see table 6.2). Full lines are guides to the eye. 
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aCOPVn 
device 

Type of 
device 

Matrix 
bCOPVn 

wt% in PS 

ch 

(m) 

dResonator 
material 

ed 
(nm) 

f
 

(nm) 

gASE 
(nm) 

hDFB 
(nm) 

i, †Ith-DFB 
(kW/cm2) 

j,†1/2
DFB 

(pp) 

6I-A I PS 0.5 0.62 SiO2 95 368 582.4 573.0 11 8.0105 

6 I-B I PS 2.0 0.47 SiO2 30 380 583.4 579.6 2.1 1.0106 

6 I-C I PS 8.0 0.49 SiO2 75 380 584.4 586.7 0.7 1.0105 

6 I-D I PS 8.0 0.49 FS 60 380 584.4 586.6 0.7 1.1105 

6 I-E I PS 20.1 0.57 FS 60 380 585.0 591.4 0.8 1.1104 

6 IV-F IV PS 2.0 0.57 DCG 65 370 583.4 581.3 0.9 9.5105 

5 I I PS 1.0 0.63 SiO2 95 368 571.1 573.1 20 4.0105 

4 IV-A IV PS 2.0 0.64 DCG 71 351 548.2 553.8 1.1 1.8105 

4 IV-B IV PMMA 2.0 1.1 DCG 86 369 544.6 548.1 1.3 1.7105 

4 IV-C IV PS 5.0 0.60 DCG 90 353 549.2 556.6 1.0 1.3105 

4 IV-D IV PS 10.0 0.56 DCG 85 349 550.8 551.0 0.6 1.1105 

3 IV IV PS 2.0 0.65 DCG 80 321 514.8 516.4 1.0 8.1104 

2 III-A III PS 5.0 0.65 DCG 50 308 464.0 490.9 90 4.0103 
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2 III-B III PS 5.0 0.38 DCPVA 40 296 464.0 464.7 550 8.0102 

2-IPR III-

C 
III PS 6.9 0.78 DCG 60 308 475.1 476.9 91 - 

1 I I PS 3.0 0.61 Glass 70 270 384.5 407.8 >8,000 - 

 

Table 6.2.- Summary of DFB devices based on COPV. aArabic number on the label refers to n, the roman number in superscript refers to type of 

DFB device according to figure 1.7; bError  0.1%; cFilm thickness (error  5%); dFS: fused silica, SiO2: SiO2 layer over silicon, DCG: dichromated 

gelatin photoresist layer over FS, DCPVA: dichromated poly(vinyl alcohol) photoresist layer over FS; eGrating depth; fGrating period; gASE 

wavelength (error is 0.5 nm); hDFB wavelength (error is 0.1 nm); iDFB threshold; jDFB photostability half-life under Ipump  (2  Ith-DFB), at 10 

Hz; †Error  10%, estimated as standard deviation from measurements on nominally identical samples. 
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 6.3.3 DFB lasers with resonators on top layer over the active film 

As we have seen in figure 6.13 and table 6.2, the threshold of a COPV-based DFB laser 

with a type I resonator fabricated by NIL over an inorganic substrate (device 6I-D) is similar 

to that of a device with a similar active film but based on a  DCG resonator with type IV 

(device 6IV-F). Previously reported resonators made by HL on DCG with type III geometry 

and PDI-doped PS active materials51-53 showed an inferior performance in comparison to 

similar ones based on resonators with type I geometry.43,46-48 Therefore, the high quality 

of DFB devices with DCG resonator on top of the active layer (type IV), seems an 

important matter of study.  

In order to obtain an exhaustive comparison between type I, III and IV DFBs devices, we 

have chosen similar film thickness and the proper grating period to obtain DFB emission 

close to the ASE wavelength (this is one of the most important conditions to reduce 

threshold as it is demonstrated below). For the purpose of this study we have chosen as 

active material PS doped with 1 wt% of PDI-O, the same one used in Chapter 5 because 

this is a commercial compound available in our laboratory and there are many previous 

studies with it.49 The geometrical and optical parameters of the prepared DFB lasers are 

shown in table 6.3. The output intensity versus pump intensity curves for the devices, 

from which the thresholds are determined are shown, figure 6.14. The neff values used in 

this calculation were obtained. On one hand, by solving the propagation wave equation 

for the simplest possible model waveguide, consisting of a film of thickness hf deposited 

over a fused silica grating (ns = 1.46 at λ = 580 nm)  of infinite thickness  (see section 

1.3).88,112 We have assumed that the cover layer (air) has infinite thickness. On the other 

hand, in the case of DCG grating, neff values could not be calculated in the frame of a 

waveguide film between two media of infinite thickness, because of the presence of the 

TiO2 layer. Instead, a multilayer model was used.93  
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Table 6.3.- Geometrical and optical parameters of DFB lasers based on 1 wt% of PDI-O-

doped PS active films and different types of resonators. DCG: dichromated gelatin 

photoresist; the roman number refers to the type of DFB device geometry according to 

figure 1.7; hf: film thickness, error  5%); d: grating depth; Λ: grating period; DFB
exp

: 

experimental DFB wavelength (error is 0.1 nm); Ith-DFB: DFB threshold; neff: effective 

refractive index; Bragg :   theoretical  DFB wavelength.        
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Figure 6.14.- Output intensity versus pump intensity for DFB lasers based on 1 wt% of 

PDI-O-doped PS active films and different types of resonators.  

The DFB thresholds obtained confirm the high performance of devices based on DCG 

grating on top of the active film, which is similar to that obtained with high quality 

fabricated by NIL and subsequent etching over fused silica substrates. In this standard 

DFB lasers (grating engraved on the substrate), the active material is modulated in 

thickness, presumably leading to an ineffective use of the gain volume. So, even though 

the amplitude of the modulation is usually lower than 100 nm, it would interfere with the 

propagation of the light, thus increasing the losses.  

Resonator 
Λ            

(nm) 

d   

(nm) 

hf  

(nm) 

DFB
exp 

(nm) 

Ith-DFB 

(kW/cm2) 
neff 

Bragg                

(nm) 

Fused Silica 

type I 

376 60 600 583.4 1.3 1.5523 583.7 

DCG type III 373 50 601 582.6 15 1.5575 581.0 

DCG type IV 373 90 610 582.8 1.5 1.5553 580.1 
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Despite the potential advantages of DFB lasers with type IV geometry, this has been used 

only in a few cases in the literature. Zhai et al 125 fabricated in 2011 a DFB laser with the 

resonator on top of the active layer. They discussed the advantages of that resonator, 

particularly its potential for the design of electrically pumped organic DFB lasers. 

However, their device showed a relatively high threshold, 115 µJ/cm2, which was 

attributed to a deficient procedure in which the active layer was damaged by the solvent 

of the resist used to make the grating. Better results were obtained by Ding et al,126 which 

fabricated a DFB laser by spin coating the resist on top of an organic single crystal. 

Recently, organic DFB lasers fabricated via nanograting transfer have been 

proposed.127,128 In these lasers a grating is deposited by microcontact molding on top in 

the active layer. The stamps must be brought into contact with the active layer and 

removed again ensuring the translation-only movement for avoiding the decrease of the 

grating quality. Reproducibility and control of the grating depth were not reported.  

It is remarkable that in our devices the deposition of the DCG resonator on top of the 

active film, is done without damaging the active layer. This is because the resist material 

used (DCG) is prepared from a water solution, while the active film is prepared from a 

solution in an organic solvent (toluene in this case). Furthermore, another advantage of 

this kind of DFB resonators is that they offer the possibility to obtain wavelength 

tunability in a single device, which can have several cm in size. The use of HL enables easy 

variation of the grating period. (figure 6.15). 
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Figure 6.15.- DFB devices with DCG resonator (d = 90 nm) on top of the active layer (PDIO 

= 1 wt%, hf = 560 nm). a) DFB spectra, b) DFB threshold as function of emission 

wavelength. 



CHAPTER 6. Carbon-bridged oligo(p-phenylenevinylene)s (COPVs) as novel laser materials 

106 

Figure 6.15a shows the DFB spectra obtained for devices with different grating periods, 

easily obtained by changing the interbeam angle during the grating recording by HL. 

Figure 6.15b shows, as expected, that the minimum DFB threshold is obtained when 

emission is close to the ASE wavelength. It also shows the emission range (575-587 nm) in 

which the DFB threshold is nearly constant. Therefore, the DFB threshold comparison 

done in table 6.3, is properly done, because they are not affected by differences in the 

DFB emission wavelength. 

 

6.4 Other COPV compounds 

6.4.1 COPV-IPR 

The derivatives COPV1-IPR and COPV2-IPR, differ from the corresponding COPV1 and 

COPV2, in the groups attached to the terminal positions (figure 6.1). The aim of attaching 

the IPR substituents to COPV1 and COPV2, was to prevent photodegradation, while 

ideally not affecting the optical properties (absorption and PL). However, we found that 

these are somewhat different.  

First of all, the absorption spectra of the films doped with the IPR-substituted COPVs are 

red-shifted with respect to those of their corresponding COPVs without IPRs, although 

their shapes are similar [see figure 6.14(a)]. It is also observed that the total absorption 

(area below the spectrum) of COPV1-IPR is larger than that of COPV1 and larger than that 

of COPV1 at λ = 355 nm. On the other hand, for COPV2 and COPV2-IPR the absorption at λ 

= 355 nm is approximately the same. Note that for a proper comparison, films with the 

same molar concentration were used (i.e. for films doped with COPV1 and COPV2, the 

concentration was 3 wt%; for the IPR-substituted compounds, the percentage was 

adjusted to have the same molar concentration, “moles dye / g PS”, see table 6.1 for 

more details).  

In order to ascertain whether the differences in the absorption spectra of the IPR-

substituted compounds with respect to their corresponding COPVs without IPRs are due 

to a different behaviour of the molecules or to different intermolecular interactions, we 

measured absorption in diluted liquid solutions. Spectra of the molar extinction 

coefficient (ε) in liquid solution for the IPR compounds are shown in figure 6.14b. For 

comparison purposes, results for the corresponding compounds without IPR substituents 

have also been included.  

It is seen that for both IPR-substituted compounds, the total absorption (area below the 

spectrum) and the molar extinction coefficient at the wavelength of maximum intensity 

and at λpump are larger than those of their corresponding compounds without IPR. The 

same holds for COPV1-IPR at λ = 355 nm (pump wavelength to obtain ASE in these 

compounds), ε = 1.1104 M-1cm-1, for COPV1 and ε = 2.3104 M-1cm-1 for COPV1-IPR. 
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These results indicate that the larger absorption observed in films containing COPV1-IPR, 

relative to that of films doped with COPV1, is because its ε is larger. On the other hand, 

for COPV2 and COPV2-IPR, the molar extinction coefficient at the wavelength of 

maximum intensity is slightly higher, whereas at λpump this parameter is similar for both 

compounds, due to the spectral shift of the latter one.  
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a)                                                                  b) 

Figure 6.16.- a) Absorbance spectra of PS films containing COPV1-IPR or COPV2-IPR, 

compared to those of films containing COPV1 and COPV2. Dye content in the COPV1 and 

COPV2 films is 3 wt% and percentages for COPV1-IPR and COPV2-IPR were adjusted to 

have the same molar concentration. b) Molar extinction coefficient for COPV-1, COPV1-

IPR, COPV-2 and COPV-2-IPR measured in dichloromethane. The pump wavelength is 

indicated with a vertical dotted line. 

Concerning the PL spectra of the films containing the IPR-substituted COPVs, they are also 

red-shifted with respect to their corresponding COPVs without IPR substituents (see 

figure 6.15). As a consequence, ASE appears at a different wavelength. The observation of 

these shifts in the IPR compounds might be due to an increase of conjugation. Although 

the conformation of the IPR substituents in the ground state is perpendicular to the COPV 

core, it might not be the case for the excited state. In addition, the conformation of the 

IPR substituents might influence the distance between neighbouring molecules, which 

might be important for films with high doping ratios.  



CHAPTER 6. Carbon-bridged oligo(p-phenylenevinylene)s (COPVs) as novel laser materials 

108 

375 400 425 450
0

100

200

300

400

500

600

PL(1)

ASE (1-IPR)

PL(1-IPR)

 

 

E
m

itt
ed

 in
te

ns
ity

 (A
rb

. u
ni

ts
)

Wavelength (nm)

ASE (1)

 

 a) 

425 450 475 500 525
0

50

100

150

200

250
ASE (2-IPR)

PL(2-IPR)

 

 

E
m

itt
ed

 in
te

ns
ity

 (A
rb

. u
ni

ts
)

 Wavelength (nm)

PL (2)

ASE (2)

 

                                                 b)  

Figure 6.17.- PL spectra (divided by film thickness) and ASE spectra of PS films containing 

a) COPV1-IPR or b) COPV2-IPR, compared to those of COPV1 and COPV2, respectively. 

Dye contents in the films are the same as in figure 7.14. 

The ASE threshold for the film containing COPV1-IPR is by around four times lower than 

the one doped with COPV1 (see table 6.1). This is due to the higher absorption at the 

pump intensity, and therefore PL intensity of COPV1-IPR. In the case of COPV2-IPR, its ASE 

threshold is around two times larger than that of COPV2. In spite of the larger film 

absorption at the peak wavelength in COPV2-IPR, at the pump wavelength it has similar 

or lower absorption.   
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With regards to the ASE photostability of films containing IPR compounds the 1/2
ASE 

values are around 3 times larger than those of the films with the corresponding COPVs 

without IPRs (table 6.1). COPV1-IPR 1/2
ASE is also doubled under a nitrogen atmosphere 

(figure 6.18), as COPV1 and COPV6 (see section 6.2.3) 
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Figure 6.18.- ASE intensity versus time and versus the number of pump pulses (bottom 

and top axis respectively) for PS films doped with  COPV1-IPR, under air (grey dashed line) 

and under N2 atmosphere (blue full line). Samples have been excited continuously at a 

pump intensity of 200 kW/cm2. 

The use of COPV-IPRs for DFB laser fabrication is illustrated by the preparation of a device 

based on COPV2-IPR (see table 6.2). 

 

6.4.2 Poly-COPV1 

The optical performance of a neat film of poly-COPV1 (figure 6.19) was explored during a 

short stay in St Andrews University. Since in this case the compound is not diluted in a 

matrix, film absorbance [lpump] is significantly higher, more than one order of magnitude 

higher than that obtained with films based on COPVn dispersed in PS or PMMA (see table 

6.1).  
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Figure 6.19.- Absorbance (ABS, thick solid line, left axis), photoluminescence and ASE (PL, 

dashed line and thin solid line, respectively; right axis) spectra for a neat film of poly-

COPV1. The spectrum of a DFB laser based on this compound is also shown. 

ASE appears at around 527 nm (threshold 4 kW/cm2), considerably lower than COPV1 and 

only twice bigger that the best ASE result obtained with COPV compounds.  The net gain 

coefficient has been determined for four different pump intensities: 3.9 kW/cm2 (around 

threshold energy), 6.5 kW/cm2, 18.2 kW/cm2 and 34.8 kW/cm2, obtaining a gnet values of 

21 cm-1, 29 cm-1, 33 cm-1, 60 cm-1, respectively (figure 6.20). These values are only slightly 

lower than the state-of-the-art organic semiconductors.12,123  
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Figure 6.20.- Dependence of the emission intensity at the maximum of ASE on the 

excitation length at pump intensities of 3.9 kW/cm2 (blue triangles), 6.5 kW/cm2 (green 

stars), 18.2 kW/cm2 (red circles), 34.8 kW/cm2 (black squares). The solid lines are fits to 

the data using eq. (1.8). 

Particularly remarkable is its ASE photostability halflife 1/2
ASE = 7.7 × 104 pp, (under soft 

pumping conditions), which is two orders of magnitude larger than that of COPV1 

dispersed in PS. Also remarkable is the high film PLQY: 67.7 studied in O2, 70.5 studied in 

N2. A DFB laser with a substructured DFB stamp, emitting at a wavelength of 542.2 nm, 

has shown a threshold as low as 1 kW/cm2. ABS, PL, ASE and DFB spectra for the poly-

COPV1 neat film are shown in figure 6.19. DFB threshold could be further improved by 

properly adjusting film thickness and period in order to obtain: high absorbance and DFB 

emission closer in wavelength to the ASE emission. Taking into account this low threshold 

and the fact of most powerful LEDs available in the market matches with its absorbance 

at 450 nm, this poly-COPV1 compound shows great prospect to be pumped with LEDs. 

Further work in this direction is currently under way. 

 

6.5. Conclusions 

 COPVs has demonstrated optimal properties as small-molecule aromatic dyes and 

conjugated polymer for laser action. These optimal properties are a consequence 

of the all-carbon, flat, large and rigid molecular COPV framework and also of the 

protection imparted by the bulky aryl substituents. 



CHAPTER 6. Carbon-bridged oligo(p-phenylenevinylene)s (COPVs) as novel laser materials 

112 

 The planar π-conjugated COPV core is ideal for maximal PL and consequently low 

ASE threshold. 

 The p-octylphenyl substituents, provide solubility in common organic solvents, and 

hence processability as thin films by solution-based methods. They also impart 

protection of the π-system and further minimize chemical degradation and self-

aggregation, in favor of very long laser operational lifetimes. 

 The conjugation length of the investigated COPV oligomers investigated (COPVn, 

with n = 1-6 and the IPR-COPVs) shows the possibility of emission wavelength 

tuning by way of scalable chemical synthesis. Unlike aromatic dyes, they allow to 

systematically tune the emission laser wavelength over a wide range of the visible 

spectrum. 

 Data for COPVn, with n = 1-6, compounds shows an inverse correlation between 

pump] and Ith-ASE; all data except for COPV1-2 and highly doped COPV4 and 

COPV6 (larger pump]) are aligned on the same slope. 

 The film PLQY for all COPVn compounds is extremely high (>90%) up to a dye 

doping rate in the film of 5 wt%. A PLQY decrease obtained in COPV4 and COPV6 

at high dye concentration explains the saturation of Ith-ASE observed at these 

concentrations. 

 A gnet as high as 60 cm-1 has been obtained in a film containing 8 wt% of COPV6. 

This value is much superior to those obtained with other p-phenylenevinylene 

oligomers and PDIs dispersed in PS, while it is only about twice lower than state-

of-the-art organic semiconductors. 

 COPVs show an excellent photostability. In particular the ASE photostability of 

COPV6 in PS films (~106 pump pulses) is several orders of magnitude better to 

those than other p-phenylenevinylene compounds, and even better than the best 

results reported for aromatic laser dyes doped in a polymer matrix. 

 The inclusion of IPR substituents in COPV1 and COPV2 show a photostability 

improvement of around two times.  

 COPV-based DFB lasers with resonators fabricated by different methods (T-NIL, HL 

or UV-NIL) have been demonstrated. It is remarkable the very low DFB threshold 

obtained with a 8 wt% COPV6 film, 0.7  0.1 kW/cm2, simultaneously with a very 

high device halflife time (at pumping two times above threshold) of ~105 pump 

pulses.  This threshold value is the lowest among the reported DFBs based on dye-

doped polymer active materials, and very close to the requirements for LED 

pumping (around 0.3-0.5 kW/cm2)  
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 The absorption spectrum of polymer poly-COPV1 matches with the most powerful 

LEDs available in the market, which emit at 450 nm, and the low ASE threshold 

shown in this compound (3 kW/cm2) make pumping with a LED feasible. 

 We have demonstrated that DFB lasers with resonators engraved by HL over DCG 

layers deposited on top of the active films show an excellent performance, 

comparable to those of similar lasers based on gratings fabricated over inorganic 

substrates with the active film on top. This kind of DFB resonators offers the 

possibility to obtain wavelength tunability in a single device. Another advantage is 

that they are processed from water solutions, so they can be easily deposited and 

removed without damaging the active film placed underneath. 
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CHAPTER 7. General conclusions and future research 

 The potential of optically-pumped organic thin film lasers for different 

applications (Spectroscopy, Optical communications and Sensing) has been 

demonstrated at laboratory scale. To bring these devices to real market further 

improvements are still needed, mainly in relation to the active material, which 

should be simultaneously photostable, show low threshold as to enable 

pumping with a compact low-cost source, emit light of different colors and 

show good processability properties. 

 The applicability of DFB lasers based on active films of PS doped with a 

perylene dye for sensing applications has been demonstrated. The prepared 

devices, which show low thresholds and high photostabilities, have shown bulk 

refractive index sensing capability similar to that of other DFB sensors reported 

and potentially sufficient for biosensing. The capability of the prepared DFB 

lasers for monitoring solvent extraction from the polymer film that constitutes 

the active film of the device when this is subjected to a thermal treatment, has 

also been demonstrated.  Particularly important has been the demonstration of 

the applicability of the prepared organic DFB lasers as biosensors capable to 

detect cancer biomarkers at relevant clinical concentrations (< 15 ng/ml).  

 The DFB lasers prepared in this thesis with active films based on COPV 

compounds satisfy simultaneously the different requirements needed for 

applications: wide wavelength tunability across the visible spectrum (380-590 

nm), long operational lifetimes (~106 p.p.), low threshold (0.7 kW/cm2), 

processability and low fabrication cost. 

 The use of COPV compounds, instead of PDIs, as active materials in DFB laser 

sensors might lead to a great advance towards their commercialization. On the 

one hand, these devices show low thresholds and prospects for pumping with 

compact sources. On the other hand, a blue-shifted emission (achieved with 

COPVn with n < 3) would make possible to increase their sensitivity. And finally, 

its high photostability could improve the sensor durability.  

 The already excellent DFB performance of the devices prepared in this work 

could be further improved by optimizing the grating, the excitation wavelength 

or the polymer matrix. The novel method used in this thesis to prepare DFB 

gratings, by HL, on organic layers placed on top of the active films allows 

varying easily the grating period, key to tune the laser. The excitation 

wavelength used in this work could be further improved by choosing a pumping 
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wavelength closer to the maximum absorption and therefore, to achieve lower 

thresholds. New polymer matrices could reduce waveguide losses 

 Exploration of energy transfer among different COPV derivatives or the use of 

longer COPVn with n>6 that emit at longer wavelengths will offer exciting 

future fields of investigation towards tunability.  
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Resumen / Spanish abstract 

El contenido de esta tesis se enmarca en el campo de los láseres orgánicos, más 

concretamente está centrada en el estudio de láseres orgánicos de estado sólido con 

realimentación distribuida (DFB). En este tipo de dispositivos el medio activo está en 

forma de película delgada, la cavidad resonante viene dada por una estructura 

periódica que modula el índice de refracción y el bombeo, en nuestro caso, será óptico 

(láser Nd-YAG). 

 

Los resultados de esta tesis se engloban en dos partes: 

La primera parte está enfocada en el análisis de diferentes tipos de sensores 

DFB basados en un material orgánico eficiente (bajo umbral) y fotoestable, en 

concreto perileno naranja (PDI-O), estudiado previamente en el grupo de investigación 

donde se desarrolla este trabajo.49 A partir de los resultados obtenidos se demuestra 

que estos estos sensores son capaces de detectar diferentes líquidos depositados 

sobre el DFB, también de detectar la concentración de ErbB2 (biomarcador del cáncer) 

de una muestra, o incluso de monitorear el contenido de disolvente que es evaporado 

en una película delgada tras diferentes tratamientos térmicos.  El principio físico de 

estos sensores radica, en términos generales, en la Ley de Bragg, la cual define una 

dependencia entre la longitud de onda de emisión DFB, del periodo de la red y del 

índice de refracción efectivo de la película activa el cual depende del espesor e índice 

de refracción de la película y del índice de refracción del substrato y del recubrimento 

(eq. 1.20, capítulo 1). 

En la segunda parte se presenta un nuevo tipo de moléculas orgánicas basadas 

en oligoparafenilenos vinilenos rigidificados intramolecularmente, COPVs, y se analizan 

sus excelentes propiedades para fabricar láseres. Estos materiales muestran  

simultáneamente: bajos umbrales, alta fotoestabilidad, sintonizabilidad a lo largo del 

espectro visible y además, su alta solubilidad (en disolventes orgánicos) permite su 

procesado de manera sencilla utilizando técnicas simples y de bajo coste. 

 

1. Láser DFB usados como sensores 

Como se ha comentado anteriormente, el material utilizado para realizar los 

sensores DFB ha sido PDI-O. Este material es un colorante que precisa ser dispersado 

en una matriz para evitar la inhibición de la fotoluminiscencia debido a interacciones 

de calor. En concreto, en este trabajo el PDI-O se ha dispersado en un polímero 

termoplástico, poliestireno (PS), preparado en forma de película delgada sobre un 
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substrato mediante spin-coating y a partir de una disolución en un disolvente orgánico. 

Así, todos los sensores DFB estudiados en esta tesis estarán preparados en forma de 

películas de poliestireno dopadas con PDI-O, depositadas sobre un substrato con red. 

 

1.1. Láseres DFB usados como sensores de índice de refracción  

1.1.1 Resultados 

A continuación describiremos el trabajo realizado sobre sensores DFB en los 

que se detectan cambios producidos en el índice de refracción de la capa depositada 

encima del dispositivo, en nuestro caso, gotas de diferentes líquidos (agua, 

disoluciones a diferentes concentraciones de agua-glicerina y glicerina 100%). Los 

sensores DFB han sido fabricados a partir de redes grabadas sobre substratos 

transparentes y depositando sobre éstos películas activas de diferentes espesores. 

Además, se han fabricado DFB de doble capa, es decir depositando sobre la película 

activa una fina capa de TiO2 (material de alto índice de refracción). La importancia en 

este caso del sustrato transparente reside en que el bombeo láser en este caso se hace 

a través del sustrato para no interferir con el analito a estudiar. 

Teniendo en cuenta que la sensibilidad de este tipo de sensores aumenta al 

disminuir el espesor de la película activa, se ha fabricado en primer lugar un DFB con 

un espesor (hf = 160 nm) próximo al espesor de corte de la guía de ondas (espesor 

mínimo para que se propague un modo en la guía, el TE0). La sensibilidad de este 

sensor en el rango biológico (n = 1.33) es de Sb = 32 nm/RIU y el desplazamiento de la 

longitud de onda del sensor DFB al pasar de aire a agua es de 4.2 nm. Este valor de 

sensibilidad es comparable a los estudios publicados con sensores similares (Sb = 20 

nm/RIU at n =1.33)65,71 los cuales han demostrado buena capacidad para detectar 

biomoléculas.65,113 El límite de detección de este tipo de dispositivo es LOD = 2.5 x 10-5 

RIU, valor similar a los obtenidos con sensores basados en cristales fotónicos.114,115  

Un inconveniente de usar espesores tan finos es que el umbral aumenta y 

como consecuencia la fotoestabilidad disminuye (al bombear con intensidades más 

altas). Para demostrar esto se ha estudiado la emisión espontánea amplificada (ASE) 

en muestras de diferentes espesores. La ventaja de estudiar este tipo de emisión 

frente a la emisión DFB es que la longitud de onda ASE prácticamente no varía con el 

espesor, ya que emisiones DFB cercanas a la longitud de onda ASE harían disminuir 

considerablemente el umbral y enmascarar los efectos del espesor.  

El umbral ASE medido en películas de espesor hf = 160 nm es de 120 kW/cm2, 

mientras que en una película de las mismas características pero con espesor de hf = 

850 nm el umbral es de 6 kW/cm2. Con el fin de disminuir el umbral de la película hf = 
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160 nm, se ha estudiado la sensibilidad en una muestra ligeramente más gruesa (hf = 

180 nm) obteniendo una sensibilidad en el rango biológico similar (Sb = 28 nm/RIU), 

mientras que el umbral obtenido es muy inferior (40 kW/cm2).  

Siguiendo esta estrategia hemos preparado un DFB a partir de una película 

activa todavía más gruesa hf = 850 nm, en este caso la guía además de propagar el 

modo TE0 propagará el modo TE1. La ventaja de este segundo modo es que 

basándonos en su curva de dispersión ofrecerá una sensibilidad mayor. Realizando 

estos experimentos se ha comprobado que para este espesor el desplazamiento 

producido al cambiar de aire a agua en el modo TE0 es de 0.6 nm mientras que para el 

modo TE1 es de 1.3 nm. Aunque la sensibilidad obtenida es menor que la obtenida en 

sensores basados en películas más delgadas, la ventaja de este dispositivo es que 

presenta menor umbral y mayor fotoestabilidad, por tanto, para ciertas aplicaciones 

en las que se requieran estas propiedades, el uso del modo TE1 en películas gruesas 

puede ser una buena opción. 

Con el objetivo de mejorar todavía más la sensibilidad de los sensores de capa 

fina y gruesa, a estos se les ha evaporado una capa de TiO2 de unos 26 nm de espesor. 

Ya ha sido demostrado por otros autores24,72 que el hecho de añadir una capa de alto 

índice sobre la película activa incrementa la sensibilidad del dispositivo y nuestros 

resultados también así lo confirman. En el sensor basado en película delgada (hf = 160 

nm) se ha obtenido un desplazamiento al pasar de aire a agua de 10.2 nm y una 

sensibilidad en rango biológico de 60 nm/RIU, estos valores son dos veces mayores a 

los obtenidos en el sensor de mismo espesor pero sin capa de TiO2 y similares a los 

obtenidos por Vannahme et al.72 También se ha estudiado el efecto de la capa de TiO2 

en sensores basados en película de hf = 850 nm y aunque la sensibilidad también 

aumenta su análisis es bastante más complicado dada la aparición de más modos (TE1 

y TE2 en aire; TE1, TE2 y TE3 agua…). Por ejemplo el desplazamiento aire-agua para el 

modo TE2 es de 2.5 nm y su sensibilidad en el rango biológico es de 16 nm. Por otra 

parte, el umbral ASE en estos dispositivos es aproximadamente el doble, lo que podría 

deberse a la aparición de más modos. 

 

1.1.2 Conclusiones 

 Hemos demostrado que los sensores láser DFB orgánicos que consisten en películas 

activas de PS dopadas con el colorante láser PDI-O tienen una excelente 

fotoestabilidad operando en condiciones ambiente y un umbral relativamente bajo. 

• Se ha investigado su viabilidad como sensores de índice de refracción, así como su 

sensibilidad a través de los cambios observados en su longitud de onda de emisión 
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laser tras la exposición a diferentes superestratos líquidos: agua destilada, 

soluciones acuosas de glicerina y glicerina pura. 

• Un dispositivo compuesto por una película muy delgada (hf = 160 nm) ha demostrado 

tener un valor de sensibilidad comparable a otros sensores DFB publicados de una 

sola capa, mientras que su umbral es relativamente alto y su fotoestabilidad 

moderada. Un ligero aumento de espesor en el dispositivo (hf = 180 nm) ha 

permitido disminuir el umbral tres veces, mientras que su sensibilidad disminuye 

sólo ligeramente. El aumento de hf hasta alrededor de 850 nm permite mejorar 

considerablemente el umbral del láser y la fotoestabilidad, aunque la sensibilidad 

disminuye. En este caso, el rendimiento global es mejor cuando el sensor funciona a 

la longitud de onda correspondiente al modo de TE1. 

•  La inclusión de una capa de TiO2 con un alto índice de refracción, en la parte 

superior de la estructura de sensor, mejora la sensibilidad alrededor de dos veces, 

aunque en el caso de los dispositivos basados en películas gruesas, el 

funcionamiento del sensor se complica debido a la aparición de muchos picos 

asociados con modos de guías de ondas de alto orden. 

 

1.2. Láseres DFB usados como biosensores 

1.2.1 Resultados 

El siguiente tipo de sensor que se ha estudiado en esta tesis lo podríamos 

llamar más específicamente biosensor, pues este dispositivo ha sido desarrollado con 

el objetivo detectar la concentración de proteína ErbB2 presente en una muestra. Una 

de las ventajas de utilizar el sistema DFB como biosensor está en que este sistema a 

diferencia de otros no utiliza marcadores fluorescentes adheridos al analito, sino que 

detecta directamente el analito a partir de una funcionalización. En concreto, la 

detección de la proteína ErbB2 se realiza a partir de la funcionalización con el 

anticuerpo anti-ErbB2 en la superficie del medio activo. Las proteínas se anclarán al 

anticuerpo y esta captura específica de la biomolécula producirá cambios en la 

constante dieléctrica que se traducirá en cambios en el índice de refracción.  Para el 

biosensor hemos utilizado el DFB de capa única delgada (hf = 160 nm) con Sb = 32 

nm/RIU comentado anteriormente.  

Para comenzar la caracterización del biosensor se ha medido el desplazamiento 

promedio de longitud de onda antes y después de la funcionalización con el 

anticuerpo, obteniendo un único pico DFB a 552.2 nm antes de comenzar la 

funcionalización y un desplazamiento promedio de 0.51 nm tras incubar anti-ErbB2. 

Con el objetivo de bloquear la superficie y de que no se produzcan uniones 
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inespecíficas, posteriormente se incuba una disolución de BSA (solución de albúmina 

de suero bovino), de esta manera aseguramos que exista una correcta monocapa de 

anti-ErbB2 en la superficie (tapando todos los huecos que pudieran quedar en ésta). 

Esta incubación no desplazó la emisión DFB más allá de la incertidumbre de la medida, 

produciendo un  desplazamiento  similar al encontrado en otros métodos de 

inmovilización para biosensores DFB.24 Estos resultados indican que la superficie ya 

estaba bastante bien funcionalizada, siendo apta para el anclado específico.  

En un inmunoensayo es importante evaluar también la reactividad cruzada del 

sensor funcionalizado con proteínas marcadoras diferentes al analito. En nuestro caso 

se ha testeado que el desplazamiento producido tras la incubación de la proteína 

marcadora TNFα (factor de necrosis tumoral) a concentraciones muy altas (1 µg/mL) es 

nulo. Esto confirma la especificidad del biosensor desarrollado, las interacciones no 

específicas producidas por altas concentraciones de TNFα son despreciables en 

relación a la señal específica producida por muestras con bajas concentraciones de 

ErbB2. 

Con el fin de llevar a cabo el inmunoensayo para detectar ErbB2 en la superficie 

del sensor se prepararon varios DFBs y varias soluciones de ErbB2 a diferentes 

concentraciones (0, 2, 10, 250 y 10000 ng /mL) en una solución tampón de fosfato 

salino, PBS (pH 7.3). Tras incubar durante dos horas las diferentes concentraciones se 

han medido los  desplazamientos de longitud de onda producidos obteniendo una 

curva de calibrado. Podemos remarcar que incluso con la menor concentración, 2 

ng/mL se detecta un desplazamiento, siendo LOD = 14 ng/mL. Este es el menor límite 

de detección que hemos encontrado en un biosensor DFB basado en la detección de 

una proteína. También debemos mencionar que en términos clínicos, una 

concentración de 15 ng/mL es el mínimo valor de concentración que sería necesario 

detectar, ya que este es el límite establecido indicativo de la presencia de la 

enfermedad del cáncer.  Este hecho prueba la aplicabilidad del biosensor. 

Existen valores de LOD menores a 14 ng/mL, por ejemplo, ha sido obtenido un 

valor de LOD = 26 pg/mL a partir de un magnetoinmunosensor amperométrico. Sin 

embargo, los biosensores DFB representan una manera económica de detectar 

biomoléculas, el DFB puede ser completamente polimérico20 o incluso ser 

completamente biocompatible.95  

 

1.2.3 Conclusiones 

•  Se ha demostrado el uso de un sensor DFB basado en una película activa delgada de 

PS dopada con PDI-O como un sensor sin marcador capaz de detectar un 

biomarcador de cáncer (ErbB2). 
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• Los anticuerpos monoclonales anti-ErbB2 se han utilizado para funcionalizar la 

película activa de PS. La incubación de la superficie anti-ErbB2 con la proteína BSA 

asegura la especificidad de la monocapa del anticuerpo anti-ErbB2 en la superficie. 

• La especificidad y reactividad cruzada del inmunoensayo desarrollado se ha 

demostrado mediante el uso del biomarcador TNFα. 

•  La especificidad del sensor y el LOD obtenido para la detección de ErbB2, abre la 

posibilidad de utilizar láseres DFB orgánicos para aplicaciones clínicas. 

 

1.3. Láseres DFB para monitorear la evaporación de disolvente tras un tratamiento 

térmico 

1.3.1 Resultados 

En las películas delgadas poliméricas, preparadas por spin-coating, la mayor 

parte del disolvente se evapora durante la última etapa, sin embargo, varios autores 

han publicado que parte del disolvente queda atrapado en la película una vez 

finalizado el proceso. 26,27,101 Nosotros hemos medido el disolvente residual contenido 

en películas de PS (hf ~ 1000 nm) sobre un substrato sin red, obteniendo unos 60 µg 

(6.5 vol%) de tolueno en una muestra fresca, antes de realizarle cualquier tratamiento 

térmico. Prácticamente la mitad de este contenido se evapora en la primera media 

hora tras un tratamiento en el horno a 90 ºC, quedando 0.1 µg tras 24 h de 

tratamiento. 

Con el fin de monitorear la extracción del disolvente de las películas al realizar 

diferentes tratamientos térmicos, se ha medido la emisión láser de DFBs tras 

tratamientos entre 0 y 300 min, obteniendo un desplazamiento hacia el azul conforme 

la duración del tratamiento aumenta. En concreto, se ha detectado un desplazamiento 

total de 1.34 nm  y un desplazamiento máximo durante los primeros 30 min. de 1.10 

nm. 

Combinando los resultados relacionados con el contenido residual de tolueno y 

la emisión DFB en función del tiempo de tratamiento, se ha representado el 

desplazamiento de longitud de onda, S,DFB, en función a la pérdida de disolvente en 

la película (mL). A partir de esta representación se observan dos regímenes con 

sensibilidades distintas, uno de alta sensibilidad (S,DFB /mL ~ 0.050 nm/g) durante 

aproximadamente los primeros 25 minutos y posteriormente otro de baja sensibilidad 

(S,DFB /mL ~ 0.0075 nm/g).  

Estos resultados se explican a partir de la medida del índice efectivo de la 

película, particularmente midiendo variaciones en el espesor e índice de refracción de 
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la película. En el primer régimen se observa una disminución del espesor e índice de la 

película (aunque contribuye más el espesor), mientras que en el segundo régimen el 

espesor prácticamente permanece constante mientras que continúa variando el 

índice, lo cual confirma la mayor sensibilidad obtenida en el segundo régimen. A partir 

de los valores medidos de índice y espesor de la película se ha calculado teóricamente 

el valor de índice efectivo resolviendo la ecuación de propagación de ondas, y a partir 

de la Ley de Bragg se ha calculado la emisión láser teórica. Estos resultados 

demuestran que los valores teóricos y experimentales están en buena concordancia, 

siendo el error: ΔBragg
calc  ± 0.10 nm. 

 

1.3.2 Conclusiones 

 Hemos demostrado el uso de láseres DFB de PS dopados con PDI para monitorizar, 

con alta precisión, la cantidad de disolvente extraído de una película de polímero en 

función del tiempo de tratamiento térmico. La película de polímero que se examina 

es la película activa del dispositivo DFB, las cual había sido preparada previamente 

por la técnica “spin coating”.   

•  La mitad del contenido inicial de la película, la de la muestra fresca (no calentada), 

se evapora durante los primeros 30 min. de tratamiento térmico. La eliminación del 

disolvente se produce por un desplazamiento de la longitud de onda de emisión 

DFB hacia longitudes de onda más cortas. La otra mitad del disolvente se evapora 

lentamente, durante 6 horas, hasta que la cantidad de disolvente restante es muy 

pequeña. 

•  Al representar el cambio de longitud de onda del DFB en función de la pérdida de 

disolvente como consecuencia del tratamiento térmico, podemos distinguir  dos 

regímenes: en el régimen I, la longitud de onda DFB (λDFB) cambia rápidamente (alta 

sensibilidad), principalmente debido a una disminución del espesor (hfilm),, y en 

menor medida, también debido a una disminución del índice de refracción de la 

película (nfilm); en el régimen II, la λDFB varía ligeramente (baja sensibilidad), debido a 

que hfilm permanece constante y nfilm todavía disminuye. 

•  Se ha encontrado una buena relación entre λDFB experimental y Bragg
calc calculada en  

función del tiempo de tratamiento térmico. 
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2. Oligoparafenilenos vinilenos rigidificados intramolecularmente (COPVs) 

2.1 Resultados 

El segundo bloque de resultados como hemos comentado antes está centrado 

en el estudio de un nueva familia de materiales orgánicos con muy buenas 

propiedades láser. Como veremos estos materiales presentan simultáneamente bajos 

umbrales, altas fotoestabilidades, una amplia sintonizabilidad a lo largo del espectro 

(simplemente variando el número de unidades monoméricas) y pueden ser procesados 

a partir de disolución. Todas estas propiedades no habían sido descritas 

simultáneamente en ninguno de los materiales láser publicados hasta la fecha. Estos 

nuevos materiales basados en oligoparafenilenos vinilenos rigidificados 

intramolecularmente están en forma de colorantes y polímero. Para estudiar las 

propiedades ópticas de los colorantes o oligómeros se han preparado películas de 

poliestireno o PMMA dopadas con dichos colorantes. Estos oligómeros los hemos 

dividido en dos grupos: a) COPVn (n = 1 a 6), donde n hace referencia al número de 

monómeros de la molécula y b) COPV1-IPR y COPV2-IPR estos compuestos son 

derivados de los anteriores compuestos COPV1 y COPV2, respectivamente. Sus 

propiedades DFB se han analizado utilizando diferentes tipos de resonadores: a) red 

grabada en el substrato sobre el cual se deposita la película activa, b) red grabada 

sobre una resina depositada encima del substrato y con la película activa encima de 

ésta y c) película activa depositada sobre el substrato y sobre la película se graba la red 

en una resina. Todos los DFBs fabricados con estos materiales serán de una dimensión 

y de segundo orden. Por otro lado, las propiedades ópticas del polímero, poly-COPV1, 

han sido estudiadas en forma de película pura deposita sobre substrato sin red o bien 

sobre una red subestructurada en una dimensión, estratégicamente diseñada para 

disminuir el umbral y reducir las pérdidas. Los nuevos colorarantes orgánicos llamados 

COPVs son únicos por estas razones: a) Un robusto esqueleto formado por carbonos 

permite conseguir series homologas de unidades repetidas con fluorescencias 

cuánticas cercanas a la unidad y emitiendo a lo largo del espectro visible (380-590 nm), 

así como alta estabilidad frente a la irradiación lumínica (esta última propiedad se 

atribuye a la protección estérica del sistema π frente a interacciones intermoleculares 

debido al grupo p-octilfenil, arilo. b) Su plano y rígido sistema π permite excitar el 

material con bajas energías. c) Los sustituyentes en los puentes de carbono y en las 

posiciones periféricas son posibles, lo que proporciona miscibilidad y dispersabilidad 

en las matrices.  

Dado el carácter oligomérico de los compuestos COPVn su absorción aumenta 

cuando se incrementa el número de unidades oligoméricas, n.  Por tanto, para 

preparar películas con diferentes compuestos pero similar absorción, serán necesarias 

concentraciones más altas en los oligómeros más cortos. En esta tesis se han 
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presentado los espectros de absorción, fluorescencia (PL) y ASE para cada uno de los 

compuestos COPVn (n = 1 a 6) a concentraciones entre 1 y 3 wt%.  También se ha 

detallado cómo la emisión ASE de las muestras preparadas a partir de estos 

compuestos cubre el espectro visible (desde 385 nm en muestras basadas en COPV1 

hasta 583 nm en muestras basadas en COPV6). La sintonizabilidad de la longitud de 

onda ASE simplemente cambiando el número de unidades conjugadas representa un 

aspecto único del sistema basado en los colorantes COPVn, frente al sistema seguido 

en colorantes láser convencionales, en los cuales una estructura completamente 

diferente es necesaria para cubrir el espectro visible, (por ejemplo PDIs con buenas 

propiedades láser sólo cubren el intervalo entre 580 y 620 nm.49,51 Por otra parte, una 

estrategia similar para sintonizar la longitud de onda láser incrementando el número 

de unidades repetidas ha sido el empleado en oligómeros conjugados π(95)  y 

polímeros,97 pero sin embargo al incrementar el número de unidades se incrementa la 

movilidad de la estructura y esto hace que disminuya el umbral y la fotoestabilidad. 

Se ha visto una relación inversa entre el coeficiente de absorción de las 

muestras y su umbral ASE, observando que todos los datos excepto los basados en los 

compuestos COPV1 y COPV2 y aquellos basados en altas concentraciones de COPV4 y 

COPV6 están alineados en la misma pendiente. Esta correlación marca la diferencia 

entre COPV1-2 frente COPV3-6.  

En cuanto a la eficiencia cuántica de la películas de PS dopadas con los 

derivados COPVn, al igual que ocurría en solución son muy altas, más del 90% hasta 

concentraciones del 5 wt%. Esta eficiencia decrece para concentraciones mayores 

(como ejemplo se muestra la eficiencia de muestras basadas en COPV2, COPV4 y 

COPV6), lo que sugiere una inhibición de la fluorescencia debido a agregaciones 

intermoleculares y a la vez justifica la saturación de umbral comentada anteriormente 

a estas concentraciones. 

Se ha estudiado la ganancia neta en películas de PS dopadas al 8 wt% de 

COPV6, obteniendo 60 y 6.3 cm-1 a intensidades de bombeo 43.3 y 11.5 kW/cm2 

respectivamente. Estos valores son mucho mayores a los obtenidos en otros 

oligómeros96 y PDIs dispersados en PS.122 Por otra parte, los valores de ganancia 

obtenidos sólo son dos veces menores que el actual estado del arte de los 

semiconductores orgánicos. 

Una propiedad remarcable de los compuestos COPVn es su excelente 

fotoestabilidad ASE bajo condiciones ambiente. Por ejemplo la intensidad ASE en 

películas de PS dopadas con 2 wt% de COPV6 permanece inalterada después 3.5 x 105 

p.p. (8 h). Su fotoestabilidad ASE bajo condiciones de bombeo suaves (2 veces por 

encima del umbral, 3 kW/cm2) estuvo en el entorno de 1 x 106 p.p. o lo que equivale a 

más de 24 horas. Esta fotoestabilidad está en claro contraste con los oligómeros 
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fenilenovinilenos96 y polímeros,4 cuya emisión ASE bajo condiciones ambiente dura 

únicamente unos pocos minutos. La fotoestabilidad de las películas de PS dopadas con 

COPVn es incluso mejor que los mejores resultados publicados a partir de colorantes 

láser aromáticos en matrices poliméricas. 43,49,50, 51,86,  

La fotoestabilidad de colorantes láseres, la cual está parcialmente relacionada 

con degradaciones intermoleculares, depende de la concentración de colorante en la 

matriz polimérica, esto es, depende del coeficiente de absorción a la longitud de onda 

de bombeo, tal y como se ha observado en PDIs dispersados en PS y polymetil 

metacrilato (PMMA).50,51 Tal y como se ha comprobado en muestras basadas en 

COPV6, no se aprecian diferencias significativas en el intervalo entre 0.5 y 2 wt%. Sin 

embargo, la fotoestabilidad decrece cuando el coeficiente de absorción aumenta entre 

el 4 y 20 wt%, pero incluso a altas concentraciones (20 wt%) el tiempo de vida media 

es todavía alto (3.5 x 104 p.p.). 

La fotoestabilidad en películas de PS dopadas con los compuestos COPV3-5 es 

también alta, del entorno 105 p.p. bajo intensidades de bombeo bajas, mientras que la 

fotoestabilidad decrece gradualmente desde las películas basadas en COPV6 hasta 

COPV3. Creemos que la alta fotoestabilidad de COPV3-6 es consecuencia de la 

protección estérica provocada por los grupos arilo. Por otra parte, la fotoestabilidad 

decrece significativamente para los compuestos COPV1 y COPV2. 

Se ha estudiado el efecto en las propiedades ASE al reemplazar la matriz de PS 

por PMMA. Para obtener un confinamiento similar del modo de la guía de onda (el 

índice de refracción del PMMA es menor que el del PS), el espesor de las películas de 

PMMA es mayor que el utilizado previamente con PS. Las características de umbral y 

fotoestabilidad en ASE y DFB es muy similar que las obtenidas con PS. Sin embargo, la 

longitud de onda ASE está ligeramente desplazada hacia el azul cuando es usada la 

matriz de PMMA.  

Se han usado diferentes tipos de resonadores grabados por diferentes métodos 

(NIL térmico o litografía holográfica) sobre diferentes tipos de sustratos (figura 1.7, 

capítulo 1). En la tabla 6.2 se analizan todos ellos. Cabe destacar sus buenas 

propiedades láser como ocurría con sus propiedades ASE. Pero además, remarcar que 

se ha usado un nuevo tipo de resonador en el que la red de gelatina está grabada 

sobre la película activa. Este tipo de estructura demuestra propiedades laser similares 

a las obtenidas con los resonadores generalmente usados (grabados por NIL en el 

sustrato) y que normalmente presentan los más bajos umbrales. 

 Se han estudiado los derivados COPV1-IPR y COPV2-IPR que se diferencian de 

los correspondientes COPV1 y COPV2 en los grupos unidos a sus posiciones terminales. 

El fin de añadir estos sustituyentes era, en un principio, prevenir su fotodegradación, 
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mientras que no se vieran afectadas sus propiedades ópticas de absorción y 

fluorescencia. En cambio, la absorción y fluorescencia de estos nuevos compuestos es 

mayor y está desplazada hacia el rojo. El umbral ASE es cuatro veces menos en las 

muestras basadas en COPV1-IPR y dos veces menor en las muestras basadas en 

COPV2-IPR. La fotoestabilidad en los dos derivados es de alrededor de tres veces 

mayor a la obtenida en los compuestos sin los sustituyentes, y aumenta el doble si en 

lugar de realizar la medida en aire se realiza en atmósfera de nitrógeno. 

 Por último, se han medido las características ópticas en películas puras del 

polímero poly-COPV1. La absorción y ganancia de este material son altas, mientras que 

sus umbrales son bajos. Además su absorción máxima está en torno a una longitud de 

onda de 450 nm, lo que significa que este material es ideal para ser bombeado con LED 

(los LEDs del mercado más potentes emiten próximos a esta longitud de onda). 

Actualmente estamos continuando los experimentos en esta dirección. 

 

2.2 Conclusiones 

•  Se ha demostrado que los COPVs tienen propiedades óptimas para la acción laser 

como colorantes aromáticos de molécula pequeña y como polímero conjugado. 

Estas propiedades óptimas son una consecuencia de la estructura plana, grande y 

rígida, únicamente formada a base de carbono y también de la protección 

proporcionada por los sustituyentes voluminosos arilo 

•  El núcleo plano π-conjugado del COPV es ideal para obtener PL máxima y en 

consecuencia bajo umbral ASE. 

• Los sustituyentes p-octilfenilo, proporcionan solubilidad en disolventes orgánicos 

comunes, y por lo tanto capacidad para ser procesadas como películas delgadas a 

partir de métodos basados en soluciones. También proporcionan protección del 

sistema-π y minimizan aún más la degradación química y la auto-agregación, a favor 

de una alta fotoestabilidad del láser. 

•  La longitud de conjugación de los oligómeros COPV investigados (COPVn, con n = 1-

6 y el IPR-COPVs) muestra la posibilidad de sintonizar la longitud de onda de 

emisión a través de la síntesis química escalable. A diferencia de los colorantes 

aromáticos, permiten sistemáticamente sintonizar la longitud de onda de emisión 

láser en un amplio intervalo del espectro visible. 

•  Los resultados de los compuestos COPVn, con n = 1 - 6, muestran una correlación 

inversa entre pump]  y Ith-ASE; todos los datos excepto COPV1-2 y los COPV4 y COPV6 

altamente dopado (mayor pump]), se alinean en la misma recta. 
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•  La fluorescencia cuántica (PLQY) de las películas en todos los compuestos COPVn es 

extremadamente alta (> 90%) hasta una concentración del colorante del 5% en 

peso. La disminución de PLQY obtenida en COPV4 y COPV6 a alta concentración de 

colorante explica la saturación de Ith-ASE que observada a estas concentraciones. 

•  Se ha obtenido una gnet tan alta como 60 cm-1 en una película que contiene 8% en 

peso de COPV6. Este valor es muy superior a los obtenidos con otros 

oligoparafenilenos vinilenos rigidificados intramolecularmente y PDIs dispersos en 

PS, mientras que es sólo, alrededor de dos veces menor que el estado del arte de 

los semiconductores orgánicos. 

•  Los COPVs muestran una excelente fotoestabilidad. En particular, la fotoestabilidad 

ASE del COPV6 en películas PS (~106 pump pulses) es varios órdenes de magnitud 

mayor que otros compuestos de p-fenilenvinileno, e incluso mejor que los mejores 

resultados publicados en colorantes láser aromáticos dopados en una matriz 

polimérica. 

•  La inclusión de los sustituyentes IPR en COPV1 y COPV2 muestran una mejora de la 

fotoestabilidad de alrededor de dos veces. 

•  Se ha demostrado la fabricación de resonadores láser DFB basados en los 

compuestos COPV por diferentes métodos  (T-NIL, HL o UV-NIL). Cabe destacar el 

bajo umbral DFB obtenido en películas con un 8 wt% de COPV6, 0.7  0.1 kW/cm2, a 

la vez que una fotoestabilidad muy elevada (bombeando dos veces por encima del 

umbral, ~105 pump pulses). Este valor umbral es el más bajo entre los DFB 

publicados en películas poliméricas dopadas con colorantes, y está muy cerca de los 

requisitos para bombear con LED (alrededor de 0.3-0.5 kW/cm2). 

•  El espectro de absorción del polímero poly-COPV1 se solapa con la emisión de los 

LEDs más potentes disponibles en el mercado, que emiten a 450 nm. Esto junt su 

bajo umbral ASE (3 kW/cm2) hacen posible el bombeo con LED. 

•  Hemos demostrado que los láseres DFB con resonadores grabados por HL sobre las 

capas DCG depositados en la parte superior de las películas activas muestran un 

excelente rendimiento, comparables a los de los láseres similares basados en redes 

fabricadas sobre sustratos inorgánicos con la película activa en encima del 

substrato. Este tipo de resonadores DFB ofrecen la posibilidad de sintonizar la 

longitud de onda en un sólo dispositivo. Otra ventaja es que se procesan a partir de 

soluciones de agua, por lo que se pueden depositar y retirar fácilmente sin dañar la 

película activa colocada debajo. 
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3. Conclusiones generales y perspectivas futuras 

•  El potencial de los láseres orgánicos ópticamente bombeados y basados en películas 

finas se ha demostrado para diferentes aplicaciones (Espectroscopia, 

Comunicaciones Ópticas y Sensado) a escala de laboratorio. Para llevar estos 

dispositivos a más mejoras reales del mercado todavía son necesarios, sobre todo 

en relación con el material activo, que sea simultáneamente fotoestable, muestre 

umbral bajo como para permitir el bombeo con una fuente compacta de bajo coste, 

que emita luz en diferentes colores y muestre buenas propiedades de 

procesabilidad. 

•  Ha sido demostrada la aplicabilidad de láseres DFB basados en películas activas de 

PS dopadas con un colorante, perileno, para aplicaciones de detección. Los 

dispositivos preparados, con umbrales bajos y altas fotoestabilidades, han 

demostrado la capacidad de detectar el índice de refracción de una capa situada 

encima similar a la de otros sensores DFB publicados y suficiente para su uso como 

biosensores. También se ha demostrado la capacidad de estos láseres para 

monitorear la extracción de disolvente de la película de polímero que constituye la 

película activa del dispositivo cuando este se somete a un tratamiento térmico. 

Particularmente importante ha sido la demostración de la aplicabilidad de los 

láseres DFB orgánicos preparados como biosensores capaces de detectar 

biomarcadores del cáncer a concentraciones clínicas relevantes (<15 ng / ml). 

•  Los láseres DFB preparados en esta tesis con películas activas a base de compuestos 

COPV satisface simultáneamente los diferentes requisitos necesarios para su uso en 

aplicaciones: amplia capacidad de sintonizabilidad de la longitud de onda en el 

espectro visible (380-590 nm), una larga fotoestabilidad (~ 106 pump pulses), un 

bajo umbral (0.7 kW / cm2), bajo coste de procesado y de fabricación. 

•  El uso de compuestos COPV, en lugar de los PDIs, como materiales activos en 

sensores láser DFB podría dar lugar a un gran avance hacia su comercialización. Por 

un lado, estos dispositivos muestran umbrales bajos y perspectivas de bombeo con 

fuentes compactas. Por otro lado, una emisión desplazada al azul (que se logra con 

COPVn con n <3) haría posible aumentar su sensibilidad. Y, por último, su alta 

fotoestabilidad podría mejorar la fotoestabilidad del sensor. 

•  El ya excelente rendimiento DFB de los dispositivos preparados en este trabajo 

podría mejorarse aún más mediante la optimización de la red, la longitud de onda 

de excitación o la matriz polimérica. El nuevo método utilizado en esta tesis para 

preparar redes DFB, por HL, en capas orgánicas colocadas en la parte superior de las 

películas activas permite variar fácilmente el período de red, clave para sintonizar el 

láser a una longitud de onda próxima a la longitud de onda ASE. La longitud de onda 
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de excitación utilizada en este trabajo podría mejorarse aún más por la elección de 

una longitud de onda de bombeo más cercana al máximo absorción y por lo tanto, 

conseguir lograr umbrales más bajos. Nuevas matrices poliméricas podrían reducir 

las pérdidas en la guía de ondas 

•  Exploración de la transferencia de energía entre los diferentes derivados COPV o el 

uso de moléculas más largas COPVn con n >  6 que emiten en longitudes de onda 

más largas ofrecen desafiantes futuros campos de investigación dirigidos a la 

sintonizabilidad. 
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