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1. Introduction and Motivation 

Since the fabrication of the first working laser by Theodore H. Maiman in 1960 [1], 

the applications of the lasers increase day by day in all fields of life such as communi-

cation, medicine, industrial processing, military and spectroscopy [2]. The lasers 

working in ultraviolet spectral region have variety of applications. One of the main 

applications of the UV lasers is the optical lithography where laser with shorter wave-

length is desired in order to overcome the diffraction limit for fabricating nanostruc-

tures with small size features [3]. Also, UV lasers are the corner stone of increasing 

the capacity of data storage devices where using shorter wavelengths reduces the re-

quired area for storing a single bit and hence increases the storage capacity [4]. 

One of the most important laser types that can work from UV to IR spectral regions is 

the dye laser. However, they are of quite large size due to the size of their active me-

dia which is in liquid phase [5]. Beside the large size of organic dye lasers, the toxici-

ty of the dye liquids is another drawback [6]. Therefore, a hot research topic is to im-

plement dye lasers but in a solid form in order to reduce the size of the devices and 

the risk of the toxic materials. Not only the organic dye lasers are interested for re-

searchers but also the lasers based on the new class of semiconductors, the “organic 

semiconductors”, where thin laser devices with low threshold have been achieved [7]. 

The first laser from organic semiconductors has been demonstrated by Tessler et al. in 

1996. The emission from this laser was at a wavelength of 545 nm [8]. However, the 

first UV organic solid state laser has been reported by Berggren et al. in 1997 [9].  

Distributed Bragg reflector laser from 2-(4-biphenylyl)-5-(4-t-butylphenyl)-1,3,4-

oxadiazole (PBD) with lasing wavelength of 392 nm has been achieved. Later on, 

various distributed feedback lasers which emit at shorter wavelengths have been 
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demonstrated. The active media in these devices were spiro linked organic materials 

[10-12].  

Inorganic semiconductor lasers in near UV spectral region are achieved from GaN 

compounds [13]. However, lasers with organic active medium show various ad-

vantages over the other type of lasers. The cost of the device is reduced because of 

using low cost fabrication techniques such as spin casting. Also, any type of substrate 

can be used for the device fabrication [14]. In addition to that, the absorption cross 

section of the organic material is the highest among all lasing active media. Conse-

quently, thin laser devices are possible to be achieved. Furthermore, the optical gain 

achieved from organic materials is very high [7]. Moreover, a wide-range tunability of 

the laser emission is achieved from organic lasers [15]. 

A new design of vertical cavity surface emitting lasers is demonstrated and patented by 

Prof. Dr. Hillmer at INA [16]. In this design, the gain medium is not located only within 

the cavity but also, it is distributed over the distributed Bragg reflectors. This design is 

intended to be used as UV organic laser using the materials which are characterized in 

this thesis. 

1.1 State of the Art: Organic Materials as an active 
Medium for Lasers 

The lasing action from organic dyes has been reported in 1960s [17, 18]. The organic 

dyes from different categories cover a very wide range of the laser emission wave-

lengths from near ultraviolet to near infrared (300 nm to 1100) as shown in Fig. 1-1. 

However, in order to overcome the concentration quenching in the solid forms of the 

dyes, the dyes have to be inserted into a host material [7]. For example, dye doped 

silica and dye doped polymer are good candidates for solid organic active media. 

Many investigations have been carried out to study the lasing action from dye doped 

silica [19-22], and dye doped polymer films [23-25]. 

Another class of the organic materials which show lasing characteristics is the organic 

semiconductors. Two categories of the organic semiconductor show lasing action, i.e. 
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small-molecular organic semiconductors and conjugated polymers. Spiro components 

are examples of the small-molecular organic semiconductors while poly(phenylene 

vinylene) (PPV) and polyfluorenes are examples of the conjugated polymers [7]. The 

main difference between the dyes and organic semiconductors is that, even in a neat 

film of organic semiconductors, high photoluminescence quantum yield takes place 

[26]. Additionally, the good electrical conductivity of organic semiconductors is an-

other advantage [7]. 

 

Fig. 1-1: Range of emission wavelengths for various dye chemical classes (based on ref. [27]) 

 

One of the organic semiconductors, which has an emission in blue and near UV, is the 

group of the spiro-oligophenyl [28]. The spiro-oligophenyls are derived from the 

oligophenyls by creating a spiro linkage between the parent molecules. In spiro-

oligophenyl molecule, the parent molecules are arranged perpendicularly. Therefore, 

the interaction between them is minimized and the structure is rigid. As a result, the 

solubility of the spiro-oligophenyls is better than the solubility of the corresponding 

oligophenyls. In addition to that, the glass transition temperature increases which re-

sults in higher stability of the amorphous form. Therefore, the possibility of recrystal-

lization of the amorphous films is minimized [29, 30]. Furthermore, morphological 

stability is improved and the melting point is reduced when functional groups such as 

methoxy group or phenoxy group are added to the spiro molecule [28, 31]. 
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The lasing action from 2,2’,7,7’-tetrakis(biphenyl-4-yl)- 9,9’-spirobifluorene (also 

called spiro-sexiphenyl) and 2,2’,7,7’-tetraphenyl-9,9’-spirobifluorene (spiro-

quaterphenyl) spin coated films has been demonstrated by Nicklas Johansson et al. in 

1998 by showing the presence of amplified spontaneous emission (ASE) [32]. This 

followed by detailed characterization of the lasing characteristics of thermally evapo-

rated spiro-sexiphenyl films [31, 33]. In this work, the optical properties, ASE thresh-

old, optical gain, loss coefficient and photodegradation of various film thicknesses of 

spiro-quaterphenyl and its derivatives (methoxy-spiro-quaterphenyl and phenoxy-

spiro-quaterphenyl) are presented.   

1.2 State of the Art: Optical Gain Measurement  

Optical gain is a physical parameter which defines the ability of a material to amplify 

light [5] and hence the possibility of using this material as an active medium in a la-

ser. Therefore, it is important for a laser designer to know the behavior of the optical 

gain at various wavelengths. The best technique for measuring the optical gain is the 

variable stripe length method (VSL method) which has been demonstrated by Shaklee 

in 1971 [34]. The reason for this is the ability to know the behavior of the optical gain 

over the whole spectrum. Furthermore, information about the loss and saturation ef-

fects is obtained. In addition to that, no special treatment of the material under charac-

terization is required [35]. 

Using VSL method, a sample of the material is pumped by a narrow homogenous 

stripe of pump laser and the emission from the edge of the sample is collected. Under 

these conditions, ASE takes place. In this case, the spontaneously emitted photons at 

the far region of the edge of the sample are amplified while moving towards the edge 

of the sample. By increasing the length of the pump stripe, the collected intensity in-

creases exponentially and the FWHM of the spectrum reduces. From the exponential 

increase of the emission intensity, the optical gain is easily obtained [35]. In this 

work, a measurement setup based on VSL method is designed and implemented in 

order to measure the optical gain of organic materials in near UV and visible spectral 

regions. 



5                                                                                                                      Introduction and Motivation 

 

1.3 Thesis Outline 

The structure of the thesis is as follows: 

Chapter 1: Brief overview about the work is presented. 

Chapter 2: Theory of light interaction with matter is described. The concepts of opti-

cal gain and its measurement techniques are discussed. Additionally, the origin of the 

optical gain and photodegradation in organic materials are described. Finally the de-

sign of hybrid vertical cavity surface emitting laser is presented.  

Chapter 3: The requirements of the VSL method for optical gain measurement of the 

organic material are given. The optical gain measurement setup design and improve-

ments are presented. 

Chapter 4: A comparative study of the optical gain in spiro-quaterphenyl is present-

ed. The ASE intensity from rate equation is calculated and the optical gain using vari-

ous techniques is extracted. Finally, the impact of diffraction effects on the calculated 

gain is studied. 

Chapter 5: The optical gain measurement setup is characterized using inorganic 

sample. The characterization includes determination of ASE threshold, optical gain 

and loss coefficient. Also, the impact of stripe width and diffraction effects on optical 

gain determination is discussed. Finally, reducing diffraction effects, 

photodegradation of organic samples and various ways for photodegradation preven-

tion are presented.  

Chapter 6: Fluorescence spectrum, optical constants, ASE threshold, optical gain and 

loss coefficient of various spiro components are measured. The thickness dependence 

of laser emission characteristics in spiro-quaterphenyl and phenoxy-spiro-

quaterphenyl is presented. 

Chapter 7: Conclusion of the presented results in this thesis and outlook for the fu-

ture work are given. 

Appendix: Analytical solutions of the rate equation for a medium with homogeneous 

gain saturation and for a medium with inhomogeneous gain saturation are given. 



 

2. Fundamentals of Optical Gain and 
Organic Lasers 

When light interacts with matter it can undergo processes such as absorption, sponta-

neous emission or stimulated emission. In this chapter the theory of the light interac-

tion with matter is presented. The optical gain occurred when the material emits pho-

tons by stimulated emission process. The definition of the optical gain and its relation 

with laser emission is discussed. Furthermore, in materials with high gain the spontane-

ously emitted photons can be amplified by the stimulated emission process and results in 

Amplified Spontaneous Emission (ASE) which is also presented. 

Measurement of the optical gain of the material is very important for laser production. 

Therefore, some of famous optical gain measurement techniques are discussed. One 

of the most important techniques for measuring the optical gain is the variable stripe 

length method (VSL) which is based on the amplified spontaneous emission phenom-

enon. The theory of the VSL method and its limitation such as gain saturation effect 

and pump diffraction effects are presented. In order to use the VSL method, guiding 

of the emitted photons within the material has to be supported to be amplified. The 

easiest way to guide the emitted photon within the material is to form an asymmetric 

slab waveguide. The theory of asymmetric slab waveguides is discussed. 

 The major work of this project is the characterization of the organic gain materials 

for Vertical Cavity Surface Emitting Laser (VCSEL) application. Therefore the origin 

of the optical gain in organic material is discussed. Furthermore, the reason of the 

photodegradation of the organic materials is briefly described. Finally, the structure 

and properties of VCSEL laser are discussed.  
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2.1 Absorption, Spontaneous Emission and        
Stimulated Emission  

When an atom is hit by a photon which has an energy higher than or equal to the dif-

ference between two energy levels (   and   ) , the photon is absorbed by an electron 

and  jumps from the lower energy level    to the higher energy level   . This process 

is called absorption as shown in Fig. 2-1(a). The electron can stay in the higher ener-

gy level    only for short time (level lifetime) and then it returns back to the energy 

level   . As a result for the electron relaxation process, the energy of the electron can 

be lost either by collisions with other electrons or by emitting a photon. When the 

energy is lost by collisions with other electrons, the process is called non-radiative 

relaxation (Fig. 2-1 (b)). However, the emission process can take place in two ways 

depending on the relation between the incident and the emitted photons. First, if the 

photon is emitted randomly irrespective of incident photon, the emission process is 

called spontaneous emission as shown in Fig. 2-1(c). Next, if the emitted photon has 

the same wavelength, phase, polarization, and direction as of the incident photon, the 

process is called stimulated emission as shown in Fig. 2-1(d) [36]. However, the 

probability of stimulated emission to take place at the thermal equilibrium is 1/1033 of 

the probability of the spontaneous emission [37]. Therefore, achieving stimulated 

emission requires additional condition such as carrier inversion which can be 

achieved by pumping process. Moreover, all the said interactions can also take place, 

if the incidents photon is replaced by electric current depending on the properties of 

the excited material. 

 

Fig. 2-1: Light interaction with matter: (a) absorption, (b) non-radiative relaxation, (c) spontane-
ous emission and (d) stimulated emission (based on ref. [36]). 
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2.2 Amplified Spontaneous Emission  

A laser is formed when a material that provides optical gain is placed between two 

mirrors and a pumping source is applied. The resulting emission from the laser is 

monochromatic, directional, and coherent. Pumping of a laser device generates in 

addition to the stimulated emission, a small amount of the spontaneous emission. Part 

of the resulting spontaneous emitted photons is coupled to the laser modes while the 

rest is a negligible noise. However in materials with high gain, the spontaneously 

emitted photons at one end of the active region are amplified while traveling towards 

the other end of the active region. The emission process in this case is called Ampli-

fied Spontaneous Emission (ASE) which creates additional source of noise in the laser 

device. Such a noise can damage the efficiency of the laser device or reduce the gain 

of the optical amplifier [38, 39].  

 

Fig. 2-2:  Emission from spiro-sexiphenyl: Measured fluorescence spectrum of 160 nm thick 
(black-solid line), VCSEL (blue-dotted line) (based on ref. [40]) and measured ASE above the 
threshold of 160 nm thick film (red-dashed line). 

 

The FWHM  of lasers is fraction of Angstrom  while the spontaneous emission band-

width is tens of nanometers [41]. However, ASE phenomenon lies in between the 

spontaneous emission and the stimulated emission where the FWHM of the ASE 

spectrum is a few nanometers [42, 43]. A comparison among the FWHMs of sponta-

neous emission, stimulated emission, and ASE of spiro-sexiphenyl is shown in Fig. 

2-2. Despite the undesired noise created by the ASE, it plays an important role in ap- 
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plications. A good example is the mirrorless lasers which are mainly based on the 

phenomenon of ASE [44]. Another important application for ASE is to determine the 

optical gain from the measurement of the ASE intensity at different length of the il-

luminated stripe discussed in the following sections.  

 

2.3 Definition of the Optical Gain 

Optical gain is a physical quantity which is used to measure the capability of a medi-

um to amplify light by stimulated emission [5]. If an incoming light with a photon 

density of    passes through a medium with an optical gain of   and length of   , the 

photon density will increase by     as shown in Fig. 2-3. The increase of the photon 

density is exponential and is written as [45], 

             
     (2-1) 

For small values of   ,            and the Eq. (2-1) is written as, 

            (2-2) 

By writing    in term of group velocity    as        , then the optical gain coeffi-

cient in term of stimulated emission rate (   ) is written as, 

 
    

  
            (2-3) 

Designing a laser from any material depends on the presence of overlap between the 

allowed cavity modes and the gain curve of the selected material. Therefore, two im-

portant conditions have to be satisfied to get lasing from a certain material in a partic-

ular resonator configuration. The resonator modes have to be existed within the gain 

curve and at the same time they must have gain value higher than the gain threshold, 
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which is defined by the material and cavity losses. Therefore, only green lines are 

oscillating and result in laser modes for that particular cavity as shown in Fig. 2-4 

[46]. 

 

 

Fig. 2-3: Definition of the optical gain (based on ref. [45]). 

 

 

 

Fig. 2-4: Relation between optical gain and resonator modes (based on ref.[46]). 
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Generally, the gain curve of a semiconductor material is divided into three regions as 

shown in Fig. 2-5 [47]: 

 Transparency region: In this region, the optical gain is zero since the photon en-

ergy is less than the band gap of the semiconductor material. 

 Negative gain: In this region, when the photon energy exceeds the band gap of the 

semiconductor material but the carrier density is low, therefore, all generated car-

riers are absorbed by the semiconductor material. 

 Positive gain: In this region, the carrier density is high enough that can exceed the 

absorption of the semiconductor material. The width of the positive gain region is 

defined by the energy gap and the separation between the two Fermi levels of the 

n-type and p-type materials (     ). 

The relation between the gain and carrier density for a bulk semiconductor under 

small signal condition is written as [45, 47], 

          
  , (2-4) 

where   
  

  
 is the differential gain,    is the electron density in the excited state, 

and    
  is the transparency electron density.  

 

Fig. 2-5: Schematic of the gain curve in a semiconductor material (based on ref. [47]). 
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2.4 Measurement of the Optical gain   

The gain at threshold can be measured by a Master Oscillator Power Amplifier 

(MOPA) configuration, where the material is targeted by a laser beam. As the laser 

passes through the material, it is amplified and its power is increased. By measuring 

the change in the power of the laser beam, the optical gain is easily calculated. How-

ever in order to measure the optical gain at threshold for a certain wavelength, an os-

cillating laser having the same wavelength must be used. Another method to measure 

the optical gain at threshold is by inserting a variable loss element inside the laser 

cavity. The variable loss element is rotated until the laser is oscillating. The angle 

when the laser is oscillated, is used to calculate the loss of the variable loss element 

and hence the optical gain at threshold [5]. Both techniques can only give information 

about the optical gain at the threshold at a particular wavelength. Furthermore, these 

information is about a laser which is already fabricated, i.e. no optical gain investiga-

tion of the material before laser fabrication is possible [35]. Therefore another tech-

nique, Variable stripe length (VSL), has been demonstrated by Shaklee in 1971 [34] 

which is discussed in the following section.   

2.4.1 Variable Stripe Length Method  

In VSL method, a sample under characterization is pumped by a homogeneous stripe 

of a laser beam emitted from high power pulsed laser. The emitted light from the edge 

of the sample (photoluminescence spectrum) is collected as shown in Fig. 2-6-(a). 

When the stripe length is short, the photoluminescence spectrum is broad. In the ab-

sence of the optical gain, by increasing the stripe length, the emitted intensity in-

creases linearly and the FWHM of the spectrum is constant (black dotted lines in Fig. 

2-6-(b) and (c)). However, in the presence of the optical gain, a superlinear increase 

in the emitted intensity and narrowing of the spectrum are observed (blue solid lines 

in Fig. 2-6-(b) and (c)). In such a situation, the ASE takes place, where the generated 

photons by spontaneous emission are not emitted directly but they are guided through 

the gain medium and amplified many times before emitting from the edge of the sam-

ple. Finally the resulting emission spectrum has a bandwidth narrower than the band-

width of spontaneous emission [34, 35]. Furthermore, the exponential increase of the 

emitted intensity with the increase of the stripe length is used to determine the optical 
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gain of the material by considering the pumping area as a one-dimensional optical 

amplifier as discussed in the following section.  

 

Fig. 2-6: VSL method for optical gain and ASE threshold measurements: (a) Schematic of the VSL 
method, (b) the relation between the emission intensity and the stripe length in the absence and 
the presence of the optical gain, (c) relation between the FWHM and the stripe length in the ab-
sence and the presence of the optical gain, (d) determination of the ASE threshold from ASE in-
tensity-pump energy relation and (e) determination of the ASE threshold from FWHM-pump ener-
gy relation. 
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When the stripe length is kept constant but the pump energy is varied, the same be-

haviour of narrowing of the spectrum and exponential increase of the intensity is ob-

served. However, the change of the emitted intensity and FWHM of the spectrum is 

small and linear below a certain value of the pump energy called ASE threshold. The 

value of ASE threshold can be determined either from the relation between the ASE 

intensity and pump energy [48] or from the relation between the FWHM and pump 

energy [33, 49] as illustrated in Fig. 2-6-(d) and (e). In order to determine the ASE 

threshold from the relation between the FWHM of the spectra and pump energy, the 

data have to be fitted to the equation [33, 49], 

         
     

          
      (2-5) 

where   is pulse energy,    and    are the FWHM in the high and low pulse energy 

limits, respectively,    is the pulse energy at value of FWHM equals           

and   represents the steepness of the function. 

 

2.4.2 One-dimensional Optical Amplifier Model 

The one dimensional optical amplifier model is used to describe the situation of VSL 

method mathematically. Let us consider the illuminated stripe as a one-dimensional 

optical amplifier, i.e. the width of the stripe is very small compared to the length. 

Therefore, the influence of the stripe width can be neglected. For simple treatment, 

the one-dimensional amplifier is considered to have cylindrical shape with length     

and cross sectional area    . The ASE is assumed to be in both  -directions and the 

solid angle which is seen from zero position is   

  
 . But the solid angle of the differ-

ential element    is       as illustrated in Fig. 2-7 [50, 51].  

The emission   

  
 from the differential element    is produced by the ASE and the part 

of the spontaneous emission which contributes to ASE signal. Therefore, it is written 

as [36], 
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   (2-6) 

 where   is the modal gain,     is the spontaneous emission rate,   is the excited 

state population density and    is the energy of the emitted photon.  

 

 

Fig. 2-7: ASE along the illuminated stripe (based on ref. [50, 51]) 

 

The maximum gain is achieved for the emitted photons from the differential element 

near to    , therefore           . By integrating the Eq. (2-6) using the boundary 

condition       , the ASE emission can be written as, 

      
      

 
       , (2-7) 

where              
   

    

  
  is the spontaneous emission intensity emitted 

within the solid angle  . The Eq. (2-7) does not show the effect of pump power on 

the ASE intensity. However, the excited state population density    can be written as 

[52, 53], 

   
   

       
   (2-8) 
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where   is the total number of molecules and     is the pump rate which is propor-

tional to the pump intensity    (         ,   is a constant). For cw pumping and 

small signal gain,         [53]. Then, the Eq. (2-8) is written as, 

   
  

   

      (2-9) 

Then, the Eq. (2-7) is written as, 

      
     

 
         (2-10) 

where        
    

  
 . The above given equation is given in ref. [48, 54-56].  

By using the Eq. (2-7) to fit the resulting ASE intensities from the VSL method, the 

modal gain at each wavelength for the material under characterization is determined. 

However, in order to extract the gain curve without performing fits of data for each 

wavelength, there are some other techniques based on VSL method which are pre-

sented in Chapters 4 and 5. The relation between the modal gain ( ) and the material 

gain (  ) is written as [51],  

            (2-11) 

where   is the loss coefficient and   is the confinement factor which depends on the 

guiding properties of the sample under characterization. Detailed description of the 

confinement factor is discussed in Section 2.4.4. Within the thesis, when the term 

optical gain is used, the modal gain is meant. 

 

2.4.3 Limitations of Variable Stripe Length Method 

The VSL method cannot be used to measure all gain values with good accuracy, it has 

lower and upper limits. The lower limit exists for values of   and   which satisfy the 

condition     . For       it is not possible to distinguish between the positive 
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and negative values of g. The upper limit for the gain values (maximum measurable 

gain) which can be measured by VSL method is       cm-1 where the gain satura-

tion effects and diffraction effects make the measurement of the gain is not possible. 

However, in reality the upper limit is not reached by most of materials [57]. The gain 

saturation effects and pump diffraction effects are discussed in the following sections. 

 Gain saturation effect 

In the above mentioned model (one dimensional optical amplifier model), the optical 

gain is considered to be homogenous along the length of stripe. However, in reality 

the gain is saturated after a certain length called the saturation length, then the gain 

decreases with increase of the length of the pumping stripe [35]. Therefore, fitting all 

resulting data from VSL method using Eq. (2-7) is not possible as illustrated in Fig. 

2-8. In order to fit the resulting data from VSL method in the presence of gain satura-

tion, one can use only the data for stripe lengths shorter that the saturation length. 

Such an approach is used in the case of determination of the optical gain values for 

each wavelength in the emission spectrum at one time (gain curve). However, other 

models, where the gain saturation is considered, can be applied to fit all VSL data. 

Obviously, different behaviors of the saturation of the optical gain are considered in 

each model. Simulation results of a comparative study among three different satura-

tion models of the optical gain, i.e. homogeneous gain saturation, inhomogeneous 

gain saturation, and linear gain saturation, are presented in Chapter 4. 

 

Fig. 2-8: Influence of gain saturation effects on the VSL method. 
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 Pump diffraction effects 

According to Huygens principle, the light propagates in spherical waves and each 

point of the light source is considered to be a wavelet source. When the light passes 

through an aperture or slit, the wavelet sources face a change in their phase. There-

fore, the destructive and constructive interference between these wavelet sources 

takes place and the intensity profile of the input light changes to form dark and bright 

patterns (diffraction pattern) [58]. The manner of the distribution of the diffraction 

patterns depends on the  dimension of the aperture, wavelength of the light source and 

the distance between the aperture and the screen [59]. 

There are two types of diffraction based on the mathematical approximation which is 

used to describe the diffraction patterns, i.e. Fraunhofer and Fresnel diffraction. The 

parameter which is used to distinguish between both types of diffraction is called 

Fresnel number and is defined as [59], 

   
      

  
   (2-12) 

where   is the width of slit,   is the wavelength and   is distance between the slit and 

the screen. 

The Fraunhofer approximation is applied when the distance between the slit and the 

screen is very large (infinity) or in other words     , otherwise the Fresnel approx-

imation is applied [59]. Furthermore, the diffraction of light also takes place when the 

light passes near to an edge. 

The diffraction patterns of a 355 nm rectangular laser source from a slit with width of 

      µm at different distance between the slit and the screen are presented in Fig. 

2-9. Obviously, after 1 mm from the slit, the homogeneity of the source is lost. There-

fore, the diffraction is a critical issue since the model which is describing the VSL 

method is considering homogeneous illumination of the sample.  
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Fig. 2-9: (a) Schematic for the diffraction from a slit of width    . (b) Simulation of the diffraction 
pattern from a slit with width of 100 µm at different distances between the slit and screen using a 
355 nm homogeneous rectangular laser as input. 

 

2.4.4 Optical Waveguiding 

One of the important requirements for achieving narrowing of the spectrum in VSL 

method is the waveguiding of the emitted photons in order to undergo the amplifica-

tion process. The easiest way to have a waveguide from a material is to form the so-

called asymmetric slab waveguide, where a film of the material under characterization 

is sandwiched between the air and the substrate. To have confinement of the light 

within the film, the refractive index of the film      has to be higher than the refrac-
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tive indices of the air       and the substrate     . Since the refractive indices of the 

air and the substrate are different, two critical angles for total internal reflection from 

the two interfaces exists, i.e.     is the critical angle for the air-film interface and     

is the critical angle for the film-substrate interface. For      , the light escapes from 

the film to the surrounding air (space radiation mode) and for      , the light es-

capes from the substrate (substrate radiation mode) as shown in Fig. 2-10. Total in-

ternal reflection is achieved within the film only when             , where the criti-

cal angles of the total internal reflection are written as [60],  

           

  
      and                  

  
 (2-13) 

 

Fig. 2-10: Modes in an asymmetric slab waveguide shown in a simplified way using the ray mod-
el: The space radiation mode in (a), the substrate radiation mode in (b) and the guided mode in 
(c)(based on ref. [60, 61]).  

 

From wave optics point of view, the wave propagates as a result of the destructive 

interference between the incident and reflected waves. Only waves that can satisfy the 

destructive interference condition are allowed to propagate (propagation modes). This 

destructive interference condition depends on the refractive indices, film thickness, 

wavelength and angles of incidence and reflection [60, 61].  

During the reflection from the air-film interface and the substrate-film interface, a 

phase shift of 180 º takes place. Therefore, to have guiding modes inside the film, the 

difference in the phase shift has to be     where   is an integer (self-consistency 

condition) [59]. Thus below a certain thickness of the film called cutoff-thickness of 

the zero-order mode, there is no propagation inside the film. The cutoff-thickness of 

the TE zero-order mode,             
, is written as [62, 63], 
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   (2-14) 

For thicknesses thicker than the cutoff-thickness of the zero-order mode, one mode 

only propagates until the cutoff-thickness of the first-order mode is reached, then two 

modes appear to propagate and so on.  

The calculated effective refractive index of the first six TE and TM modes vs. the 

thickness of the film in asymmetrical slab waveguide from spiro-quaterphenyl at the 

maximum emission wavelength of ASE spectrum (392 nm) is shown in Fig. 2-11. 

Obviously, for film with thickness less than 39 nm, the wave cannot be guided inside 

the film. The number of propagated TE modes inside the film for film thickness of 39 

nm, 189 nm, 344 nm, 499 nm, 654 nm and 809 nm are 1, 2, 3, 4, 5 and 6 respectively. 

The same behavior is also observed for the TM modes with slight differences. 

 

Fig. 2-11: Calculated effective refractive index of the first six TE and TM modes vs. the thickness 
of the film in asymmetrical slab waveguide from spiro-quaterphenyl at the maximum emission 
wavelength of ASE spectrum (392 nm). 
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Generally, both TE and TM modes can propagate in an asymmetrical slab waveguide 

when the cutoff thickness conditions are reached. However, the polarization direction 

of the pump laser determines the modes that are allowed to propagate. This means, 

both TE and TM modes can propagate when the pump laser is unpolarized. But, the 

propagated mode will have the polarization direction same as the pump laser if the 

pump laser is polarized. However, only TE modes are supported in polymeric asym-

metric slab waveguides due to their anisotropic properties [14, 64]. 

Another important parameter for the asymmetric slab waveguide is the confinement 

factor. As seen from Fig. 2-12, the guided mode is not fully confined within the film. 

But, some parts of the guided mode penetrate into the cover layer or the substrate. 

Then, the confinement factor is defined as the fraction of the optical energy that is 

contained inside the film [45]. As an approximation, the mathematical expression of 

the confinement factor ( ) for a TE mode is written as [45],      

  
     

 
   

   

    

     
 
   

 

  

   (2-15) 

where    is the amplitude function of the electric field of the guided TE mode. 

 

Fig. 2-12: Mode propagation in slab waveguide (based on ref. [45]). 
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However, this definition is invalid for a semiconductor laser amplifier as presented by 

Huang et al. in [65]. In this case, the confinement factor is multiplied by the ratio of 

refractive index of the active medium and the effective mode index (       ).  

Furthermore, the modes here are generated by pumping the active medium optically. 

Therefore, the attenuation coefficient of the pump energy has to be considered [33]. 

Hence, the Eq. (2-11) is written as, 

   
  

    

     
 
           

   

    

     
 
   

 

  

         (2-16) 

where      is the attenuation coefficient at the pump wavelength. 

 

2.5 Laser Emission from Organic Materials 

The first observation for the lasing action in organic dyes has been reported by So-

rokin and J. R. Lankard in 1966 for the organic dye solution of chloro-aluminum 

phthalocyanine [17]. At the same time, Schäfer et al. presented the stimulated emis-

sion from organic dyes of the cyanine type in different solvents in the near infrared 

region [18]. Due to the wavelength tunability and the wide area of wavelength cover-

age, from UV to IR, the dye active mediums are used commercially as a tunable laser 

source for many applications [50, 66]. Furthermore, it is possible to have ultra-short 

pulses, femtosecond pulses, from laser based on dye active medium [50]. However, 

the active medium in dye laser  is in liquid phase, thus the size of the device is obvi-

ously big beside the toxicity of the dye liquids [6]. Therefore, an interesting research 

topic is to achieve a solid-state laser from organic dyes but with a solid active medi-

um. However, the intermolecular interactions of dye molecules lead to concentration 

quenching which is drawback for the laser emission from dye neat film [7]. Therefore, 

a lot of investigations have been carried out to study the laser action from dye doped 

silica [19-22, 67-71], and dye doped polymer films [23-25, 72]. In this case, the active 

medium for the laser is easy to fabricate with low cost techniques such as spin casting, 
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thus reduction of the cost compared to the inorganic active media obviously occur 

[73].  

Beside laser dyes, two categories of organic semiconductors are promising for organic 

laser, i.e. small-molecular organic semiconductors such as spiro components and con-

jugated polymers such as poly(phenylene vinylene) (PPV) [7]. Many investigations 

for the laser action from these materials have been carried out [31, 33, 64, 74]. In ad-

dition to that, lasers with various resonator configurations using the organic semicon-

ductors as active media have been fabricated [8, 10, 75, 76]. 

The organic materials have low resist to the photodegradation process compared to 

the inorganic materials which reduce the lifetime of the device [33]. However, doping  

low concentration of  dye laser in a polymer matrices improves the photostability of 

the resulting active medium as it is presented in ref. [25] for doping dipyrromethene 

dyes in homopolymer PMMA and copolymers MMA-HEMA and MMA-PETRA. 

Furthermore, the photostability is better for the cross-linked polymer.  

Due to the vibration and rotation of the organic dye molecule, each energy level is 

broadening to form a band of molecular states [77] as shown in Fig. 2-13. In the ener-

gy diagram,    is the lowest singlet vibration-rotation manifold,    is the first excited 

singlet manifold,    is the first triplet manifold, and    is the second triplet manifold. 

The transitions among the energy levels in the singlet manifolds are responsible for 

spontaneous emission or stimulated emission while the transitions among the energy 

levels in the triplet manifolds are responsible for phosphorescence emission. When a 

molecule is pumped with a photon which has energy equals or greater than the differ-

ence between    and   , the photon is absorbed and an electrons jumps from the min-

imum energy level in the manifold    to an excited state in the manifold    (blue-

straight arrow). After a very short time (fraction of the picoseconds), the electron is 

relaxed to the minimum energy level in the manifold    by a non-radiative process 

such as heat (red wavy arrow). The electron can stay in its new state for additional 

few nanoseconds and then it jumps back to an energy level in the manifold    and a 

photon is emitted spontaneously or stimulatingly depending on the existence of an 

induced photon (green-straight arrow). Finally, the electron is relaxed to the minimum 
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energy level in the manifold    by another non-radiative process (red wavy arrow) 

[78].  

The electron can jump to the second or higher excited singlet manifolds which is not 

contributing to the emission process. The reason for that is the following, the relaxa-

tion time of the electron from the higher excited singlet manifolds to    is very short 

(fraction of picoseconds). Therefore, the relaxation of the electron by emitting a pho-

ton is only possible for the transition from    to   . Moreover, the electron can occu-

py a state in the triplet manifolds by the intersystem crossing (ISC) between states, 

since the transition from    to the triplet manifolds is forbidden [78]. Although the 

transition from    to    is forbidden. However,  it can occur by the near-resonant-

energy-transfer collisions and the emission process in this case is called phosphores-

cence [50].  

 

Fig. 2-13: Schematic diagram of the energy levels of a typical organic molecule. The straight 
arrows denote optical absorption and radiative emission processes, the dotted arrow denotes 
the intersystem crossing (ISC) between states of different multiplicity and the wavy arrows de-
note the non-radiative processes.    is the lowest singlet vibration-rotation manifold,    is the 
first excited singlet manifold,    is the first triplet manifold, and    is the second triplet mani-
fold (based on ref. [50, 77-80]). 
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2.6 Photodegradation Process in Organic Materials 

When a laser beam with certain intensity hits a fluorescent organic sample, the inten-

sity of the emission from the organic sample is decreased by increasing the exposure 

time called photodegradation. The photodegradation process is mainly explained by 

the photochemical reaction of the organic components which is divided into two main 

categories as follows [81]. 

 

 Direct photochemical reaction 

When a molecule absorbs a photon in UV or visible spectral range, the organic mole-

cule becomes unstable and can react chemically. Photodissociation, photooxidation, 

photoionization, intramolecular rearrangement, isomerization, abstraction of hydrogen 

atom, or dimerization are some examples of the chemical reaction of the organic mol-

ecule as a result for the photoexcitation process. However, the type and rate of chemi-

cal reaction depends on absorbed photon energy and the properties of the organic 

molecule in the exited state such as dipole moment, acidity, basicity, and geometry 

[81]. 

 

 Indirect photochemical reaction or sensitized photochemical reaction 

In this type of photochemical reaction, the resulting electron from the absorption pro-

cesses transfers its energy to another molecule or atom that can react with organic 

molecule. An example for the indirect photochemical reaction is the production of the 

singlet oxygen from the dissolved oxygen in natural water by the dissolved organic 

dye. The resulting singlet oxygen attacks the organic molecules and reacts with them 

[81]. 

Furthermore, another process called ablation where a small piece of the material is 

removed from the surface without causing damage to the bulk material [82].    

 



Vertical Cavity Surface Emitting Lasers                                                                                                 27 

 

2.7  Vertical Cavity Surface Emitting Lasers   

The idea of Vertical Cavity Surface Emitting Laser (VCSEL) was first demonstrated 

in 1970 by K. Iga et.al [83]. Several years later, they achieved the fist VCSEL from 

InGaAsP/InP which was operating by optical pumping at 77° K [84]. So far, there are 

many VCSEL devices have been fabricated to work for wavelengths from visible to 

infrared spectral regions at room temperature. The main differences between VCSEL 

and edge emitting lasers are the short cavity and the surface emission. However, the 

reflectivity of the resonators has to be very high in VCSEL (> 99%) to provide suffi-

cient feedback since the volume of the active medium is very small. Therefore, Dis-

tributed Bragg reflectors (DBRs) are used as resonators for VCSEL. DBR mirror is a 

periodic structure of two materials with different refractive indices where the optical 

thickness of each layer equals quarter of the designed  wavelength [83].       

The advantages of VCSEL over other semiconductor laser are [83, 85]: 

 The VCSEL is single mode device since the cavity length is short. 

 The VCSEL has circular output leading to easier coupling into a fiber. 

 The VCSEL has low threshold due the maximum feedback from the highly reflec-

tive mirrors (DBRs). 

  The VCSEL has less beam divergence since the emission is from larger area 

compared to edge emitting lasers. 

 The VCSEL can be easily fabricated into 2D arrays where the device testing does 

not require cleaving during the fabrication process since the emission is from the 

surface 

2.7.1 Index Coupled Vertical Cavity Surface Emitting Laser 

In the first design of the VCSEL, the active medium is embedded in a short cavity 

between two DBRs to form a Fabry Pérot resonator as shown in Fig. 2-14-(a). In such 

configuration there is no gain medium out of the cavity and only the refractive index 

profile is varied along the longitudinal axis of device as shown in Fig. 2-14-(b). The 

emitted photons are confined due to refractive indices contrast; therefore this type of 
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VCSEL is named Index Coupled VCSEL (in some literatures called Uniform Gain 

Structure).  

However, the overlap between the gain medium and the peak of the standing waves in 

normal VCSEL occurs only in the cavity which reduces the efficiency of the device 

due to the losses within the DBRs [83].  

2.7.2 Complex Coupled Vertical Cavity Surface Emitting Laser 

A new design of the VCSEL is demonstrated and patented  by Prof. Hillmer at Insti-

tute of Nanostructure Technologies and Analytics (INA), university of Kassel [16].  In 

this design, the gain medium is not located only within the cavity but also, it is dis-

tributed over the DBRs as shown in Fig. 2-14-(c). Beside the change of the refractive 

index profile along the longitudinal axis of the device, the gain profile changes too as 

shown in Fig. 2-14-(d). Whereas the gain coefficient is related to the imaginary part 

of the refractive index, the VCSEL is called Complex Coupled VCSEL. In this design, 

the overlap between the gain medium and the peak of the standing waves increases, 

hence the threshold of the device is decreased and the side mode suppression ratio is 

increased [16]. 

 

 

Fig. 2-14: (a) Structure of index coupled VCSEL, (b) refractive index profile of index coupled 
VCSEL, (c) structure of complex coupled VCSEL and (d) gain profile of complex coupled VCSEL. 
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The idea of complex coupling has been used before in distributed feedback lasers 

(loss coupled and gain coupled DFB lasers). In this case, a single mode is achieved 

from the DFB laser without the need of a phase shift in the grating. Additionally,  

antireflection coating of the laser facet is not needed any more [86, 87]. 

The difference between the index coupled and loss or gain coupled DFB lasers can be 

indicated via the grating coupling coefficient ( ) which describes the resonance char-

acteristics of the DFB cavity. The general expression for the grating coupling coeffi-

cient ( ) is [88],  

   
   

  
  

  

 
     (2-17) 

where    is the modulation amplitude of  the effective refractive index and    is the 

modulation amplitude of loss or gain because of grating structure.  

In index coupled DFB laser,     . While in pure loss or gain coupled DFB laser, 

    . When          , the DFB laser is called mixed coupled DFB Laser [88]. 

For multilayer structure of a complex coupled VCSEL (Fig. 2-14-(d)), the theoretical 

expression of the complex refractive index is written as [16], 

             (2-18) 

where the imaginary part ( ) indicates the gain of the active material which is the 

negative value of the loss.  

In this case, the propagated modes gain additional intensity by passing through the 

DBRs structure because of the presence of the active medium inside the DBRs. 

Another way for VCSEL improvement is to insert passive layers within the cavity and 

very thin layers of the gain medium are located exactly at the peak of the standing 

waves as described in ref. [89-91]. In this case, the external efficiency of the device is 

increased and the threshold is decreased due to the increase of the overlap between the 

gain medium and the peak of the standing waves [83].  



 

3. Design of an Optical Gain       
Measurement Setup for             
UV-emitting Materials 

The variable stripe length method (VSL method) as discussed in details in Section 

2.4.1, is used to characterize the lasing behavior of organic and inorganic materials in 

infrared, visible and ultraviolet spectral region. However, there are some important 

requirements that have to be fulfilled in each spectral region. These requirements de-

pend on the optical properties of material which is needed to be characterized. There-

fore, these requirements are discussed at beginning of this chapter. The layout of the 

setup and the structure and the basic principle of operations of the used equipments 

and components are described. 

One of the most important requirements of VSL method is the homogeneity of the 

pump source. However, the laser which is used in our setup has a Gaussian beam pro-

file of the intensity distribution in space. Therefore, various techniques for laser beam 

shaping are reviewed and the selected technique is simulated using optical design 

software (Zemax).   

Characterizations of the setup have shown a few weaknesses due to the diffraction 

effects and photodegradation process in the organic films. However, a single lens im-

aging system is used to minimize the diffraction effects and a vacuum chamber is 

used to prevent the photodegradation of the organic films. The design of the vacuum 

chamber and the simulation results of the imaging system are reported. Finally, the 

whole setup after all improvements is presented. 
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3.1. Requirements of Variable Stripe Length       
Method for Optical Gain Measurement 

There are four types of requirements of VSL method for optical gain measurements: 

 Pump source specifications: The wavelength of the pump source must be   

selected such that it falls within the absorption spectrum of the characterized 

material, which is located in UV spectral range. Therefore, a UV pump source 

namely a frequency tripled Nd:YAG laser at 355 nm wavelength, is used to il-

luminate the sample. To achieve carrier inversion in VSL method, high pump 

power is needed which cannot be obtained from cw lasers. Thus a pulsed 

source is used. However, the pulse duration of the pump laser has to be much 

larger than the fluorescence life time of the characterized materials, which is 

≈ 1 ns, to work under quasi-cw operation [43, 55, 92-94]. Here, a laser system 

with pulse duration of 10 ns has been chosen. Moreover, low repetition rate is 

required to prevent strong local heating of the sample [95]. Therefore, a repeti-

tion rate of 1- 20 Hz is used in our experimental setup. 

 Shaping of the pump beam: The shape of the pump laser profile has an im-

pact on the narrowing effect of the emission spectrum in VSL method, e.g. the 

narrowing of emission spectrum for a rectangular excitation spot is achieved at 

pump energy fluence 45 times lower than that for the circular excitation spot 

[96]. Furthermore, the width of the pumped area on the sample has to be very 

small as compared to its length to minimize the leakage of ASE from the edg-

es of illuminated area [97]. Therefore, a stripe of the pump source with size of  

3 mm   200 µm is desired to be used for illumination. However, the intensity 

of the pump stripe has to be homogeneous to prevent any laser hot spots dur-

ing the pumping process [48]. The design of the laser beam shaping and the 

impact of diffraction effects are discussed in details in Section 3.7.  

 Sample requirements: In order to achieve narrowing of ASE, the sample has 

to provide waveguiding properties. A slab waveguide is the easiest way to 

guide waves inside the active material, where the active material is sand-

wiched between two layers of lower refractive indices (substrate and air). The 

theory of slab waveguide is discussed in detail in Section 2.4.4. Furthermore, 
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substrates have to be cleaved to minimize scattering of the emission from the 

edge of the sample [98]. In this work, oxidized silicon wafer with oxide layer 

of 1 µm, which has refractive index of 1.5, is used as a substrate. The ad-

vantages of using oxidized silicon substrate instead of glass substrate are low 

roughness and the easiness of cleaving. The refractive index is less than that of 

the organic film which is 2. Therefore, an asymmetric slab waveguide is 

formed. 

 Prevention of photodegradation: Due to the photodegradation of the organic 

materials, its characterization under the laser pumping is very challenging. 

Therefore, prevention of the photodegradation is very important to have accu-

rate values from the optical gain setup. Various methods to avoid the 

photodegradation effect are presented in Chapter 5. However, none of these 

methods has shown improvement of the photodegradation. Therefore to pre-

vent photodegradation, a vacuum chamber is designed to pump the material 

under vacuum condition or ambient nitrogen as it is explained in Section 3.8.  

3.2.   General Layout of the Implemented Optical 
Gain Measurement Setup 

The general layout of the optical gain measurement setup is shown in Fig. 3-1. The 

setup consists of a laser system1, a laser beam attenuator2 to control the energy of the 

pump laser, a laser beam shaping system to reshape the beam from Gaussian spot to 

homogeneous line, movable shutter carried by a translation stage3 to vary the length 

of pump stripe, a sample holder, detection optics to collect the emission from the edge 

of the sample and spectrometer4 for detection. The structure and basic principle of 

operations of the setup components are given in the following sections.  

                                                 
1 LS-2132 laser system is supplied by VM-TIM Optomechanische Werke, Jena, Germany. 
2 Motorized Watt Pilot attenuator is supplied by VM-TIM Optomechanische Werke, Jena, Germany. 
3 8MT173-DCE2 translation stage is supplied by Altechna Co. Ltd. 
4 USB2000+VIS-NIR-ES spectrometer is supplied by Ocean Optics Germany GmbH. 
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Fig. 3-1: General layout of the optical gain setup. 

3.3. Properties of the Laser System: Frequency    
Tripled Q-switched Nd:YAG Pulsed Solid      
State Laser 

Neodymium-doped yttrium aluminum garnet (Nd:YAG) has good optical quality and 

high thermal conductivity. Therefore, it is commonly used as an active medium for 

solid state lasers. Furthermore, it has thermal stability over a wide range of tempera-

ture which results in stable operation of the laser device. Also, the hardness and 

strength of Nd:YAG system is sufficient  enough to fabricate it easily without dam-

age. All Laser transitions of Nd:YAG are located in the IR-region, 1319 nm, 1338 nm, 

1064 nm, and 946 nm. however, it is possible to use frequency doubling and tripling 

to produce lasers in visible and UV regions using Nd:YAG as an active medium [99].  

A schematic layout of the frequency tripled Q-switched Nd:YAG pulsed laser is 

shown in Fig. 3-2. It consists of Nd:YAG rod as an active medium, corner cube prism  

and two mirrors as a laser resonator, flash lamp as a pump source for the Nd:YAG 

rod, polarizer and Pockels cell as a Q-switch for pulse laser generation, Deuterated 

Potassium Phosphate (DKDP) as a frequency doubling element,  Potassium 

Dihydrogen Phosphate (KTP) as a frequency tripling element, wavelength separator 
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mirrors for third harmonic (355 nm) separation and absorbing filters for absorbing 

residual fundamental frequency (1064 nm) and second harmonic (532 nm).  

When the flash lamp is on with energy higher than the lasing threshold and Pockels 

cell is off, the laser with the wavelength of 1064 nm emits the same pulse duration of 

the flash lamp and it is linearly polarized as it is passed through a linear polarizer. The 

Pockels cell applies quarter-wave retardation to the linearly polarized laser beam, 

when it is on. Therefore, passing twice through it will rotate the plane of polarization 

by 90 degrees and the light cannot pass the polarizer again to provide optical feed-

back. However, the situation is reversed again and the optical feedback is provided, 

when the Pockels cell is off. Applying certain sequences of on/off to the Pockels cell 

will generate laser pulses with pulse duration, which depends on the delay between 

the Pockels cell and the flash lamp [99].  

The laser system is third harmonic Nd:YAG solid state Q-switched pulsed laser which 

emits at a wavelength of 355 nm with pulse duration of 10 ns, repetition rate of 1-20 

Hz and maximum pulse energy of 16 mJ. The beam diameter is 4 mm and the beam 

divergence is <1.5 mrad. 

 

Fig. 3-2: Schematic diagram of frequency tripled Q-switched Nd:YAG pulsed solid state laser 
(based on ref. [99, 100]). 
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The resulting pulses with wavelength of 1064 nm are coupled out of the laser resona-

tor by the output mirror to hit the nonlinear DKDP crystal. Part of the energy of the 

fundamental frequency is converted to the second harmonic after passing DKDP crys-

tal. Both wavelengths pass through the nonlinear KTP crystal, where they are mixed 

to produce the third harmonic. The two wavelength separator mirrors select the third 

harmonic wavelength which is and coupled out through a pinhole while the residual 

of the fundamental frequency and the second harmonic are absorbed by the absorbing 

filters.  

3.4. Properties of the Laser Beam Attenuator 

The laser beam attenuator consists of retardation half-wave plate carried by rotating 

motorized translation stage and two polarizers made of thin film which are mounted at 

Brewster's angle as shown in Fig. 3-3. The rotating half-wave plate tilts the plane of 

polarization of the incident linearly polarized laser beam while the two polarizers are 

splitting the laser beam polarization components, i.e. s-polarization and p-

polarization. The intensity ratio of the two components depends on the angle between 

the optical axis of half-wave plate and the optical axis of polarizers. If the optical axis 

of half-wave plate is rotated with an angle   degrees, the plane of polarization is ro-

tated with an     degrees. In this case, the output intensity of the attenuator using 

Malus’s law is written as [101], 

        
      (3-1) 

 

 

Fig. 3-3: Operation principle of laser beam attenuator (based on ref. [102]). 
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3.5. Properties of the Detection Optics 

The detection system consists of a biconvex lens with focal length of 100 mm for col-

lecting the ASE emission from the edge of the sample and a collimating lens5 with 

focal length of 5 mm for coupling the ASE into the optical fiber. The sample edge is 

placed at the focal point of the biconvex lens as shown in Fig. 3-4. The ASE signal 

after passing through the biconvex lens is collimated. Nevertheless, the collimating 

lens focuses the resulting parallel ASE signal into the fiber facet. The collimating lens 

consists of an aspherical lens with focal length of 5 mm and an inner barrel to carry 

the optical fiber. To maximize the coupling ratio of the ASE signal into the optical 

fiber, the focus of the lens is adjusted by varying the distance between the aspherical 

lens and the facet of the optical fiber using the inner barrel [103]. 

 

Fig. 3-4: Schematic diagram of the ASE detection system in optical gain setup. 

3.6. Properties of the Spectrometer 

A simplified schematic diagram of an optical spectrometer that is used to detect the 

signal as a function of the wavelength is shown in Fig. 3-5. The coupled signal passes 

through a slit and is collimated by the collimating mirrors. The collimated signal hits 

a diffraction grating, which reflects wavelengths at different particular angles. Then, 
                                                 
5 74-UV collimating lens is supplied by Ocean Optics Germany GmbH. 
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the resulting diffracted signals hit an array of CCD detector, which cannot distinguish 

between different wavelengths. However, for a fixed distance between the diffraction 

grating and the CCD detector array, each detector detects the reflected light from a 

certain angle. Therefore, the result is displayed as intensity distribution against the 

wavelength. The minimum detectable separation of wavelengths (optical resolution) is 

limited by the slit width and the number of the grooves in the diffraction grating [46]. 

In order to have a better resolution, the groove density of the diffraction grating has to 

be high and the slit width has to be narrow. However, for high groove density, the 

spectral range of diffraction grating is reduced. For example, for grating number 8 and 

13 supplied from Ocean optics GmbH, the groove densities are 3600 mm-1 and 

300 mm-1 respectively while the spectral range is 50/70 nm (in ultraviolet or visible 

spectral range) and 900 nm (in ultraviolet-visible-near infrared spectral range) respec-

tively. Furthermore, to detect a signal by a spectrometer with a high groove density of 

the grating and narrow slit, higher signal strength is required compared to the case of 

spectrometer with less groove density of the grating and wide slit [104]. For our ex-

periment, the minimum FWHM of the ASE is expected to be not less than 3 nm. 

Therefore, a spectrometer with an optical resolution of 1.5 nm and a wavelength range 

from 350 to 1100 nm is selected. These properties can be achieved by a grating with a 

groove density of 600 mm-1 and a slit width of 25 µm.   

 

Fig. 3-5: Schematic diagram of an optical spectrometer (based on ref. [104]).
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3.7. Design of the Laser Beam Shaping System 

3.7.1 Beam Profile of the Pumping Sources   

The emission from the laser system LS-2132 has a Gaussian beam profile as shown in 

Fig. 3-6 which has been measured by the supplier using a laser beam profiler. In this 

case, the power density distribution of the laser beam in space has a Gaussian profile. 

 

Fig. 3-6: Beam profiles of the laser system LS-2132. 

 

The behavior of the beam is determined by the beam diameter and beam divergence. 

The beam diameter,   , is defined as the distance between the two points in the beam 

profile where the beam power drops to      % (13.5 %) of its maximum value. 

Somewhere inside the laser cavity, the beam diameter has a minimum value which is 

called the beam waist    . When the laser beam is propagating in space, the beam 
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spreads with an angle called beam divergence (  ). The relation between the beam 

radius at beam waist and beam divergence is written as [5], 

  
 

   
  (3-2) 

where   is the wavelength of the Gaussian beam. 

However, at a certain distance   from the beam waist, the beam radius is written as 

[105] , 

           
  

   
  

 

  (3-3) 

Using a convex lens with a focal length of   to focus the Gaussian beam will result in 

a smaller spot with a radius of     which is determined using [105], 

    
  

   
     (3-4) 

While using a concave lens with a focal length of    to spread the Gaussian beam 

with initial beam radius    will result in a wider beam spot with lower beam diver-

gence     which is determined by [106], 

   
 

 
   (3-5) 

A homogeneous line of the pump source is required for the optical gain measurement 

setup as explained in Section 3.1. Therefore, it is needed to design a shaping system 

that converts the Gaussian beam profile of the laser spot to a homogeneous line as 

explained in the next section in details. 
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3.7.2 Laser Beam Shaping Techniques 

There are three different techniques used to shape a laser beam, i.e. field mapping, 

beam integration, and aperturing of the beam [107, 108]. In field mapping technique, 

an optical phase element is used to redistribute the intensity profile by spatial phase 

shifting. The disadvantage of this technique is that it can be used only with Gaussian 

beam input and it is highly sensitive to alignment and beam size. In beam integrators, 

a lens array is used as a multiple aperture system which results in dividing the input 

spot into many spots. By superposition of the resulting sub-sources using a focusing 

lens, the intensity profile is homogenized and the beam spot is reshaped [107]. Differ-

ent shapes of the homogenized laser beam are achieved, rectangular or line, by vary-

ing the shapes of lenses in lens array [109]. Despite the ability of using this technique 

for shaping Gaussian and non-Gaussian sources, the interference effects can be a 

problem for Gaussian sources [107]. In the last technique, an aperture is used to select 

the central part of the laser beam which is the most homogeneous part of the beam. 

The diffraction effects and losses are the disadvantages of this technique, but the cost 

is very low compared to the other two techniques. Therefore, our decision was to use 

the aperturing of the beam method to reshape the Gaussian beam profile. In the fol-

lowing sections, two different configurations of aperturing of beam are discussed and 

its simulation results using Zemax6 software are presented. 

 

3.7.3 Laser Beam Shaping System Based on Beam Expander and 
One Cylindrical Lens Design 

This shaping system consists of two main parts; the first part is the beam expander 

and the second part is the cylindrical lens as shown in Fig. 3-7. The beam expander is 

the afocal system Galilean telescope, where a concave lens with a focal length of –    

and a convex lens with a focal length of    are used. When a collimated laser beam 

with a beam radius of      passes through the system, it is expanded by the concave 

lens and then collimated again by the convex lens resulting in an expended laser beam 

with radius      [110, 111]. The relation between radii of the input and the output of 

the beam expander is written as [111], 

                                                 
6 Radiant Zemax LLC 
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       (3-6) 

Furthermore, if the beam divergence of the input beam is     , the beam divergence of 

the output beam is      and written as [112], 

     
  
  

       (3-7) 

The simulation results of the beam expander are shown in Fig. 3-8 where the input 

Gaussian beam has the same parameters as our laser system LS-2132 and a 3 mm   3 

nm slit is used to select the central part of the output of the expander. A concave lens 

with a focal length of -25 mm and a convex lens with a focal length of 100 mm are 

chosen to give an expansion ratio of 4. The output from the slit is almost homogene-

ous rectangle with inhomogeneity ratio of less than 10 %. The inhomogeneity ratio is 

defined as the difference in intensity between the maximum and the minimum. Using 

a cylindrical lens with a suitable focal length, a line with dimension of 3 mm   200 

mm is achieved. However, the disadvantage of this shaping technique is that only 

25 % of the intensity of the Gaussian beam profile is converted to homogenous line. 

 

Fig. 3-7: Layout of the laser beam shaping system design based on beam expander and a cylindri-
cal lens. 
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Fig. 3-8: Simulation results from beam expander (Galilean telescope) using concave lens with 
focal lens of -25 mm and convex lens with focal length of 100 mm. The input Gaussian beam has 
the same parameters as our laser system LS-2132 (top). The output is the central portion of the 
output from beam expander which has been cut by a 3 mm   3 mm slit (bottom). 

  

3.7.4 Laser Beam Shaping System Based on Two Cylindrical 
Lenses 

The beam shaping system consists only of a plano-concave cylindrical lens with a 

focal length of     and a plano-convex cylindrical lens with a focal length of   , 

where the optical axes of the two lenses are perpendicular to each other as shown in 

Fig. 3-9. Since the cylindrical lenses are working only in one optical axis, the beam 

spot is expanded in the horizontal direction by the plano-concave cylindrical lens and 

at the same time focused in the vertical direction by the plano-convex cylindrical lens 

to create a narrow elliptical like laser beam [106]. The edges of the resulting narrow 

elliptical beam are cut by a slit to form a stripe with homogeneous intensity distribu-

tion. Many simulation have been performed by varying various parameters such focal 

lengths, slit widths, distances between the two lenses      and distances from the fo-
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cal point of the plano-convex cylindrical lens     . However, the focal length of the 

plano-convex lens has to be at least 200 mm to achieve a stripe width of few hundred 

microns (from Eq. (3-4)). The results of the simulations are summarized in Tab. 3-1 

and an example is showing in Fig. 3-10.  

 

Fig. 3-9: Layout of the laser beam shaping system design based on two cylindrical lenses. 

 

Focal length 
of the two 

lenses (mm) 

Slit 
width 
(µm) 

Distance between 
the two lenses 

(  ) 

Distance from 
the focal point 

(  ) 

Inhomogeneity ratio (%) 

Horizontal 
direction 

Vertical   
direction 

-100 and 200 

100 

0 0 9 18.5 

0 15 4 5.5 

200 15 4 5.5 

200 

0 0 9 57.5 

0 40 4 5.5 

200 40 4 5.5 

-200 and 200 

100 

0 0 26 18.5 

0 15 6.5 5.5 

400 15 6 5.5 

200 

0 0 26 57.5 

0 40 6.5 57.5 

400 40 6.5 5.5 
 

Tab. 3-1: Resulting parameters obtained from the simulations of beam shaping system based on 
two cylindrical lenses using different focal lengths, different distance between the two lenses      
and different distances from the focal point of the plano-convex cylindrical lens     .   
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The results in Fig. 3-10 show that the resulting stripe has inhomogeneity ratio in the 

horizontal direction is 26 % and the inhomogeneity ratio in the horizontal direction is 

57.5 % for the set of cylindrical lenses with focal lengths of -200 and 200 mm and a 

slit with a width of 200 µm is placed on the focus of the plano-convex cylindrical lens 

and the distance between the two lenses is zero. By moving the slit away from the 

focus, the inhomogeneity ratio is improved for the horizontal direction (6.5 %) while 

in the vertical direction it is still the same. A stripe with homogeneous intensity pro-

file is achieved when the distance between the two lenses is at least 400 mm. Finally, 

we can see that creating a homogeneous illuminated line is possible for a different set 

of the focal lengths by varying the position of the lenses and the slit in the design. 

However, the disadvantage of this shaping technique is that only 25 % of the intensity 

of the Gaussian beam profile is converted to homogenous stripe. In this case, the in-

homogeneity ratio was approximately 6%, which is same value as that of the shaping 

system of beam expander and one cylindrical lens.  

 

Fig. 3-10: Simulation results from two cylindrical lenses using plano-concave lens with focal 
length of -200 mm and plano-convex lens with focal length of 200 mm. The input Gaussian beam 
has the same parameters as our laser system LS-2132 (a). The output is the central portion of the 
output selected by a 3 mm   200 µm slit which has been placed at different values of    and     
values.          mm for (b),      mm,       mm for (c) and        mm,       
mm for (d). 
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3.7.5 Design Selection and Improvements of the Laser Beam       
Shaping System 

The laser beam shaping system based on two cylindrical lenses has less number of 

components and hence lower cost than the one based on beam expander. Furthermore, 

using less number of optical components reduces alignment problems and lens aberra-

tion problems. Therefore, we decided to use two cylindrical lenses with focal lengths 

of -200 and 200 mm respectively as a laser beam shaping system for the optical gain 

measurement setup.  

In previous designs of shaping system, the diffraction effects is not considered since 

the first plan was to place the sample holder very close to the slit which was not pos-

sible in reality. Nevertheless, the characterization of the setup showed bad influences 

for the diffraction effects on the measured optical gain values (Chapter 5). Therefore, 

a number of simulations of the diffraction effects from our setup are studied. The 

simulation results in Fig. 3-11 show that the diffraction is only negligible, if the dis-

tance from the slit is approximately 100 µm (case (a)) which is not possible for our 

case. For longer distances, the homogeneity of the resulting stripe from the shaping 

system is lost (cases (b), (c), and (d)). 

 

Fig. 3-11: Simulation of the diffraction patterns from the shaping system at 100 µm (a), 1 mm (b), 
3 mm (c) and 10 mm (d) after a 200 µm slit. 
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Fig. 3-12: Simulation of the influence of a single-lens 1:1 imaging system on diffraction patterns 
at 100 mm after the slit for different slit widths. (a) is the imaging system layout, (b) is the output 
from a 100 µm slit without the imaging lens, (c) is the output from a 100 µm slit with the imaging 
lens, (d) is the output from a 200 µm slit without the imaging lens and (e) is the output from a 200 
µm slit with the imaging lens.  

 

From previous results we were forced to design an imaging system to project an im-

age of the slit on the sample in order to reduce the diffraction effects. The easiest im-

aging system is the single-lens 1:1 imaging system which has been used for the same 

purpose in ref. [98]. To have 1:1 imaging system, the slit and the sample have to be 

placed at the same distance from the lens which equals double of the focal length. In 

this case, a real image of the slit is projected on the sample with the same dimensions. 
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To prove this, simulations are performed using a convex lens with focal length of 25 

mm for slit widths of 100 µm and 200 µm and a top-hat input signal is passed through 

the slits as shown in Fig. 3-12. The results show that for the two slits, the diffraction 

effects are prevented (cases (c) and (e)).  

This simulated design is implemented by using a convex lens with a focal length of 

30 mm. The distance between the lens and both of screen and the slit is kept 60 mm. 

Different photo shots of the laser beam are taken behind the slit using a web camera 

for various slit widths of  50 µm , 100 µm and 200 µm. Other shots are taken after 

removing the imaging lens from the setup. All photos are summarized in Tab. 3-2. It 

is observed that the diffraction effects are drastically reduced by using the imaging 

lens.  

Slit width (µm) 
Pump laser at distance of 120 mm away from the slit 

Without lens With  lens 

50 

  

100 

  

200 

  
 

Tab. 3-2: Diffraction effects at a distance of 120 mm behind the slit with and without imaging 
system. 
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3.8. Design of a Vacuum Chamber 

The setup is designed to measure the optical gain of the organic films. One drawback 

of the organic film, its emission degrades by increasing their exposure time to illumi-

nation source. Using nitrogen flow during the characterization of our organic films or 

encapsulating them did not prevent the photodegradation as it shall be discussed in 

details in Section 5.8. Therefore, a vacuum chamber is designed7 as shown in Fig. 

3-13. A cube of aluminum with dimensions of 50 mm   50 mm is structured to form 

the body of the vacuum chamber. Three holes with radius of 30 mm are drilled to in-

stall optical windows for pumping of the sample and output coupling of the ASE sig-

nal to the spectrometer. Some additional holes are made to connect the vacuum gauge, 

vacuum pump and safety valve. The safety valve is used to protect the optical win-

dows and samples from overpressure in case of working under ambient nitrogen. Fi-

nally, all aluminum parts are anodized to convert their color into black to work under 

laser safety conditions. For more information about the details of the design see ref. 

[113]. 

 

Fig. 3-13: Design of the vacuum chamber. 

                                                 
7 The vacuum design has been done in collaboration with the master student Mr. Luan during his mas-
ter thesis.  
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The photodegradation of the organic film is strongly reduced after using the vacuum 

chamber (see Section 3.8). This was the second improvement of the optical gain set-

up. Moreover, protection box for the whole setup with room interlocks are designed 

and built to satisfy the class 1 laser safety operating conditions. A photograph of the 

optical gain measurement setup including the vacuum chamber is shown in Fig. 3-14. 

 

Fig. 3-14: Final optical gain measurement setup on an optical bench in our lab. 



 

4. Simulation of the Validity of      
the Variable Stripe Length       
Method for Optical Gain       
Measurement 

The ASE Intensity from VSL method is theoretically described by the one dimension-

al optical amplifier model which is discussed in Section 2.4. However, the one di-

mensional optical amplifier model does not include the gain saturation effect which 

has been figured out in the measurement of optical gain using VSL method for most 

of known lasing materials. Empirically, the one dimensional optical amplifier is valid 

only for gain-saturation length product  ≤ 5 [114, 115]. Since the stripe length is var-

ied from 0 to 3 mm in most of VSL experiments, the gain saturation effects have been 

observed in most of organic [48, 55, 56, 116-124] and inorganic [125-128] active me-

diums. Furthermore, the saturation takes place not only for the longer stripe length but 

also for higher values of pump energy [64].  

In this chapter, the gain curve of spiro-quaterphenyl is calculated from the stimulated 

emission cross-section. The resulting gain curve is implemented into the rate equa-

tions of various models to calculate the ASE intensities in the case of small signal 

gain, homogeneous gain saturation, and inhomogeneous gain saturation. The ASE 

intensity is calculated at various solid angles to prove the impact of waveguiding 

properties and pump area geometry on the saturation effects. Finally, the gain curve is 

extracted again from the resulting ASE intensity using different extraction techniques 

to investigate the advantages and disadvantages of these techniques. 
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4.1 Comparative Study of the Optical Gain in    
Spiro-quaterphenyl  

Stimulated emission cross section, which has the area unit (cm2), is an important pa-

rameter to provide information about the strength of the emission from a certain sub-

stance. Furthermore, the optical gain of the material depends on the value of stimulat-

ed emission cross section [129]. To calculate the gain curve of spiro-quaterphenyl, the 

stimulated emission cross section is calculated from fluorescence spectrum using 

Füchtbauer-Ladenburg equation [78, 130, 131], 

       
       

        
    

   (4-1) 

where     is the stimulated emissions cross section,   is the speed of light,      is the 

radiative lifetime,   is the refractive index, and    is the normalized fluorescence 

spectrum in the way to get the value of the quantum yield    from the integration of 

the spectrum, i.e.             . 

The fluorescence lifetime of various films thicknesses of spiro-quaterphenyl is meas-

ured. The fluorescence lifetime of films having thicknesses of 68 nm, 120 nm, 180 nm 

and 239 nm are 439 ps, 395 ps, 376 ps and 290 ps respectively. A value of 0.166 from 

ref. [132] for the quantum yield is used. The relation between the fluorescence life-

time and radiative lifetime is written as [131], 

     
   
  

   (4-2) 

Using the above mentioned equation, the radiative lifetime of a 120 nm thick film of 

spiro-quaterphenyl is calculated as 2.41 ns. The calculated values of stimulated emis-

sion cross section vs. wavelength using Eq. (4-1) are given in Fig. 4-1. In order to 

calculate the gain,  , from stimulated emission cross section, the following  equation 

is used [133], 
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                       (4-3) 

where    is the population density in the excited state level ,    is absorption cross 

section of the triplet state,    is the triplet state population density,   is the scattering 

loss coefficient due to the roughness of the waveguide and                is the 

singlet state absorption coefficient where      is the absorption cross section of the 

singlet state and      is the singlet state population density. 

 

Fig. 4-1: Calculated stimulated emission cross-section of 120 nm thick film of spiro-quaterphenyl 
vs. wavelength using Eq. (4-1). 

 

Density of spiro-quaterphenyl is       g/cm3 and formula weight is 620.75 g/mol 

[134], hence its number density has the value of approximately          cm-3. But 

not all molecules can be excited to a higher level with the pumping energy, i. e. only a 

fraction of this value will represent the population density in the excited state level 

[132]. A value of              is chosen to give a maximum gain value of 100 cm-1. 

The triplet state absorption coefficient is very small, therefore this term is neglected. 

Nevertheless, the singlet state absorption coefficient is calculated from the extinction 

coefficient ( ) using the equation [135], 
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  (4-4) 

where   is the vacuum wavelength.   

The scattering loss coefficient,       cm-1, is measured using shifting excitation 

spot which is discussed in Section 5.4. A comparison between the calculated gain 

curve for spiro-quaterphenyl using Eq. (4-3) and measured gain curve using our gain 

setup at energy fluence of 2.9 mJ/cm2 is demonstrated in Fig. 4-2. The results show 

perfect agreement between the calculated and measured gain curves except at longer 

wavelength edge where a small deviation is observed. The reason for this deviation 

can be explained by the presence of an induced absorption in the gain region which is 

not considered in the Eq. (4-3) [136]. Another reason can be the optical guiding ef-

fects in the slab waveguide, where the fraction of the guided photons within the active 

film is wavelength dependent due to the dependence of the refractive indices on the 

wavelength.  

 

Fig. 4-2: Calculated optical gain curve using Eq. (4-3) (blue-solid line) and measured gain using 
VSL method (red-dashed line) of 120 nm thick film of spiro-quaterphenyl. 
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4.2 Variable Stripe Length Method-based Models 
for ASE Intensities Calculations 

As already discussed in Section 2.4, the solution of the rate equation which is based 

on one dimensional optical amplifier is valid only until the stripe length reaches a 

certain value called saturation length. For stripe lengths of values greater than the sat-

uration length, such a simple model cannot be applied. Therefore, in the rate Eq. 

(2-6), additional modifications are needed to introduce the gain saturation effects. The 

optical gain is considered to have a small signal value,   , where the stripe length is 

less than the saturation length. For stripe lengths longer than the saturation length, the 

gain is not constant anymore and it is a function of the ASE intensity. Since the ASE 

intensity is dependent on the stripe length, thus the gain is considered to be function 

of the stripe length. For homogeneous amplifier system, the optical gain is written as 

[36, 50, 137],  

     
  

  
    
    

   (4-5) 

where      is the saturation intensity. 

But for inhomogeneous amplifier system, the optical gain is written as [50, 137], 

     
  

   
    
    

   
(4-6) 

In the same way, the excited state population density (  ) is written as function of 

ASE intensity. For homogeneous amplifier system, the excited state population densi-

ty is written as [51], 

      
  

 

  
    
    

   (4-7) 

where   
  is the small signal excited state population density. 
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For inhomogeneous amplifier system, the excited state population density is written as 

[51], 

      
  

 

   
    
    

   (4-8) 

Then the rate equation for homogeneous amplifier system is written as: 

  

  
 

   

  
    
    

 
     

    

  
 

 

  
    
    

   (4-9) 

The analytical solution for this rate equation is given by (see Appendix: A1): 

  
  

  
  

     

  
      

     

 
    (4-10) 

where            and         
         . 

And the rate equation for inhomogeneous amplifier systems is written as: 

  

  
 

   

   
    
    

 
     

    

  
 

 

   
    
    

   (4-11) 

The analytical solution for the rate equation is given by (see Appendix: A2), 

  
 

  
            

  

        

 
    

        
     

  
      

     

  
 

        
     

  
      

     

  
 
      (4-12) 

Both models, i.e. homogeneous and inhomogeneous gain saturation models, are gen-

eral and can be applied for the data from different materials. The two models have 

been presented  in ref. [51] to calculate the  ASE intensities for silicon nanocrystals. 

Furthermore, homogeneous gain saturation model has been successfully used to fit 
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 the VSL data from waveguides and quasi-waveguides based on pyrromethene 597-

doped poly(methyl methacrylate) [122] and pyrromethene 567 – doped polymer 

[120]. Another model to describe the saturation effects has been discussed in ref. 

[128, 137] which is called linear saturation model. In this model the gain is considered 

to be linearly dependant on the ASE intensity as, 

            (4-13) 

where   is the gain scaling factor which demonstrate the gain saturation due to 

nonuniformity of electron density distribution and lateral carrier diffusion. 

 

According to the linear saturation model, the rate equation is written as: 

  

  
           

     
    

  
   (4-14) 

An analytical solution to this rate equation is given by [128], 

                
                         (4-15) 

where      is the saturation coefficient. 

The  linear saturation model has been applied to VSL measurements of GaN quantum 

well samples in ref. [128]. In the following section I shall calculate the ASE intensi-

ties using the three models described earlier by numerical integration of the Eqs. 

(2-6), (4-9), and (4-11).   

 

4.3 ASE Intensities Calculations 

To calculate the ASE intensities for the required wavelength range, saturation intensi-

ty, spontaneous emission rate and solid angle have to be calculated. The organic dyes 
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are considered to be a four-level system [130, 138], therefore the saturation intensity 

is written as [36, 50], 

     
  

       
   (4-16) 

For a homogeneously broadened transition having a Lorentzian line shape of full 

width at half-maximum   , the spontaneous emission rate is written as [36],  

             
   

  
  (4-17) 

where              is the width of the emission spectrum. 

 

 

Fig. 4-3: Schematic diagram of the active volume illustrating the solid angle      (based on ref. 
[139]). 

 

The solid angle of the emitting light at distance   from the sample’s edge of the 

pumped active volume is illustrated in Fig. 4-3 and is written as [139], 
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    (4-18) 

where    is the width of the pumped stripe and    is the thickness of the active mate-

rial. 

In order to study the influence of the solid angle on the saturation characteristic in 

VSL method, the assumption           which is mentioned in Section 2.4.2 is 

used.  

After implementing the calculated parameters into rate Eqs. (2-6), (4-9), and (4-11), 

MatLab8 codes are written to solve the resulting differential equations numerically for 

each wavelength using the ODE-solver. 

 

Fig. 4-4: Calculated ASE intensities at 392 nm using the small signal gain model (black-solid 
line), inhomogeneous gain saturation model (blue-dotted line) and homogenous gain saturation 
model (red-dashed line) for solid angle of          sr. 

 

The calculated ASE intensities at the maximum of the gain curve (392 nm) for spiro-

quaterphenyl for a solid angle of          sr using the small signal gain model, ho- 

                                                 
8 Mathworks 
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mogeneous gain saturation model and inhomogeneous gain saturation model are 

shown in Fig. 4-4. By increasing the length of the stripe, the ASE intensity has in-

creases rapidly for all calculation models until a particular value of stripe length of 

  = 0.12 cm (saturation length) is reached. Afterwards, the ASE intensity is saturated 

in homogeneous and inhomogeneous gain saturation models due to gain saturation 

effects. The reason for the gain saturation at longer stripe length is the depletion of 

substantial fraction of the excitation due to the strong amplification of the ASE inten-

sity [122]. 

 

4.4 Impact of Solid angle on Gain Saturation    
Phenomenon  

In order to have a full overview about the impact of the solid angle on saturation phe-

nomenon, set of solid angles (from       -  to    sr) are substituted in the rate equa-

tions and their simulation results are shown in Fig. 4-5. At a small solid angle 

(      -  sr), the saturation length is long (0.207 cm). In this case, the spontaneous 

emission part that is contributing to ASE intensity is very small. By increasing the 

solid angle, more spontaneously emitted photon contribute to ASE intensity and result 

in early saturation of the optical gain, e.g. the saturation length is 0.02 cm for solid 

angle of 0.1 sr. However further increasing of the solid angle, the spontaneously emit-

ted photons leak away from the active film. Therefore, there is no more photons are 

added to ASE intensity and hence the saturation length remains constant.  

From the waveguide theory of the asymmetric slab waveguide, the solid angle value 

depends on film thickness and the refractive index contrast between the substrate and 

organic film, i.e. the waveguiding properties play an important role in the saturation 

effects in VSL method. In other words, to measure the high gain media with longer 

stripes, the waveguiding properties should be improved. Furthermore, the dimension 

of the pumping area is expected to influence the guiding properties of the slab wave-

guide, since its refractive index changes from the surrounding area due to the increase 

of the carrier density by the pumping process. Accordingly, the stripe length is kept 
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constant at 3 mm and stripe width at 200 µm in the Eq. (4-18) while the film thick-

ness is varied from 25 nm to 100 µm and the solid angle is calculated for each film 

thickness. On the other hand, the solid angle is calculated for different stripe width 

(from 1 µm to 1 mm) when the stripe length is kept constant at 3mm and the film 

thickness is kept at 120 nm. The rate Eqs. (2-6), (4-9), and (4-11) are solved with the 

new solid angle values and a summary of the results is shown in Fig. 4-6 where the 

relation between the stripe width and saturation length and the relation between the 

film thickness and the saturation length are demonstrated. Obviously, the change of 

the saturation length is very large for stripe widths of 1 µm to 100 µm and for film 

thicknesses of 25 nm to 10 µm where the solid angle changes too fast at these two 

ranges. However for stripe width greater than 100 µm and film thicknesses greater 

than 10 µm, the variation of the saturation length or gain-saturation length is small. 

The previous observation explains the different values of gain-saturation length from 

different groups which are presented in Tab. 4-1.  

  

Fig. 4-5: Dependence of the saturation length and the gain saturation length product on the solid 
angle. 
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Another important parameter influencing the saturation phenomenon is not directly 

indicated in the rate equations, i.e. the pump intensity which has been discussed in ref. 

[122]. The gain-saturation length product is approximately 11 for lower pump intensi-

ties, but for higher pump intensities it is approximately 4. This can be explained by 

the change of spontaneous emission rate due to the change of the pump intensity. 

 

Fig. 4-6: Dependence of the saturation length and the gain saturation length product on the stripe 
width (red-solid line) and the film thickness (blue-dashed line). 

 

Active material Gain 
(cm-1) 

Saturation 
length (cm) 

Gain-saturation 
length product Reference 

BuEH-PPV 18-62 0.16-.09 3.6-4.3 [55] 

TFB 9.6-
15.5 0.17-0.15 1.44-2.6 [116] 

B2080 106 0.04 4.3 [117] 
Poly(vinyl-pyrrolidone) thin 

film with organic dye LDS798 36 0.275 9 [118] 

LDS821 19-37.2 0.198-0.122 3.8-4.5 [121] 
Step-ladder polymer P3 15 0.15 2.25 [56] 
PM597 doped PMMA 12-80 0.35-0.1 4.5-11 [122] 

Aryl-PIF 
BLUE-1 

154 
22 

0.03 
0.09 

4.62 
1.98 [124] 

 

Tab. 4-1: Gain, saturation length and gain-saturation length product from different organic slab 
waveguides. 
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4.5 Gain Extraction from ASE Intensities 

To extract the gain curve from the calculated ASE intensity, the ASE intensity is plot-

ted vs. the stripe length shorter than the saturation length for each wavelength and is 

fitted using Eq. (2-7). Furthermore, using one of the Eqs. (4-10), (4-12), and (4-15) 

allows us to use stripe lengths longer than the saturation length. However, this tech-

nique takes a lot of time to plot the data fit for every wavelength. Therefore, other 

methods are discussed in the following section for directly extracting the gain curve 

from calculated or measured intensities of ASE. Since all gain-extraction techniques 

use stripe lengths shorter than the saturation length, it is not interesting to concentrate 

on a certain saturation model. Therefore, data from homogenous gain saturation mod-

el are used for the calculations. The idea of using all these gain extraction methods is 

to use the ASE intensity at two fixed stripe lengths to form two equations in two vari-

ables for each wavelength. By joining the two equations together, the gain is easily 

extracted since it is only one unknown in equation.   

If there are two stripe lengths of   and    less than the saturation length, the relation 

between the ASE intensities (   and    ) is written as [97], 

     
   
  

   
       

     
  

    

   
   (4-19) 

There are two analytical solutions for the Eq. (4-19), one is at       and the second 

at    . The two analytical solution and additional numerical solution are presented 

in the following sections. 

 

4.5.1 Gain Extraction Using Two Fixed Stripe Lengths   and    

In this technique, two ASE intensity data sets of stripe lengths of   and    are used 

and the solution of the Eq. (4-19) is written as [140, 141], 
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     (4-20) 

where    and     are the ASE intensities at stripe length of   and     respectively.  

 

Fig. 4-7: Extracted optical gain curves from the ASE simulated intensities by        method 
for different stripe lengths. 

 

The extracted gain curves using        method for different    values are shown 

in Fig. 4-7. For    values less than the saturation length (     0.12 cm), the gain 

curves are identical. However, the gain curves suffer a reduction in its maximum val-

ue for    values greater than or equal the saturation length. Further increase of the    

value, spread the reduction of the extracted gain over wider range of the wavelength. 

The reason for non-uniform reduction of the extracted gain is due to the fact that the 

gain value is different at each wavelength and hence the saturation length is also dif-

ferent. The previous fact can be easily seen in Fig. 4-8 where the extracted gain is 

plotted vs.    at maximum of the gain curves and at three other wavelengths. At the 

maximum of the gain curve, 392 nm, the saturation length has a value of 0.12 cm. 

However for wavelengths of 385 nm, 396 nm, and 400 nm, the saturation lengths are 

0.26 cm, 0.14 cm, and 0.20 cm respectively. 
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Fig. 4-8: Dependence of the optical gain on the length of the stripe for different wavelengths in by 
       method. 

 

Influence of Noise on Extracted Gain with        Method 

The noise in our setup can be generated from two sources: 

1. The dark noise from the detectors which can be improved by using longer integra-

tion time for detection or averaging numerous spectra. However when the ASE in-

tensity is low (e.g. for wavelengths at the tails of the gain curve), the noise has 

significant influence of the extracted gain curves. 

2. The fluctuation of the pump intensity due to the instability of the pumping source 

or due to the diffraction or scattering effects which will be discussed in Sec-

tion 4.6 

To study the influence of noise on the extracted gain curves, a Gaussian white noise 

with five different signal-to- noise ratios (SNR), 1 dB, 5 dB, 10 dB, 20 dB and 50 dB 

are added to the generated ASE intensities. The extracted gain from noisy ASE sig-

nals with SNR= 10 dB for    values of 0.02 cm, 0.4 cm, 0.08 cm, 0.06 cm and 0.1 cm 

are shown in Fig. 4-9. The first observation is that the influence of the noise is more 

obvious at the tails of the gain curve even when shorter value of   , 0.02 cm, is used. 

For tails at shorter wavelength, the noise level is not well seen in the figure since the 

gain has very high negative values at this tail. In order to show the fluctuation in opti-

cal gain for both tails, the scale has to be from -2000 cm-1 to 400 cm-1  and hence no 
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much information can be seen from the figure. Therefore, only fluctuation in the opti-

cal gain at longer wavelength tail is shown. Such a behavior is expected since the 

ASE intensity is very high compared to the noise level for the wavelengths which lay 

in the middle portion of the gain region. Using longer values of   , improves the 

shape of the gain spectrum towards the tails. Moreover, the same behavior is observed 

from the measured gain curve of spiro-quaterphenyl in Fig. 4-2, where the longer 

wavelength tail is the most affected by the noise. 

 

Fig. 4-9: Influence of noise on the extracted optical gain from the ASE simulated intensities in 
       method for different stripe lengths when the SNR=10 dB. 

 

 

Fig. 4-10: Influence of noise on the extracted optical gain from the ASE simulated intensities in 
       method for different noise levels at    = 0.04 cm.  
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The influence of noise level on the gain spectrum is shown in Fig. 4-10 when 

        cm. At high noise level (SNR= 1 dB), the distortion in gain spectum is 

large. However when the noise level is very small (SNR= 50 dB), the distortion in 

gain spectrum is minimum and only can be seen in tail of longer wavelength. 

 

4.5.2 Gain Extraction Using Two Fixed Stripe Lengths   and      

The second solution is at       and is written as [97]: 

  
 

 
     

      

 
  

         

 
               (4-21) 

where                 

 

Fig. 4-11: Extracted optical gain curves from the ASE simulated intensities by          meth-
od for different stripe lengths. 

 

The extracted gain curves using          method for different values of      is 

shown in Fig. 4-11. As discussed in Section 4.5.1, the gain curve is identical for all 

values of       less than the saturation length. For values of      greater than the sat-
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uration length, the gain saturation dominates and the extracted gain curves are de-

formed. Different wavelengths show different saturation lengths as it is indicated in 

Fig. 4-12 for wavelengths of 385 nm, 392 nm, 396 nm, and 400 nm. The influence of 

noise which is shown in Fig. 4-13 and  Fig. 4-14 did not show significant changes 

from those of        method shown in Fig. 4-9 and Fig. 4-10. The main ad-

vantage of          over        is that          for longer stripe lengths 

can be used without early suffering from the saturation effects, since the needed value 

is only      and not   .     

 

Fig. 4-12: Dependence of the optical gain on the length of the stripe for different wavelengths in 
by          method. 

 

Fig. 4-13: Influence of noise on the extracted optical gain from the ASE simulated intensities in 
         method for different stripe lengths when the SNR=10 dB. 
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Fig. 4-14: Influence of noise on the extracted optical gain from the ASE simulated intensities in 
         method for different noise level at      = 0.045 cm. 

 

4.5.3 Gain Extraction Using Two Fixed Stripe Lengths   and    

The Eq. (4-19) can be written as [97]: 

                   (4-22) 

This equation can be easily solved numerically and the gain values can be extracted 

for any values of    and  . But the noise level is expected to play an important role in 

this case due to the small separation between   and   . Therefore two values of   , 

0.04 and 0.08 cm, are used to study the effect of the noise (SNR=10 dB) on the ex-

tracted gain curves for different values of   and the simulation results are shown in 

Fig. 4-15 and Fig. 4-16. For  = 0.04 cm, the noise affects the gain curve resulting in 

too much fluctuations especially at tail of the gain curve even if the value of   is large 

(1.375). By using  =0.08, the shape of the gain curve improves even if smaller values 

of   are used. This technique is used for  =1.5 and 2 to ensure the reliability of the 

numerical solutions by comparing with the results from the        and                

         methods.   

In conclusion, choosing a suitable gain-curve extraction technique depends on two 

main issues: 
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1. The saturation length of the material. 

2. The noise of the measurement setup. 

Therefore, it is important to measure the resulting ASE intensity from the sample at 

different stripe lengths to know the saturation length and then choose the suitable ex-

traction method. Extracting the gain curves from experimental data using these three 

techniques is discussed in Chapter 5.  

 

Fig. 4-15: Influence of noise on the extracted optical gain from the ASE simulated intensities in 
       method for different   values at stripe length of 0.04 cm when the SNR=10 dB. 

 

 

Fig. 4-16: Influence of noise on the extracted optical gain from the ASE simulated intensities in 
       method for different   values at stripe length of 0.08 cm when the SNR=10 dB.
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4.6 Influence of Diffraction Effects and Scattering 
of the Pumping Source on Measured Gain 

The second expected origin of the noise in our experiment is the fluctuation of pump 

intensity due to diffraction effects and scattering from the edge of the sample. Both of 

them cause reduction in the resulting ASE intensity where the scattering from the 

edge of the sample prevents some part of the pump intensity from hitting the active 

material. The diffraction effects spread the pump intensity over wider area and result 

in insufficient pumping for some parts of the active material. In our setup, there are 

two possibilities of diffraction of the pump source. One is the diffraction from the 

movable shutter which is used to control the length of the pumping stripe. Second is 

the diffraction from slit which is used to cut the edges of the pump beam after the 

shaping system as explained in details in Section 3.7.  

 

Fig. 4-17: (a) Schematic of the diffraction model. (b)  Simulation of the diffraction patterns at 100 
mm from an edge. (c) Simulation of the diffraction patterns at 100 mm from slit with width of 200 
µm. 



Influence of Diffraction Effects and Scattering of the Pumping Source Measured Gain                        71 

 

In order to explain the above mentioned effects, the following model which is shown 

in Fig. 4-17-(a) is introduced. The following assumptions are assumed: 

 The pumping stripe is inhomogeneous only for short distance,   , near to the edge 

of the sample due to the scattering from the edge of the sample and diffraction ef-

fects from the edge of movable shutter (see Fig. 4-17-(b)). 

 The value of        µm and the overall intensity is reduced by 50 % in this 

region. However, choosing the value of    depends on the distance between the 

movable shutter and the sample. 

 The reduction of the intensity which is caused by the diffraction of the slit (Fig. 

4-17-(c)) can be neglected here since each point of the pumping stripe suffers 

from the same action. 

 

 

Fig. 4-18: Comparison among the extracted optical gain curves using        method and 
different values of    for the modified ASE intensities by the scattering-diffraction model and the 
original gain curve. 

 

The results of extracted gain curves from the modified ASE intensities by scattering-

diffraction model using        method with different values of   are compared 
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with extracted gain curve from normal ASE intensities in Fig. 4-18. Using short stripe 

lengths for gain extraction results in erroneous gain curve as it is demonstrated for the 

case of         cm. However increasing the value of    to be      cm, improves 

the gain curve considerably and only slight difference between the extracted and orig-

inal gain curves is observed. For        cm, the original gain curve and extracted 

gain curve are almost identical. Therefore, it is recommended to use longer stripe 

length for the gain extraction to avoid the artificial values of the gain due to pump 

intensity fluctuation as a result for the diffraction effects and scattering from the edge 

of the sample. However, the used stripe length must not to exceed the saturation 

length of the characterized material at the particular pumping intensity, otherwise, 

reduction of the extracted gain occurs.  



 

5. Characterization and                 
Optimization of the Optical     
Gain Measurement Setup  

After building up the optical gain measurement setup, it was characterized by measur-

ing a reference sample that was measured earlier by a similar optical gain measure-

ment setup at Technical University of Braunschweig, Germany. The reason for that is 

to check the reliability of our setup as compared to other setups. Moreover, the limita-

tions of the setup are discussed and suggestions for its improvement, which are re-

ported, were applied to the design of the setup in Chapter 3.  

In this chapter, the determinations of ASE threshold, optical loss coefficient, and opti-

cal gain of the inorganic sample are presented and the influence of gain saturation 

effects is discussed. Furthermore, the optical gain extraction techniques, which have 

been discussed with the simulation results in Chapter 4, are again discussed with real 

data. The impact of the stripe width and diffraction effects on the measurements of the 

ASE threshold and optical gain are investigated. 

One of the main disadvantages of using organic materials in optoelectronic related 

applications is the photodegradation effect, where the performance of the organic de-

vice is degraded over time due to the photochemical reaction of the organic material 

and light in presence of oxygen. Therefore, the photodegradation of organic slab 

waveguides is reported. Furthermore, the possibility to minimize the 

photodegradation effect of pumped organic films is discussed. 
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5.1. Properties of an Inorganic Reference Sample 
(GaInN)  

The inorganic sample which is used in the setup characterization is supplied by Pro-

fessor Dr. Andreas Hangleiter, head of the research group “Applied Semiconductor 

Physics”, Technical University of Braunschweig, Germany. The net optical gain spec-

tra of the sample for different excitation intensities using the VSL setup in the said 

group is shown in Fig. 5-1. The excitation source (337.1 nm N2 Laser) used by this 

particular group to measure the given optical gain spectra, is different from our source 

(355 nm frequency tripled Nd:YAG laser). Furthermore, the pulse duration of the 

pump source in both setups is different. Therefore, the behavior and the shape of the 

given gain curves are only compared to the resulting gain curves obtained from our 

setup. There are three main properties in the gain curves of Fig. 5-1: 

 The gain curve is steeper in the short-wavelength side than that in the long-

wavelength.  

 The position of the maximum gain shifts to shorter-wavelength for higher 

pump intensities. 

 The FWHM of gain curve increases by increasing the pump intensity.       

  

Fig. 5-1: Optical gain measured for a GaInN sample by the research group “Applied Semicon-
ductor Physics”, Technical University of Braunschweig, Germany.  
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5.2. Threshold Characterization of the Reference 
Sample  

When the length of the stripe in VSL method is constant and the pump energy fluence 

changes, the emission from the edge of the sample increases linearly by increasing the 

pump energy fluence and there is no change in the FWHM of the spectrum, i.e. the 

situation is more like fluorescence spectrum. But if the characterized material has an 

optical gain and population inversion is achieved, a soft threshold is observed. This 

means, the ASE intensity increases rapidly and at the same the spectrum becomes 

narrower. Further increment in the pump energy fluence increases the ASE intensity 

exponentially and reduces the FWHM more until the saturation intensity is reached. 

Afterwards, there is no change in the FWHM and concurrently the ASE intensity in-

creases very slowly. The variation of the integrated ASE intensity vs. the pump ener-

gy fluence of the inorganic sample is shown in Fig. 5-2 where the ASE intensity in-

creases exponentially after energy fluence of approximately 1100 µJ/cm2. To show 

the shrinking of the FWHM of the ASE spectra, the normalized ASE intensity vs. 

wavelength is plotted at different energy fluences as shown in Fig. 5-3. For this exper-

iment, the stripe length of 3 mm and stripe width of 200 µm are used. 

 

Fig. 5-2: Dependence of Integrated ASE intensity on the energy fluence. 
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As discussed in Chapter 2, the threshold can be determined from the relation between 

the FWHM of the ASE spectrum and the pump energy fluence [31, 33, 49]. The ex-

perimental procedures for determining the ASE threshold of the inorganic sample 

(1126 µJ/cm2) is shown in Fig. 5-4. 

 

Fig. 5-3: ASE spectra of the inorganic sample at different energy fluences. The spectra are nor-
malized for their maximum intensities. 

 

 

Fig. 5-4: Experimental determination of the ASE threshold of the inorganic sample using 
Eq.(2-5). The blue stars represent the dependence of FWHMs on pump energy fluences and the 
red-solid line is the fit to that equation.  
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5.3. Optical Gain Characterization of the Reference 
Sample                                

In VSL method, a sample is optically pumped by a narrow stripe of the pump source 

where the pump energy fluence is kept constant and the stripe length is varied from 0 

to around 3 mm. Under this situation the spontaneously emitted photons are guided 

and amplified by passing through the pumped region, i.e. the stimulated emission 

takes place. The dependence of FWHM of the ASE spectra on the stripe length of the 

inorganic sample for two different pump energy fluences, 5.3 and 15.6 mJ/cm2  is 

shown in Fig. 5-5. For short stripe lengths, 600 µm at energy fluence of 5.3 mJ/cm2 

and 400 µm at energy fluence of 15.6 mJ/cm2, the ASE spectra are as wide as the flu-

orescence spectrum of the material. By increasing the stripe length, the stimulated 

emission begins and narrowing of the FWHMs of the signal is observed. After a par-

ticular length of the stripe (1.8 mm at energy fluence of 5.3 mJ/cm2 and 1.3 mm at 

energy fluence of 15.6 mJ/cm2), the narrowing effect is saturated and no more reduc-

tion of the FWHM is achieved. Simultaneously, the exponential increase of the ASE 

intensity occurs during variation of the length of the stripe. This is discussed in the 

following section. 

 

Fig. 5-5: Dependence of the FWHM of the ASE signal on the stripe length for two different pulse 
energy fluences, 5.3 mJ/cm2 (blue stars) and 15.8 mJ/cm2 (red circles). 
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5.3.1. Measurement of the Optical Gain at the Maximum of the ASE 
Intensity Spectrum 

As discussed in Chapter 2, the dependence of ASE intensity on stripe length is used 

to calculate the optical gain of the material. But due to the saturation effect which is 

discussed in Chapter 4, there are different equations used to fit the resulting data. For 

shorter stripe lengths below the saturation length, the Eq. (2-7) is sufficient and accu-

rate to get the optical gain value. But for the stripe lengths greater than the saturation 

length, one of the Eqs. (4-10), (4-12), and (4-15) needs to be applied depending on 

the type of saturation. 

 

Fig. 5-6: Dependence of the ASE intensity on the excitation length at the maximum of the ASE 
intensity spectra (437.3 nm) for two different pulse energy fluences, 5.3 mJ/cm2 (black squares) 
and 15.8 mJ/cm2 (blue circles). The royal blue-dotted line and the red-dashed line are the fits to 
the data using Eq. (2-7).The black-solid line and the blue-dash dotted line are the fits to the data 
using Eq. (4-10).  

 

The dependence of the maximum of the ASE spectrum on the stripe length at two 

different energy fluences (5.3 mJ/cm2 (black squares) and 15.8 mJ/cm2 (blue circles)) 

is shown in Fig. 5-6. Fitting the measured data to Eq. (2-7) using stripe lengths short-

er than 0.17 cm for the case of 5.3 mJ/cm2 (the royal blue-dotted line) and stripe 

lengths shorter than 0.11 cm for the case of 15.8 mJ/cm2 (the red-dashed line),  results 

in optical gain values of 15.6 and 23.5 cm-1 respectively. It is very easy to recognize 

the deviation of fits from the measured ASE intensities for longer stripe lengths and 
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hence Eq. (4-10) is used. Since there are three fitting parameter ( ,   and  ) in Eq. 

(4-10), the resulting fit is very sensitive to the initial values. But the value of   is not 

influenced by gain saturation effect. Therefore, the resulting value of   obtained from 

the first fit using Eq. (2-7) is used in the second fit using Eq. (4-10) as a fixed value 

[120]. The extracted optical gain values from fitting the data to Eq. (4-10) are 16.6 

cm-1 for energy fluence of 5.3 mJ/cm2 (the black-solid line) and 25.8 cm for energy 

fluence of 15.8 mJ/cm2 (blue-dash dotted line) which almost agree with those value 

from data fits using Eq. (2-7). But for stripe lengths much longer than the saturation 

length, it is not possible to use any of the said equations to fit the data of the depend-

ence of ASE intensity on stripe length under the condition of considering the value of 

  is constant for saturated and non-saturated regions. The collected fitting’s results for 

the two energy fluences are given in Tab. 5-1. 

Energy fluence 

(mJ/cm
2
) 

Optical gain (cm
-1

) 
Saturation length 

(cm) 

Optical gain   satu-

ration length 

5.3 
15.6 

16.6 0.17 
2.7 

2.8 

15.8 
23.5 

25.8 0.115 
2.7 

3 

 
Tab. 5-1: Resulting parameters obtained from the fits to Eq. (2-7) (upper, in italic) and to Eq. 
(4-10) (lower values). 

 

5.3.2. Gain Extraction Using Curve Fitting Method  

In this method, the data is fitted using Eq. (2-7) for the wavelength range of 515 nm 

to 460 nm with increment of 2.5 nm. The resulting gain curves are shown in Fig. 5-7, 

where the spline connected blue stars are the gain values at pump energy fluence of 

5.3 mJ/cm2 and the spline connected red circles are the gain values at pump energy 

fluence of 15.8 mJ/cm2. The behavior of the gain curves are almost the same as the 

gain curves in Fig. 5-1 which has been measured using the setup of the research group 

“Applied Semiconductor Physics”, Technical University of Braunschweig. Only at 

the tails of the gain curves, some unexpected values for the gain are measured.  
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The reason for this is the reduction of the ASE intensity emitting from the illuminated 

area near to the edge of the sample due to the diffraction from the edge of the mova-

ble shutter and scattering from the edge of the sample as presented in Section 4.6. 

Such reduction in ASE intensity dominates at short stripe lengths, i.e. a few hundred 

microns. However when the gain is high (near to the maximum of the gain curve), the 

reduction of ASE intensity is very small compared to the total emitting signal. There-

fore, the influence in the measured gain is very small. Nevertheless, when the gain is 

low (near to the edges of the gain curve), the reduction of ASE intensity is large com-

pared the total emitting signal which leads to generates erroneous values of the gain. 

Since the described effect depends on the strength of the ASE intensity, it is well un-

derstood why it has much influence at lower pump energy fluence (5.3 mJ/cm2).  

 

Fig. 5-7: Optical gain obtained from curve fitting method for energy fluence of 5.3 mJ/cm2 (spline 
connected blue stars) and 15.6 mJ/cm2 (spline connected red circles) at different wavelengths. 

 

5.3.3. Gain Extraction Using Two Fixed Stripe Lengths   and    

As discussed in Section 4.5.1, two stripe lengths of   and    are used to extract the 

gain curve using Eq. (4-20). But before discussing the results, two important condi-

tions are extracted from Fig. 5-5. The    value cannot be shorter than 0.06 cm and 

0.04 cm for energy fluences of 5.3 mJ/cm2 and 15.8 mJ/cm2 respectively since, there is 

no narrowing effect observed. Next, the    value cannot be longer than 0.17 cm and 
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0.12 cm for energy fluences of 5.3 mJ/cm2 and 15.8 mJ/cm2 respectively since the 

gain saturation is reached. The said two conditions are not only valid for this method 

but also for all followed gain extraction methods.  

The extracted gain curves of the inorganic sample using        method at pump 

energy fluence of 5.3 mJ/cm2 are shown in Fig. 5-8.Using short stripe lengths for gain 

extraction,     0.08 cm, result in artificial curves (e. g. dash dot doted dark yellow 

line). This is because of the influence of diffraction at edge of the movable shutter and 

scattering at the edge of the sample. However, the gain curve improves when longer 

stripe lengths (        cm) are used. In this case, the gain curve agrees with the 

extracted gain using curve fitting method (dash dotted dark cyan line). Furthermore, 

the resulting gain curve is better since the tails of the gain curve are little improved 

(solid black line). The peak of stimulated emission intensity shifts to longer wave-

length with an increase in stripe length or pump energy fluence [35]. As it can also be 

seen from Fig. 5-8, the maximum of the gain curves is shifted to longer wavelength 

when long stripes are used. Hence, using long stripes for gain extraction not only im-

proves the shape of the gain curve, but also results in better results at the edge (tail) of 

the gain curve compared to results from fitting method. However, larger stripe lengths 

are limited by gain saturation effects.    

 

Fig. 5-8: Optical gain curves obtained from        method using different values of     at 
pumping energy fluence of 5.3 mJ/cm2. 
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The extracted gain curves of the inorganic sample using        method at pump-

ing energy fluence of 15.8 mJ/cm2 are shown in Fig. 5-9. For     0.04 cm, it was 

not possible to detect any gain from the sample due to the fact that the narrowing ef-

fect starts after stripe length of 0.04 cm. Again the same influence of diffraction and 

scattering is observed when the stripe length of     0.06 cm is used. At longer stripe 

length of         cm, the resulting gain curve agrees with those results from curve 

fitting method. Obviously, the extracted gain curve from ASE intensity at this pump 

energy fluence show better gain curve compared to lower pump energy fluence as has 

been observed for the curve fitting method in Section 5.3.2. 

 

Fig. 5-9: Optical gain curves obtained from        method using different values of     at 
pumping energy fluence of 15.8 mJ/cm2. 

 

5.3.4. Gain Extraction Using Two Fixed Stripe Lengths   and      

Here, the Eq. (4-21) is applied to extract the gain from ASE intensity data at different 

  and      stripe lengths. The results for pump energy fluence of 5.3 mJ/cm2 and 

15.8 mJ/cm2 are shown in Fig. 5-10 and  Fig. 5-11 respectively. There is no resulting 

gain from both energy fluences when       0.03 cm due to absence of narrowing 

effect. Furthermore, the impact of diffraction from the edge of the movable shutter 

and scattering at the edge of the sample are very high till       0.09 cm resulting in 

erroneous values of the gain especially at the tails of the gain curves. For pump ener-
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gy fluence of 5.3 mJ/cm2, the best results are achieved for       0.15. But for pump 

energy fluence of 15.8 mJ/cm2,       0.12 is showing the best results due to differ-

ence in saturation lengths for different energy fluences.  

 

Fig. 5-10: Optical gain curves obtained from          method using different values of      
at pumping energy fluence of 5.3 mJ/cm2. 

 

 

Fig. 5-11: Optical gain curves obtained from          method using different values of      
at pumping energy fluence of 15.8 mJ/cm2. 
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5.3.5. Gain Extraction Using Two Fixed Stripe Lengths   and    

Solving Eq. (4-22) numerically is used to extract the gain curves from ASE data using 

a particular stripe length,  , and various values of   . From the previous discussion, it 

is very important to choose   value away from the edge of the stripe to minimize the 

noise due to diffraction effects and pump energy fluctuations. Furthermore, the max-

imum value of    has to be less than the saturation length. Therefore, values of      

   0.12 cm and 0.09 cm are used for energy fluences of 5.3 mJ/cm2 and 15.8 mJ/cm2 

respectively and the extracted gain curves for different values of   are shown in Fig. 

5-12 and Fig. 5-13. For either pump energy fluence, despite using different   values, 

the resulting gain curves are almost the same.  

 

Fig. 5-12: Optical gain curves obtained from        method using    0.12 cm and different 
values of   at pumping energy fluence of 5.3 mJ/cm2. 

 

For comparison, the best gain curves from each extraction technique are plotted in one 

graph for each pump energy fluence (Fig. 5-14 and Fig. 5-15). The comparison shows 

that all extraction methods exhibit comparable results, but only small deviations at the 

edges of the gain curves are observed. However, the best results (comparable to result 

in Fig. 5-1) are those extracted using <    > method due to the possibility to mini-

mize the influence of noise by choosing data of longer stripe without reaching the 
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saturation length. Moreover, the diffraction effects need to be avoided or minimized 

to be able to improve the resulting gain curves.    

 

Fig. 5-13: Optical gain curves obtained from        method using    0.09 cm and different 
values of   at pumping energy fluence of 15.8 mJ/cm2. 

 

 

Fig. 5-14: Comparison of optical gain curves obtained from       ,           and 
       methods at pumping energy fluence of 5.3 mJ/cm2. 
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Fig. 5-15: Comparison of optical gain curves obtained from       ,          and 
       methods at pumping energy fluence of 15.8 mJ/cm2. 

  

5.4. Optical Loss Coefficient Characterization of the 

Reference Sample 

The “shifting excitation spot” method, SES method, which is used to measure the 

optical loss coefficient, has similar configuration to that of VSL method (Fig. 5-16). 

A small spot of the pump laser beam is moved away from the edge of the sample and 

the resulting ASE intensity suffers from absorption or scattering losses inside the 

unpumped region. Therefore, reduction of the ASE intensity as a function of the 

length  of the unpumped region ( ) is observed which is described by the equation 

[51, 142], 

           
         (5-1) 

where       is the ASE intensity when the length of unpumped region is 0 and   is the 

loss coefficient.  
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For our work, a laser spot with dimension of 200 µm   600 µm is used and the length 

of the unpumped region is varied from 0 to 3 mm. The results of ASE intensity vs. 

length of the unpumped region for different wavelengths at energy fluence of 

4.3 mJ/cm2 are shown in Fig. 5-17. Using Eq. (5-1) for fitting, the loss coefficients 

are 5.8 cm-1, 5.9 cm-1 and 6.7 cm-1 for wavelengths of 425 nm, 440 nm and 455 nm 

respectively.   

 

Fig. 5-16: The shifting excitation spot configuration for measuring the optical loss coefficient.  

 

 

Fig. 5-17: Experimental determination of the loss coefficient of different wavelengths at pump 
energy fluence of 4.3 mJ/cm2 for the inorganic sample. The black-solid, red-dotted and blue-
dashed lines are the fits to Eq. (5-1). 
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5.5. Effect of Stripe Width on Threshold and       
Optical Gain Determinations in the               
Reference Sample 

The impact of the stripe width on the measured optical gain from VSL method has 

been reported [143]. Therefore, it was important for us to study the influence of stripe 

width on either threshold or gain. Fist the threshold is measured for the inorganic 

sample using stripe widths of 100 µm (Fig. 5-4), 200 µm (Fig. 5-18) and 300 µm 

(Fig. 5-19).  

 

Fig. 5-18: Experimental determination of the ASE threshold of the inorganic sample for stripe 
width of 100 µm using Eq.(2-5). The blue stars represent the dependence of FWHMs on pump 
energy fluences and the red-solid line is the fit to that equation. 

 

The measured ASE thresholds are 1200 µJ/cm2, 1113 µJ/cm2 and 993 µJ/cm2 for 

stripe widths of 100 µm, 200 µm and 300 µm respectively. The pump energy fluence 

is considered to be constant for all stripe widths, but the measurements show a small 

difference which is explained by the diffraction phenomenon. For example, the meas-

ured pump energy fluences after the slit which has widths of 100 µm, 200 µm and 

300 µm are 193 µJ/cm2, 214 µJ/cm2, 216 µJ/cm2 respectively when the energy before 

the slit was 100 µJ. It is well understood that the diffraction effects from stripe width 

of 300 µm are less than those for stripe width of 100 µm and 200 µm. 
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Therefore, such changes from of the stripe width from 100 µm to 300 µm are not crit-

ical for threshold determination. Furthermore, the same observation has been figured 

out for the influence of stripe width on measured gain. The reason for the difference 

between our results and the results of ref. [143] where the measured gain curve shape 

and maximum value depends on the width of the stripe, is the following. The used 

stripe widths in ref. [143] are 2.6 µm - 10.5 µm which is comparable to the carrier 

diffusion length of many of GaN compounds [144]. The carrier diffusion length for 

the used samples in ref. [143] is 2 µm. Therefore, the leakage of the carrier from the 

pumped stripe is more when the stripe width is 2.6 µm. However in our experiment, 

the stripe width is much higher than the carrier diffusion length which makes the 

changes due to the diffusion length negligible.      

 

Fig. 5-19: Experimental determination of the ASE threshold of the inorganic sample for stripe 
width of 300 µm using Eq. (2-5). The blue stars represent the dependence of FWHMs on pump 
energy fluences and the red-solid line is the fit to that equation. 

5.6. Pump Diffraction Effects in Optical Gain    
Measurement Setup 

From theory of diffraction, as discussed in Section 4.5, there are two sources of dif-

fraction effects in our setup. First is the diffraction from the slit, which is used to se-

lect the central part of the pumping spot after passing through the two cylindrical 

lenses. Next is the diffraction from the edge of the movable shutter which is used to 
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vary the stripe length. To demonstrate the influence of diffraction from the edge of the 

shutter, the result of determining the loss coefficient is plotted again with linear scale 

in Fig. 5-20. In these results, the spot size is small (200 µm   600 µm), thus the influ-

ence of the diffraction is obvious. As it is well seen, the ASE intensities at different 

wavelengths are fluctuating and showing maxima and minima at the same position of 

unpumped stripe lengths for all wavelengths. The behavior mentioned above also has 

been reported in ref. [51] as a result for using irregular edge to vary the stripe length. 

Moreover, the influence of diffraction from the edge of the movable shutter is dis-

cussed in Section 4.6 and Section 5.6.  

 

Fig. 5-20: Influence of diffraction at the edge of the shutter on ASE intensity during loss coeffi-
cient determination at different wavelengths. 

 

In order to show the influence of diffraction from the slit width on optical gain meas-

urements in our setup, the optical gain curves are extracted from the data of ASE in-

tensity for two different stripe width, 200 µm and 300 µm, after normalizing each 

curve to its maximum (Fig. 5-21). In both curves, there are erroneous values of the 

optical gain at the tails of the gain curves. As discussed in the above mentioned sec-

tions, the most influence is the reduction of the ASE intensity near to the edge of the 

sample due to diffraction from the edge of the movable shutter and scattering from the 

edge of the sample. However when the ASE signal is strong, this influence is reduced 

since the reduction in ASE intensity at edge of the sample is constant for 
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a particular pump energy fluence. For the slit width of 300 µm, the diffraction pattern 

is limited which leads to less distribution of the pump energy density. Therefore, the 

ASE signal is stronger and hence little improvement at edge of the gain curve is ob-

served. Therefore, an improvement of the setup by using sharp edge and imaging sys-

tem to minimize the influence of diffraction is described in Chapter 3. 

 

Fig. 5-21: Influence of diffraction at the slit on the extracted optical gain using two different 
stripe width, 200 µm (red-dashed line) and 300 µm (black-solid line). 

 

5.7. Optical Gain Setup Improvement by the        
Imaging System 

Before the need of the vacuum chamber, the sample was placed at very short distance 

from the slit, less than 1 mm, to minimize the diffraction effects. However for such a 

short distance, the influence of diffraction is still obvious at the tails of the gain curves 

and in loss measurement as discussed in Sections 5.3 and 5.6. Furthermore, after us-

ing the vacuum chamber, the diffraction effects becomes more since the working dis-

tance is too far from the slit. Therefore, an imagining system described in Chapter 3, 

is implemented. 
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The extracted gain curves from the inorganic sample using three different stripe 

widths of 100 µm, 200 µm and 300 µm at energy fluence of 15.6 mJ/cm2 are shown in 

Fig. 5-22. The results show that the extracted gain curves from slit widths of 200 µm 

and 300 µm are almost identical, however a small difference in the maximum of the 

gain curve is observed. Furthermore, it was possible to extract gain curve from the 

results of a 100 µm slit, which was not possible in the case of working without an 

imaging system. Moreover, the extracted gain curves are improved particularly at the 

edges of the curves and also using shorter stripe lengths for extractions was possible. 

However, the extracted gain curve from the 100 µm slit is still not very smooth at the 

edges. Therefore it is not recommended to work with such a narrow slit also in the 

case of working with the imaging system.  

 

Fig. 5-22: The extracted gain curves after using the imaging system for three different slit widths 
(100 µm, 200 µm and 300 µm) (top) and the normalized gain curves for the same slit widths (bot-
tom). 

 

In order to demonstrate the improvement of the results by of using the imaging sys-

tem, the sample is placed at 120 mm from the slit in the cases of working with and 

without the imaging system. The results in Fig. 5-23-(a) show that for stripe width of 
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100 µm, the narrowing effect is only observed in the case of the imaging system. For 

stripe width of 200 µm, the narrowing effect is observed for both cases. But in the 

case of working without the imaging system, it is observed at longer stripe length 

(Fig. 5-23-(b)). However for stripe width of 300 µm, the narrowing effect is almost 

same for both cases (Fig. 5-23-(c)). In order to prove that the diffraction effects are 

playing the most important role here, the FWHM vs. stripe length for the three differ-

ent stripe width are plotted in graph for the case of working with the imaging system 

(Fig. 5-23-(d)). Obviously, in the case of using the imaging system, the narrowing 

effect is observed in all widths of the stripe with almost identical behavior which is 

different for the case of working without an imaging system.  

 

 

Fig. 5-23: FWHM vs. the stripe length of the inorganic sample at energy fluence of 12 mJ/cm2 in 
the presence and absence of the imaging system for different stripe widths. (a) is the comparison 
for stripe width of 100 µm, (b) is the comparison for stripe width of 200 µm, (c) is the comparison 
for stripe width of 300 µm is and (d) is the comparison for the three stripe width for the case of 
imaging system only. 



Minimization of Photodegradation in the Optical Gain Measurement Setup                                          94 

5.8. Minimization of Photodegradation of the       
Organic Films in the Optical Gain                
Measurement Setup  

5.8.1 Photodegradation in Organic Films 

One of the main disadvantages of using organic materials in optoelectronic applica-

tions is the photodegradation effect, where performance of the organic device is de-

graded over time due to the photochemical reaction of the organic material with light 

in presence of oxygen [73]. The ASE from slab waveguides of two organic materials, 

spiro-quaterphenyl and spiro-sexiphenyl, are studied as a function of number of pulses 

(or exposure time) of the pumping laser with energy fluence greater than the ASE 

threshold (Fig. 5-24). Both films show obvious photodegradation, where the half-

lifetime of spiro-sexiphenyl is 186 seconds (or 3720 pulses) and the half-lifetime of 

spiro-quaterphenyl is 276 seconds (or 5520 pulses). Such a behavior causes unreliabil-

ity of the determinations of ASE threshold and optical gain. Therefore, it is important 

to avoid the photodegradation of the organic films. The first try was to replace the 

oxygen by nitrogen flow around the sample. However, only slight improvement is 

achieved as shown in Fig. 5-24 (dark cyan-squares for spiro-sexiphenyl film and blue-

triangles for spiro-quaterphenyl).  

 

Fig. 5-24: Normalized ASE peak intensity of 70 nm thick spiro-quaterphenyl and spiro-sexiphenyl 
films in the absence and presence of nitrogen flow, as a function of the exposure time to the pump-
ing laser with pump energy fluence of 511 µJ/cm2 and repetition rate of 20 Hz. 
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5.8.2 Influence of the Silicon Dioxide Encapsulation Layer 

The first material, which is used as encapsulation layer, is silicon dioxide where 50 

nm thick film is deposited on top of the organic film using plasma enhanced chemical 

vapor deposition (PEPVD). The photodegradation of ASE intensity for 80 nm thick 

film of the spiro-quaterphenyl without the silicon dioxide encapsulating layer at ener-

gy fluence of 511 µJ/cm2 and with the silicon dioxide encapsulating layer at energy 

fences of 511 µJ/cm2 and 1022 µJ/cm2 are shown in Fig. 5-25. Obviously, there is an 

improvement of the photodegradation of ASE intensity where the ASE peak intensity 

is reduced to 50 % of it is initial value after  6000 pulses at energy fluence of 

511 µJ/cm2. Nevertheless, this reduction is occurred only after 1000 pulses when the 

sample is not covered by the silicon dioxide encapsulation layer. However, this im-

provement is not sufficient and the situation becomes worse when the pump energy 

fluence is increased to 1022 µJ/cm2. Furthermore, it has been observed that the emis-

sion intensity is reduced in the case of organic film with the encapsulating layer, i. e. 

some part of the pump energy is absorbed by the silicon dioxide layer or the guiding 

properties are changed by the silicon dioxide layer.   

 

Fig. 5-25: Normalized ASE peak intensity of 80 nm thick spiro-quaterphenyl film in the absence 
and presence of encapsulating layer (50 nm silicon dioxide), as a function of the number of pulses 
of the pumping laser with different pump energy fluences and repetition rate of 20 Hz. 
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In order to show the effect of silicon dioxide layer on the narrowing effect, the nor-

malized ASE intensity spectra for organic film with and without the silicon dioxide 

layer at different energy fluences are plotted in one graph (Fig. 5-26). At the same 

pump energy fluence, 511 µJ/cm2, the narrowing is more for the case of the organic 

film without encapsulating layer. Furthermore pumping the organic film with the en-

capsulating layer by double of the energy fluence, the narrowing is almost same as the 

organic film without the encapsulation layer. That means the pump energy fluence 

which results in carrier in the organic film is less than half of the supplied pump ener-

gy and the rest is absorbed or scattered from the silicon dioxide layer. 

 

Fig. 5-26: Normalized edge emission spectra of 80 nm thick spiro-quaterphenyl film in absence 
and presence of encapsulating layer (50 nm silicon dioxide) at different pump energy fluences. 

 

Fig. 5-27: Optical gain curves of 80 nm thick spiro-quaterphenyl film in absence and presence of 
encapsulating layer (50 nm silicon dioxide) at different pump energy fluences. 
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In order to do more investigation, the optical gain curves are extracted using              

       method for both cases at energy fluences, 511 µJ/cm2 and 1022 µJ/cm2 as 

shown in Fig. 5-27. Obviously, the extracted optical gain from the organic film with 

silicon dioxide layer is less than the extracted gain from organic film without the sili-

con dioxide layer even if the pump energy fluence is doubled. Furthermore, the scat-

tering loss coefficient is more for organic film with silicon dioxide layer which refers 

to the bad roughness of the silicon dioxide layer.  

 

5.8.3 Influence of the Silicon Nitride Encapsulation Layer 

Next I tried to isolate the organic film from surrounding environment by depositing a 

50 nm protective layer of silicon nitride on top of the spiro-quaterphenyl film using 

PECVD, which shows very strong resistivity against the photodegradation process 

even on pumping with high energy fluences (Fig. 5-28). However, it was not possible 

to reach the ASE threshold of the organic film as shown in Fig. 5-29. The detected 

edge emission from this sample is showing an extension of the fluorescence spectrum 

covering wider range of the wavelength. Therefore, we can see that silicon nitride 

layer absorbed most of the pump energy and only a small part was able to reach the 

organic film which is insufficient for the narrowing process. 

 

Fig. 5-28: Normalized ASE peak intensity of 240 nm thick spiro-quaterphenyl film in the absence 
and presence of encapsulating layer (50 nm silicon nitride), as a function the number of pulses of 
the pumping laser with different pump energy fluences and repetition rate of 20 Hz. 
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Fig. 5-29: Normalized edge emission spectra of 240 nm thick spiro-quaterphenyl film in absence 
and presence of encapsulating layer (50 nm silicon nitride) at different pump energy fluences and 
fluorescence spectrum of spiro-quaterphenyl without encapsulating layer. 

 

 

5.8.4 Influence of the PDMS Encapsulation Layer 

Another material, Polydimethylsiloxane (PDMS), is used as an encapsulation layer. 

The PDMS is normally used in UV-nanoimprint lithography to create a soft stamp. A 

100 nm of hard PDMS in solution is spin coated on top of the spiro-quaterphenyl film 

and the sample is placed on hotplate for 24 hours at 65 ° C to create the polymer link-

age in PDMS. The edge emission results from that sample show narrowing of the 

emission but at high pump energy fluencies as can be seen in Fig. 5-30. Moreover, not 

much improvement of the photo-degradation is achieved as shown in Fig. 5-31. Fur-

thermore, the photodegradation is worse when the narrowing of the emission occurs. 

Thus, more investigations are needed to be carried out to choose a suitable material as 

an encapsulation layer which causes additional costs and is time consuming. There-

fore, we decide to design a vacuum chamber in order to pump the organic sample un-

der vacuum conditions.        
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Fig. 5-30: Normalized edge emission spectra of 240 nm thick spiro-quaterphenyl film in the ab-
sence and the presence of the encapsulating layer (100 nm PDMS) at different pump energy 
fluences. 

 

 

Fig. 5-31: Normalized ASE peak intensity of 240 nm thick spiro-quaterphenyl film in the absence 
and the presence of the encapsulating layer (100 nm PDMS), as a function of the number of pulses 
of the pumping laser with different pump energy fluences and repetition rate of 20 Hz. 
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5.8.5 Effect of Evacuation on the Photodegradation  

The impact of evacuation on the photodegradation is shown in Fig. 5-32 where a dry 

membrane vacuum pump is used to prevent any oil contaminations. The results for 

spiro-sexiphenyl show that even for such a medium vacuum (1 mbar), there is no 

photodegradation of the organic film for an exposure time more than 10 minutes. 

However for higher exposure time or higher pump energy fluences, a small 

photodegradation takes place. Therefore, measuring the gain and ASE threshold under 

the above mentioned conditions may be obtained with good accuracy. Nevertheless, 

the evacuation is not efficient for the spiro-quaterphenyl. However, the result is better 

compared to using the encapsulation layers.       

 

Fig. 5-32: Normalized ASE peak intensity of 100 nm thick spiro-sexiphenyl film and 78 nm thick 
spiro-quaterphenyl film in air and vacuum as a function of the number of pulses of the pumping 
laser with different pump energy fluences and repetition rate of 20 Hz. 



 

6. Investigations of Optical         
Properties, Lasing Threshold    
and Gain of Organic Spiro       
Oligophenyl Films 

Oligophenyls are good candidates for emission in blue [28] and near ultraviolet [145] 

spectral regions. Chemical modification of oligophenyls by creating a spiro linkage 

between each two molecules results in the so-called spiro-oligophenyls which have 

better stability of the amorphous films. The structure and properties of oligophenyls 

and spiro-oligophenyls are discussed in beginning of this chapter. The organic film 

preparation technique and its measurements using spectroscopic ellipsometer are also 

discussed. 

In order to prove the reliability of our setup for measuring the organic samples, we 

deposited different thicknesses of the spiro-sexiphenyl and measured their ASE 

threshold. A comparison between the results of the spiro-sexiphenyl from our setup 

and a similar setup in [33] is presented. 

In this work, slab waveguides from three different spiro-oligophenyls (spiro-

quaterphenyl, methoxy-spiro-quaterphenyl and phenoxy-spiro-quaterphenyl) in dif-

ferent thicknesses are deposited. Their refractive indices, extinction coefficients and 

fluorescence spectra are presented. Furthermore, the thickness dependence on ASE 

threshold, optical gain, and optical loss coefficients are investigated. Moreover, the 

photodegradation process in air and vacuum for thinner and thicker films are present-

ed. Finally a comparison between the spiro-quaterphenyl and methoxy-spiro-

quaterphenyl is given. 
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6.1 Materials: Oligophenyls and Spiro Linked   
Oligophenyls  

Oligophenyls are good candidates for emission in blue [28] and near ultraviolet [145] 

spectral regions. The chemical structure of the oligophenyls consists of a series of 

phenyl rings and the name of the molecules reflects the number of the phenyl groups 

which are connected together [146]. For example, as shown in Fig. 6-1-(a), the p-

quaterphenyl consists of series of four phenyl rings while the p-sexiphenyl molecule 

has six phenyl rings.   

Oligophenyls have large Stokes shift, high fluorescence quantum yields and high sta-

bility. Furthermore, increasing the number of phenyl rings in the molecule results in 

wavelength tuning of the emission spectrum peak. In  p-quaterphenyl, the peak of the 

emission spectrum occurs at 370 nm while in  p-sexiphenyl is 393 nm [28]. However, 

the solubility of the oligophenyls especially in polar non-toxic solvents is low which 

limits their usage for low cost fabrication technique such as spin coating is desired 

[145].    

Spiro Linked Oligophenyls 

When two π-systems (oligophenyl molecules) interact together, the molecules are join 

by spiro-linkage between the p-orbitals via spiro-conjugation process. In the new re-

sulting molecule, the parent molecules are arranged perpendicular to each others as 

shown in Fig. 6-1-(b) [28, 29]. 

The spiro linked oligophenyls has the following advantages over the normal 

oligophenyls [28, 29]: 

 The stability of the amorphous films increases due to the increase of its glass tran-

sition temperature. Therefore, the recrystallization of the molecules does not occur 

easily. 

 The structure is rigid due to the perpendicular arrangement of the two parent mol-

ecules. 

 The solubility is better due to the reduction of the interaction between the two π-

systems since they are perpendicularly arranged. 
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Fig. 6-1: The chemical structure of some Oligophenyls (a) and the corresponding spiro linkage 
Oligophenyls. 

 

6.2 Deposition and Optical Characterization   
Techniques of the Organic Films 

Organic films can be deposited using either spin coating or vacuum vapor deposition 

technique. In order to insure the quality of the deposited organic films, a vacuum va-

por deposition technique is used. The sample are deposited by Mr. Reichert and Dr. 

Wiske in the cleanroom of Macromolecular Chemistry and Molecular Materials De-

partment, University of Kassel using evaporation system from Bestec GmbH, Germa-

ny (For more information about the deposition technique and conditions, see ref. 

[113]). The fluorescence spectra are measured using a Hitachi f-4500 fluorescence 

spectrophotometer by Mr. Luan during the work of his Master’s thesis. 

Two kind of substrates are used, i.e. silicon substrate and thermally oxidized silicon 

substrate with oxide layer of 1 µm. The silicon substrate is intended to be used for 

measuring the thickness and the optical constants of the organic films. Nevertheless, 

the thermally oxidized silicon substrate is used to form an asymmetric slab waveguide 

structure which is required for optical gain measurement.  
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Characterization by Spectroscopic Ellipsometry 

The Spectroscopic ellipsometer is a device used to indirectly measure the thickness 

and optical constants of a thin film based on the change of the polarization of the re-

flected beam from the sample. When a linearly polarized incident light beam with a 

certain wavelength at a particular angle of incident   hits a film with unknown thick-

ness and optical constants, the polarization of the reflected beam is converted into 

elliptical (see Fig. 6-2). The relation between the electric field vectors of the two po-

larization states in the incident and reflected beam, i.e. parallel polarization (p com-

ponents) and perpendicular polarization (s components) to the plane of incidence is 

written as [147], 

                                                 (6-1) 

where    and    are the complex amplitude reflection coefficients of  p and s polar-

ized components. 

 

Fig. 6-2: Principle operation of an ellipsometer (based on ref. [147]). 

 

By taking the ratio between the electric field vectors of the s and p polarized compo-

nents of the incident beam as    and the ratio between the electric field vectors of the 

s and p polarized components of the reflected beam as   , then [147] 
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  (6-2) 

where   represents the ratio between the polarization states of the incident beam and 

reflected beam which is also expressed in terms of the reflection coefficients of s and 

p polarized components. In practice,   is written in polar form as a function of the 

ellipsometric angles   and   as [147], 

   
  

  
                                   (6-3) 

 

Fig. 6-3: Comparison between the experimental data from ellipsometer and the generated data 
from the fitting model of the angle   for a film of spiro-quaterphenyl with thickness of 126 nm. The 
used fitting model is based on two tauc-lorentz oscillators. 

 

Normally,   is a function of the incident angle   and the incident wavelength  . 

Therefore,   is measured as a function of the incident wavelength at different incident 

angles. The resulting data are fitted by a proper theoretical model which depends on 

the properties of the film material with initial values of the thickness and optical con-

stants. Then   values are calculated and compared to the measured values. The 
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process is repeated until the measured and calculated values are matched. Obviously, 

the accuracy of the film thickness and optical constants determined by ellipsometer is 

very high since the relative amplitude and relative phase measurements are used 

[147]. In thesis work, the variable angle spectroscopic ellipsometer (VASE 

ellipsometer) from J. A. Woollam Co., Inc is used. A comparison between the exper-

imental data from ellipsometer and the generated data using fit model including two 

tauc-lorentz oscillators for a film of spiro-quaterphenyl with thickness of 126 nm is 

shown in Fig. 6-3. 

6.3 Study of ASE Threshold for Spiro-sexiphenyl 

The spiro-sexiphenyl molecule (2,2’,7,7’-tetrakis(biphenyl-4-yl)-9,9’-spirobifluorene) 

consists of two p-sexiphenyl molecules which are connected by a spiro-linkage as 

shown in Fig. 6-1-(b). The laser emission from spiro-sexiphenyl spin coated films has 

been demonstrated by Nicklas Johansson et al. in 1998 by proving the presence of 

ASE [32]. Then, detail characterization of thermally evaporated spiro-sexiphenyl 

films and its thickness dependence of the ASE threshold have been presented in [31, 

33]. In order to prove the reliability of our setup, we deposited different thicknesses of 

the spiro-sexiphenyl and measured their ASE threshold. An example of the ASE spec-

tra at different energy fluence of a 73 nm thick film and the determination of the 

threshold is shown in Fig. 6-4. The presence of the stimulated emission is proved by 

the narrowing of the ASE spectra at higher energy fluences and ASE threshold is ob-

tained from the relation of FWHM vs. the pump energy fluence using Eq. (2-5). The 

obtained ASE threshold from our setup is 54 µJ/cm2 while the obtained value from the 

same film thickness in [33] using similar setup is 20 µJ/cm. However, the pulse dura-

tions of the pumping source of the two setups are different (10 ns in our setup and 500 

ps for setup in ref. [33]). Therefore for correct comparison the peak intensity is used 

instead of pump energy fluence. The peak intensity threshold obtained from our setup 

is 5.4 kW/cm2 and is 40 kW/cm2 from the setup in ref. [33]. Obviously, the threshold 

which is obtained from our setup is too much smaller. In order to explain the differ-

ence in the ASE threshold in both setups, a comparison between the two setups is giv-

en in Tab. 6-1. Certainly, the fist reason for the reduction of the threshold in our setup 
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is the position of the pumping source in the absorption spectrum of spiro-sexiphenyl. 

We use 355 nm as a pumping source which is located near to the maximum of the 

absorption spectrum of spiro-sexiphenyl. Nevertheless,  the absorbance at the pump-

ing wavelength of the setup in ref. [33] (337.1 nm) is at 50 % of its maximum. There-

fore, our laser setup is more efficient for pumping the spiro-sexiphenyl. Furthermore, 

the rectangular shape of the pumping source shows reduction of the threshold com-

pared to the circular shape as has been presented in ref. [96]. The reason for that can 

be the leakage of the photons without amplification which is higher in the case of cir-

cular spot pumping region.  

 

Fig. 6-4: (a) Normalized ASE spectra of a 73 nm thick film of spiro-sexiphenyl at different energy 
fluences. (b) Experimental determination of the ASE threshold using Eq. (2-5). The blue stars 
represent the dependence of FWHMs on pump energy fluences and the red-solid line is the fit to 
that equation. 

 

Equipment specifications Our setup Setup in ref. [33] 

Pumping wavelength (nm) 355 337.1 

Normalized absorbance at the pumping wavelength 0.95 0.5 

Pulse duration (ns) 10 0.5 

Shape of the pumping area Stripe of 200 mm   3 mm Spot 

ASE threshold (kW/cm2) 5.4 40 

Tab. 6-1: Comparison between the specification of our setup and the specification of the setup in 
ref.[33]. 
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6.4 Study of Spiro-quaterphenyl 

The spiro-quaterphenyl molecule (2,2’,7,7’-tetraphenyl-9,9’-spirobifluorene) consists 

of two p-quaterphenyl molecules which are connected by a spiro-linkage as shown in 

Fig. 6-1-(b). The laser emission from spiro-quaterphenyl spin coated films has been 

demonstrated by Nicklas Johansson et al. in 1998 by proving the presence of ASE 

[32]. However, no further investigation of the laser emission properties such as 

threshold, optical gain, and optical loss are carried out. Therefore, we intend to study 

these properties in this work. Furthermore, the spiro-quaterphenyl has ASE maximum 

in near-UV spectral region which make it suitable for UV VCSEL device. In this 

work, we have deposited films of spiro-quaterphenyl with different thicknesses, i.e. 

32 nm, 78 nm, 126 nm, 156 nm and 195 nm. Five samples from each thickness are 

deposited and characterized.  

6.4.1 Fluorescence Spectrum and Optical Constants  

Fluorescence spectrum and ASE peak above the threshold of a 78 nm thick film of 

spiro-quaterphenyl is shown in Fig. 6-5. In the Fluorescence Spectrum, there are three 

vibronic peaks, i.e. 370.6 nm, 388.8 nm and 408 nm. The peak of 388.8 nm has the 

maximum intensity and hence the maximum emission efficiency. Therefore, the ASE 

peak is located near to this peak, i.e. 391.3 nm. 

 

Fig. 6-5: Fluorescence spectrum (black-dashed line) and ASE peak of a 78 nm thick film of spiro-
quaterphenyl (red-solid line).  
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The optical constants (refractive index and extinction coefficient) of a 78 nm thick 

film of spiro-quaterphenyl are shown in Fig. 6-6. The refractive index spectrum is 

maximum (2.47) at wavelength of 352 nm while the extinction coefficient has a max-

imum of 0.844 at wavelength of 328 nm. 

 

Fig. 6-6: Optical constants of a 78 nm thick film of spiro-quaterphenyl. The black-dashed line is 
the refractive index vs. wavelength. The red-solid line is the extinction coefficient vs. wavelength. 

 

6.4.2 Investigation of ASE Peak Position Dependence on Film   
Thicknesses 

The dependence of the ASE peak on the film thickness is shown in Fig. 6-7. For the 

thinnest film thickness (32 nm), the ASE peak was 386.5 nm. By increasing the film 

thickness to 78 nm, the ASE peak jumps to higher wavelength, i.e. 391 nm. However, 

further increase in film thickness changes the ASE peak slightly. Such a behavior is 

explained by the waveguide properties of the asymmetric slab waveguide. The cutoff 

thickness of the zero order TE-mode of the ASE peak (391.5 nm) is 29 nm which cal-

culated from Eq. (2-14). For thickness less than this value, no modes can propagate. 

The thinnest used thickness of 32 nm is much closer to the cutoff thickness, therefore, 

the photons are forced to be emitted in lower wavelength which is 386.5 nm [148].   
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Fig. 6-7: Dependence of the ASE peak on the film thickness of spiro-quaterphenyl. The blue cir-
cles represent the ASE peak and the black-dashed line is guide to the eyes.  

 

 

 

Fig. 6-8: Normalized ASE intensity below threshold at different film thicknesses. 

 

By increasing the film thickness, not only the ASE peak position is shifted, but also 

the shape of the ASE below the ASE threshold is changed as shown in Fig. 6-8. For 

film thickness of 32 nm, it is forced to emit narrow spectrum with peak which is shift-

ed to the shorter wavelength, i.e. FWHM of the spectrum is 14 nm and the peak is at 
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388 nm. In this case due to the cutoff condition of the different wavelengths in the 

spectrum, the longer wavelengths of the emission cannot propagate within the film. 

The spectrum is broad for thicker thicknesses since the cutoff condition is satisfied for 

all wavelengths. However, the dominating vibronic peak is different for different film 

thicknesses. For film thickness of 78 nm, the vibronic peak of 394 nm dominates 

while for other film thicknesses, the vibronic peak of 410 dominates. Such a behavior 

is important to explain the dependence of the ASE threshold and optical gain on the 

film thickness. 

 

6.4.3 Investigation of the Threshold for Different Film Thicknesses  

The ASE threshold is determined using Eq. (2-5) for all film thicknesses (from Fig. 

6-9 to Fig. 6-13). For all thicknesses at low pump energy fluence, the ASE spectra are 

broad except for film thickness of 32 nm due to waveguiding properties near to the 

cutoff thickness. By increasing the energy fluence, the spectra are collapsed due to the 

amplification of the emitted photon by stimulated emission when the threshold is 

reached. When the minimum FWHM of the spectra are achieved, no further narrow-

ing of the ASE spectra is observed (part (a) of Fig. 6-9 to Fig. 6-13). The data of 

FWHM vs. the pump energy fluence are fitted to Eq. (2-5) in order to determine the 

ASE threshold (part (b) in Fig. 6-9 to Fig. 6-13). The measurement of the ASE 

threshold is repeated on various samples at different positions for the same thickness 

in order to improve the reliability of the measured data.  

The thickness dependence of the ASE threshold is summarized in Fig. 6-14. Obvious-

ly, the ASE threshold of the thinnest film (32 nm) has high threshold since the thick-

ness of the film is near to the cutoff thickness of the ASE wavelength. However, some 

samples of 32 nm thickness, it was not possible to achieve narrowing of the spectrum, 

i.e. the cutoff condition for these samples is not satisfied. This may be due to a slight 

variation in the film thickness near to the cutoff thickness of the zero order mode. For 

78 nm thick film, minimum value of the ASE threshold is achieved. However, for 

thicker films the ASE threshold is increased again which can be explained from the 

shape of ASE spectra below the threshold in Fig. 6-8. For thicker films (126 nm, 

156 nm and 195 nm), the vibronic peak of 410 nm dominates while the ASE peak 
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occurs near to the vibronic peak at 394 nm. Therefore, higher pump energy is required 

to force the photons to be amplified in ASE peak.  

 

Fig. 6-9: (a) Normalized ASE spectra of a 32 nm thick film of spiro-quaterphenyl at different en-
ergy fluences. (b) Experimental determination of the ASE threshold using Eq. (2-5). The blue stars 
represent the dependence of FWHMs on pump energy fluences and the red-solid line is the fit to 
that equation. 

 

 

 

Fig. 6-10: a) Normalized ASE spectra of a 78 nm thick film of spiro-quaterphenyl at different 
energy fluences. (b) Experimental determination of the ASE threshold using Eq. (2-5). The blue 
stars represent the dependence of FWHMs on pump energy fluences and the red-solid line is the 
fit to that equation. 
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Fig. 6-11: a) Normalized ASE spectra of a 126 nm thick film of spiro-quaterphenyl at different 
energy fluences. (b) Experimental determination of the ASE threshold using Eq. (2-5). The blue 
stars represent the dependence of FWHMs on pump energy fluences and the red-solid line is the 
fit to that equation. 

 

 

Fig. 6-12: a) Normalized ASE spectra of a 156 nm thick film of spiro-quaterphenyl at different 
energy fluences. (b) Experimental determination of the ASE threshold using Eq. (2-5). The blue 
stars represent the dependence of FWHMs on pump energy fluences and the red-solid line is the 
fit to that equation. 

 

Another expected reason for the dependence of the threshold on the film thickness is 

the tradeoff between the following two parameters, i.e. mode confinement factor and 

pump-mode overlap [149]. The mode confinement factor, which is the ratio between 
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the confined electric field within the waveguide to the total electric field of the guided 

zero order mode, increases by the increase in the film thickness. However, the pump 

energy passing through the film is decreased due to the absorption in the material. 

Therefore, the overlap between the strongly pumped region of the layer region and the 

maximum electric field region is decreased by increasing the film thickness [149].  

 

Fig. 6-13: a) Normalized ASE spectra of a 195 nm thick film of spiro-quaterphenyl at different 
energy fluences. (b) Experimental determination of the ASE threshold using Eq. (2-5). The blue 
stars represent the dependence of FWHMs on pump energy fluences and the red-solid line is the 
fit to that equation. 

 

 

Fig. 6-14: Dependence of the ASE threshold on the film thickness of spiro-quaterphenyl. The blue 
circles represent the ASE peak and the black-dashed line is guide to the eyes.  
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6.4.4 Investigation of the Optical Gain for Different Film        
thicknesses 

As has been discussed in Chapter 4 and Chapter 5, the optical gain is determined 

from the dependence of the ASE intensity on the length of the pumping stripe. How-

ever, the saturation effects have too much impact on the determination of the optical 

gain. Therefore, there are two possible ways to determine the optical gain without 

getting artificial value due to the saturation effects. One is to use curve fitting method 

to all data using Eq. (4-10) or Eq. (4-12). The second is to use only the ASE data for 

stripe lengths less than the saturation length. In this case, only two stripe lengths (  

and   ) can be used in order to determine the optical gain at each wavelength by us-

ing Eq. (4-20). However, the saturation length depends on the pump energy fluence 

and the optical gain value [122], i.e. the saturation length is long for low pump energy 

fluences or low optical gain while it is short for high pump energy fluences or high 

optical gain. We have tried to keep          in order to ensure the absence of gain 

saturation effects [114].The used    values for determining the optical gain at differ-

ent energy fluences are listed in Tab. 6-2. 

Pump energy fluence (µJ/cm2) Stripe length    (µm) 
20 2000 
100 1600 
200 1400 
500 1000 
1000 800 
1500 600 
2000 400 
2500 300 
3000 200 

Tab. 6-2: The used stripe length (  ) for optical gain determination for different energy fluences. 

 

The gain determined here is the modal gain which is given in Eq. (2-11). The con-

finement factor depends on wavelength, layer thickness and refractive index contrasts. 

Therefore, the confinement factor has to be calculated for all wavelengths in the gain 

spectrum. For simplification, the modal gain is used for comparison as has been used 
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in many scientific publications in this field [56, 122]. However, the material gain is 

determined at the ASE peak using Eq. (2-16) as given in Section 6.7.  

The gain spectra for all film thicknesses at different energy fluences are shown in 

part (a) of Fig. 6-15 to Fig. 6-19. For low energy fluence, 20 µJ/cm2, the emitted 

photons due to the stimulated emission are absorbed or scattered due to the internal 

and optical loss coefficient. Therefore, no positive gain is obtained from the material 

for all film thicknesses. By increasing the pump energy fluence to 100 µJ/cm2, the 

gain becomes positive only for film thicknesses of 78 nm and 156 nm near to the peak 

of the ASE, i.e. the band width of the gain spectrum is small (~7 nm). The reason of 

obtaining positive gain only from these film thicknesses is due to the fact that it has 

the lowest ASE threshold. Further increase of the pump energy fluence results in posi-

tive gain spectra for all thicknesses except for film thickness of 32 nm since it has the 

highest ASE threshold. For pump energy fluence of 500 µJ/cm2, the obtained optical 

gain from film with thickness of 32 becomes also positive. At the same time, the gain 

obtained from the other film thicknesses becomes higher and band width becomes 

wider.  

 

Fig. 6-15: a) Optical gain spectra of a 32 nm thick film of spiro-quaterphenyl at different energy 
fluences. (b) Dependence of maximum optical gain on the pump energy fluence. The red-dashed 
line is guide to the eyes. 

 

The dependence the gain spectra on the pump energy fluence is not linear for all 

pump energy fluences due to the saturation effects as shown in part (b) of Fig. 6-15 
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to Fig. 6-19 where the peak of the gain spectra are plotted vs. pump energy fluence. 

For all film thicknesses, the maximum of the gain spectrum increases linearly with the 

increase of the pump energy fluence until a certain pump energy fluence. Afterwards, 

the gain is saturated and further increase in the pump energy fluence increases the 

gain slightly until it is almost constant.  

 

Fig. 6-16: a) Optical gain spectra of a 78 nm thick film of spiro-quaterphenyl at different energy 
fluences. (b) Dependence of maximum optical gain on the pump energy fluence. The red-dashed 
line is guide to the eyes. 

 

 

Fig. 6-17: a) Optical gain spectra of a 126 nm thick film of spiro-quaterphenyl at different energy 
fluences. (b) Dependence of maximum optical gain on the pump energy fluence. The red-dashed 
line is guide to the eyes. 



Spiro-quaterphenyl                                                                                                                                 118 

 

 

 

Fig. 6-18: a) Optical gain spectra of a 156 nm thick film of spiro-quaterphenyl at different energy 
fluences. (b) Dependence of maximum optical gain on the pump energy fluence. The red-dashed 
line is guide to the eyes. 

 

 

Fig. 6-19: a) Optical gain spectra of a 195 nm thick film of spiro-quaterphenyl at different energy 
fluences. (b) Dependence of maximum optical gain on the pump energy fluence. The red-dashed 
line is guide to the eyes. 

 

The dependence of the optical gain on the film thickness is summarized in Fig. 6-20 

where the optical gain maxima are plotted against the film thickness at two different 

pump energy fluences, 500 µJ/cm2 and 2500 µJ/cm2. Obviously, the gain is a mini-
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mum at film thickness of 32 nm which is closer to cutoff thickness of ASE wave-

length. However only the zero order mode propagates within the film in the case of 

78 nm thickness, therefore the optical gain is maximum at this thickness. The contri-

bution of the fist order mode reduces slightly the gain of organic film.  

 

 

Fig. 6-20: Dependence of the optical gain at two pump energy fluences on the film thickness of 
spiro-quaterphenyl. The red-dashed line is guide to the eyes.  

 

6.4.5 Investigation of the Optical loss Coefficient for Different Film 
Thicknesses  

The optical loss occurs mainly due to the scattering from the waveguide which is 

caused by its roughness since the material has no internal absorption at the ASE peak. 

The shifting excitation spot is used to measure the optical loss coefficient which is 

discussed in Section 5.4. In this technique, the pumping spot is moved away from the 

edge of the sample and the ASE intensity is measured as a function of the unpumped 

region length. The Eq. (5-1) is used to fit the data and the optical loss coefficient is 

determined.  
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Fig. 6-21: Determination of the optical loss coefficient of spiro-quaterphenyl films: (a) film thick-
ness of 32 nm, (b) film thickness of 78 nm, (c) film thickness of 126 nm, (d) film thickness of 156 
nm, (e) film thickness of 195 nm, and (f) dependence of the optical loss coefficient on the film 
thickness. 

 

The determination of the optical loss coefficient for films with different thicknesses of 

the spiro-quaterphenyl is shown in Fig. 6-21. The dependence of the optical loss coef-
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ficient on the film thickness is shown in Fig. 6-21-(f). Obviously, there is a peak of 

the optical loss coefficient at film thickness of 126 nm which cannot be explained by 

the waveguiding theory. Therefore we can suggest that for this thickness, there is 

some unexpected problem during the deposition process and the resulting films have 

less quality than the other thicknesses. This would explain the reason behind the high-

er threshold of this thickness compared to the one before (78 nm) and the one after 

(156 nm) as shown in Fig. 6-14. However if we did not consider this thickness, the 

optical loss coefficient is maximum in film thickness of 78 nm. Away from this film 

thickness, the optical loss coefficient reduces. For the thinnest film, 32 nm, the wave 

is not confined well within the organic film. Therefore, a small portion reaches the 

interface between the substrate and the organic film which results in reduction of the 

optical loss coefficient. For thicker films, the confinement factor is high. However, 

less portion of the mode will be near to that interface due to the reduction of overlap 

between the strongly pumped active layer region and the maximum electric field re-

gion. 

 

6.4.6 Investigation of the Photodegradation for Different Film 
Thicknesses  

As discussed in Sections 2.6 and 5.8, the photodegradation is one of the disad-

vantages of using the organic materials as a gain medium in solid state laser devices. 

The photodegradation of the spiro-quaterphenyl films (78 nm and 195 nm) in air and 

vacuum is shown in Fig. 6-22.In air, both films (thinner and thicker) suffer from the 

photodegradation where the ASE peak intensity is exponentially degraded when the 

exposure time or the number of pulses increases. The photodegradation is slightly 

faster for the thinner film. Many mechanisms can be used to explain the 

photodegradation dependence on the material properties. The first mechanism is the 

photooxidation where the singlet oxygen attacks the phenyl rings resulting in exo- or 

endo-peroxides and finally quinones as oxidation products [33]. However, pumping 

the spiro-quaterphenyl films in vacuum shows that the photodegradation is reduced 

but it is not prevented. Such a case is different from the case of spiro-sexiphenyl 

which is presented in Section 5.8.5 where the photo degradation was almost prevent-

ed. This means, the photodegradation process is not only due to photooxidation which 
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can be recognized from the scanning electron microscopy (SEM) images of spiro-

quaterphenyl after pumping under vacuum condition (Fig. 6-23).  These SEM images 

show spinodal patterns which might be due to dewetting caused by the heat transfer 

from the high energy laser beam [150]. Furthermore, self-organized structures of the 

material at the pumped region are observed as a long term process. This means, the 

laser pumping enhances rearrangement process of the amorphous organic film. In 

another words, the pumping reduces the amorphous stability of the spiro-

quaterphenyl. In such a situation, the scattering from the resulting crystalline structure 

may cause reduction of the emission from the material. However, this mechanism 

depends on the molecular weight of the material since the spiro-sexiphenyl has a mo-

lecular weight higher than the spiro-quaterphenyl. 

 

Fig. 6-22: Photodegradation of 78 nm and 195 nm thick films of  spiro-quaterphenyl in air and in 
vacuum. The pump energy fluence is 500 µJ/cm2 and the repetition rate is 20 Hz.   

 

Another important observation in the photodegradation of the spiro-quaterphenyl 

films is its dependence on thickness. Obviously, the photodegradation is more for the 

thinner film (78 nm). The previous observation is well seen when the pumping pro-

cess is carried out in vacuum. In this case, the photodegradation of the thicker film is 

not exponential anymore but it is linearly dependent of the number of pulses. 
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Fig. 6-23: Various SEM images of  spinodal patterns in spiro-quaterphenyl after pumping with 
laser in vacuum. 

 

6.5 Study of Methoxy-spiro-quaterphenyl   

The chemical structure of methoxy-spiro-quaterphenyl (2,2’,7,7’-tetra(4-

methoxyphenyl)-9,9’-spirobifluorene) is shown in Fig. 6-24 where four methoxy 

groups are attached to the four edges of spiro-quaterphenyl molecule. Such a chemical 

modification reduces the melting point of the molecule compared to spiro-

quaterphenyl [28]. Similarly to methoxy-spiro-sexiphenyl in [31], it is expected to 

have a few nanometers red shift of the methoxy-spiro-quaterphenyl compared to the 

spiro-quaterphenyl. 

 

Fig. 6-24: Chemical structure of methoxy-spiro-quaterphenyl. 
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6.5.1 Fluorescence Spectrum and Optical Constants 

Fluorescence spectrum and ASE peak above the threshold of a 70 nm thick film of 

methoxy-spiro-quaterphenyl is shown in Fig. 6-25. In the Fluorescence Spectrum, 

there are three vibronic peaks, i.e. 386.2 nm, 403.8 nm and 426 nm. The peak of 

403.8 nm has the maximum intensity and hence the maximum emission efficiency. 

Therefore, the ASE peak above the threshold lies near to this peak, i.e. 405.3 nm. 

 

Fig. 6-25: Fluorescence spectrum (black-dashed line) and ASE peak of a 70 nm thick film of 
methoxy-spiro-quaterphenyl (red-solid line).  

 

Fig. 6-26: Optical constants of a 70 nm thick film of methoxy-spiro-quaterphenyl. The black-
dashed line is the refractive index vs. wavelength the red-solid line is the extinction coefficient vs. 
wavelength. 
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The optical constants (refractive index and extinction coefficient) of the 70 nm thick 

film of methoxy-spiro-quaterphenyl are shown in Fig. 6-26. The refractive index is 

maximum (2.48) at wavelength of 362 nm while the extinction coefficient has a max-

imum of 0.997 at wavelength of 340 nm. 

 

6.5.2 Investigation of ASE Peak Position Dependence on Film        
Thicknesses 

The dependence of the ASE peak in methoxy-spiro-quaterphenyl on the film thick-

ness is shown in Fig. 6-27 where the behavior is similar to that in spiro-quaterphenyl. 

For film thickness of 35 nm, the ASE peak is at 402.5 nm. For a film thickness of 

70 nm, the position of the ASE peak is shifted to 405.5 nm. However, the shift of the 

ASE peak becomes very small for thicker film thickness. At film thickness of 35 nm, 

not all wavelengths can propagate due to cutoff thickness of the asymmetric slab 

waveguide. The cutoff thickness of the ASE peak (406 nm) is 30.5 nm which is very 

closer to the film thickness. Therefore, the vibronic peak at 403.8 nm is the most effi-

cient peak and hence the photons are forced to be emitted near to this peak. Such a 

behavior is also seen for the emission spectra below the ASE threshold as shown in 

Fig. 6-28 where the emission spectrum for film thickness of 35 nm is very narrow 

compared to the other film thickness. Furthermore, the emission peak is shifted to 

shorter wavelength. 

 

Fig. 6-27: Dependence of the ASE peak on the film thickness of Methoxy-spiro-quaterphenyl. 
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Fig. 6-28: Normalized ASE intensity below threshold at different film thicknesses. 

 

6.5.3 Investigation of the Threshold for Different Film Thicknesses  

The normalized ASE spectra at different pump energy fluences and the determination 

of the ASE threshold of the methoxy-spiro-quaterphenyl with different film thick-

nesses are shown in Fig. 6-29 to Fig. 6-33. Same as the spiro-quaterphenyl, the spec-

tra at low pump energy fluences are broad. By increasing the pump energy fluence, 

the spectra are narrowed due to the presence of stimulated emission. 

 

Fig. 6-29: a) Normalized ASE spectra of a 35 nm thick film of methoxy-spiro-quaterphenyl at 
different energy fluences. (b) Experimental determination of the ASE threshold using Eq. (2-5). 
The blue stars represent the dependence of FWHMs on pump energy fluences and the red-solid 
line is the fit to that equation. 
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Fig. 6-30: a) Normalized ASE spectra of a 70 nm thick film of methoxy-spiro-quaterphenyl at 
different energy fluences. (b) Experimental determination of the ASE threshold using Eq. (2-5). 
The blue stars represent the dependence of FWHMs on pump energy fluences and the red-solid 
line is the fit to that equation. 

 

 

 

Fig. 6-31: a) Normalized ASE spectra of a 105 nm thick film of methoxy-spiro-quaterphenyl at 
different energy fluences. (b) Experimental determination of the ASE threshold using Eq. (2-5). 
The blue stars represent the dependence of FWHMs on pump energy fluences and the red-solid 
line is the fit to that equation. 
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Fig. 6-32: a) Normalized ASE spectra of a 165 nm thick film of methoxy-spiro-quaterphenyl at 
different energy fluences. (b) Experimental determination of the ASE threshold using Eq. (2-5). 
The blue stars represent the dependence of FWHMs on pump energy fluences and the red-solid 
line is the fit to that equation. 

 

 

Fig. 6-33: a) Normalized ASE spectra of a 219 nm thick film of methoxy-spiro-quaterphenyl at 
different energy fluences. (b) Experimental determination of the ASE threshold using Eq. (2-5). 
The blue stars represent the dependence of FWHMs on pump energy fluences and the red-solid 
line is the fit to that equation. 

 

The dependence of the ASE threshold on the film thickness is shown in Fig. 6-34. 

Obviously, there is a minimum of the ASE threshold at the film thickness of 70 nm 

where only one mode propagates within the organic film. However, the thinnest film  
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(35 nm) has a thickness in the order of the cutoff thickness of zero order mode and 

hence much of the emitted photons are escaped without propagation in the organic 

film. Therefore, higher pump energy fluence is required in order to reach narrowing 

of the ASE spectrum. However for film thickness of 105 nm the emission spectrum 

below threshold (Fig. 6-28) shows that the vibronic peak at 429 nm dominates (not 

the vibronic peak near the ASE peak) which causes an increase of the threshold of this 

film thickness. For film thickness of 165 nm, the two vibronic peaks are almost equal. 

Furthermore, the thickness of the film is near to the cutoff thickness of the first order 

mode. Therefore, the ASE threshold of this thickness is higher than that for thickness 

of 70 nm where the vibronic peak near to ASE peak dominates. However for the film 

with thickness of 219 nm, more than one mode propagates which is obvious in the 

emission spectrum below the threshold. In this spectrum, two additional peaks 

(399 nm and 385 nm) appear. Therefore, the ASE threshold of this thickness is higher 

compared to the 70 nm thick film. The second reason for the higher ASE threshold for 

thicker films is the reduction of the overlap between the strongly pumped active layer 

region and the maximum electric field region due to weaker penetration of the pump 

energy inside the thicker films caused by absorption [149].  

 

Fig. 6-34: Dependence of the ASE threshold on the film thickness of methoxy-spiro-quaterphenyl. 
The blue circles represent the ASE peak and the black-dashed line is guide to the eyes.  
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6.5.4 Investigation of the Optical Gain for Different Film       
Thicknesses 

The optical gain spectra of the film thickness of 35 nm, 70 nm, 105 nm, 165 nm, and 

219 nm at different pump energy fluences are shown in part (a) of Fig. 6-35 to Fig. 

6-39. Obviously, the gain spectra are narrow and the maximum of the gain spectra is 

low at low pump energy fluences. By increasing the pump energy fluences, the optical 

gain spectra become wider the maximum gain value is also increased. In order to 

show the dependency of the optical gain on the pump energy fluence, the optical gain 

at the maximums of the gain spectra are plotted vs. the pump energy fluences (part 

(b) of Fig. 6-35 to Fig. 6-39 ). For all thicknesses, the optical gain increases linearly 

with the increase of the pump energy fluence until the saturation pump energy fluence 

is reached (~1500 µJ/cm2). Afterwards, the increment of the optical gain becomes 

small when the pump energy fluence is increased due to the saturation effects. 

The dependence of the optical gain on the film thickness is shown in Fig. 6-40 where 

the optical gain at two different pump energy fluence values are plotted vs. film 

thickness. Obviously, the relation of the optical gain and the film thickness is the in-

verse of the relation between the ASE threshold and the film thickness (Fig. 6-34). 

This means when the ASE threshold is low, the gain is high and vice versa.   

 

Fig. 6-35: a) Optical gain spectra of a 35 nm thick film of methoxy-spiro-quaterphenyl at different 
energy fluences. (b) Dependence of maximum optical gain on the pump energy fluence. The red-
dashed line is guide to the eyes. 
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Fig. 6-36: a) Optical gain spectra of a 70 nm thick film of methoxy-spiro-quaterphenyl at different 
energy fluences. (b) Dependence of maximum optical gain on the pump energy fluence. The red-
dashed line is guide to the eyes. 

 

 

 

 

Fig. 6-37: a) Optical gain spectra of a 105 nm thick film of methoxy-spiro-quaterphenyl at differ-
ent energy fluences. (b) Dependence of maximum optical gain on the pump energy fluence. The 
red-dashed line is guide to the eyes. 
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Fig. 6-38: a) Optical gain spectra of a 165 nm thick film of methoxy-spiro-quaterphenyl at differ-
ent energy fluences. (b) Dependence of maximum optical gain on the pump energy fluence. The 
red-dashed line is guide to the eyes. 

 

 

 

Fig. 6-39: a) Optical gain spectra of a 219 nm thick film of methoxy-spiro-quaterphenyl at differ-
ent energy fluences. (b) Dependence of maximum optical gain on the pump energy fluence. The 
red-dashed line is guide to the eyes. 

 



133                                                                                                                  Methoxy-spiro-quaterphenyl                           

 

 

Fig. 6-40: Dependence of the optical gain at two pump energy fluences on the film thickness of 
methoxy-spiro-quaterphenyl. The red-dashed line is guide to the eyes. 

 

6.5.5 Investigation of the Optical loss Coefficient for Different Film 
Thicknesses  

The determination of the optical loss coefficient of the film thicknesses of 35 nm, 70 

nm, 105 nm, 165 nm, and 219 nm are shown in Fig. 6-41-(a), (b), (c), (d), and (e). 

The thickness dependence of the optical loss coefficient is shown in Fig. 6-41-(f). The 

minimum optical loss coefficient is for the thinnest film thickness where the mode in 

not well confined within the organic film. Nevertheless, the maximum optical loss 

coefficient is for the film thickness of 70 nm where the mode confinement factor and 

the pump-mode overlap have medium values and hence much portion of the guided mode 

reaches the interface between the organic film and substrate and suffers from scattering. 

For thicker films (105 nm, 165 nm and 219 nm), the pump mode overlap has small 

value while the mode confinement factor is high. Therefore, the overall effect   is   a re-

duction of the optical loss coefficient but with a small amount. 
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Fig. 6-41: Determination of the optical loss coefficient of methoxy-spiro-quaterphenyl films: (a) 
film thickness of 35 nm, (b) film thickness of 70 nm, (c) film thickness of 105 nm, (d) film thickness 
of 165 nm, (e) film thickness of 219 nm, and (f) dependence of the optical loss on the film thick-
ness. 
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6.5.6 Investigation of the Photodegradation for Different Film 
Thicknesses  

The photodegradation of the methoxy-spiro-quaterphenyl films (35 nm and 219 nm) 

in air and in vacuum is shown in Fig. 6-42. In comparison with the spiro-quaterphenyl 

films, the photodegradation process is very fast either in air or vacuum and only small 

improvement is observed in vacuum environment. The reason for that can be the oxy-

gen atom in methoxy group which react with the spiro molecule and create additional 

photooxidation process. 

 

Fig. 6-42: Photodegradation of 35 nm and 219 nm thick films of methoxy-spiro-quaterphenyl in 
air and in vacuum. The pump energy fluence is 500 µJ/cm2 and the repetition rate is 20 Hz.   

 

6.6 Study of Phenoxy-spiro-quaterphenyl   

The chemical structure of phenoxy-spiro-quaterphenyl (2,2’,7,7’-tetra(4-

phenoxyphenyl)-9,9’-spirobifluorene) is shown in Fig. 6-43 where four phenoxy 

groups are attached to the four edges of spiro-quaterphenyl molecule. From the previ-

ous study of the threshold and optical gain dependence on film thickness of spiro-

quaterphenyl and methoxy-spiro-quaterphenyl, the best laser characteristics are at 

thickness of approximately 80 nm. Therefore, only one thickness (89 nm) of phenoxy-

spiro-quaterphenyl was deposited. 
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Fig. 6-43: Chemical structure of phenoxy-spiro-quaterphenyl. 

 

6.6.1 Fluorescence Spectrum and Optical Constants 

Fluorescence spectrum and ASE peak above the threshold of an 89 nm thick film of        

phenoxy-spiro-quaterphenyl is shown in Fig. 6-44. In fluorescence spectrum, the highest 

intensity peak is at 397.8 nm and hence the ASE peak occurs near this peak (401.6 nm).  

The optical constants (refractive index and extinction coefficient) of the 80 nm thick film 

of phenoxy-spiro-quaterphenyl are shown in Fig. 6-45. The refractive index is maximum 

(2.22) at wavelength of 362 nm while the extinction coefficient has a maximum of 0.51 at 

wavelength of 334 nm. 

 

Fig. 6-44: Fluorescence  spectrum  (black-dashed line)  and  ASE  peak  of  an 89  nm  thick  film  
of phenoxy-spiro-quaterphenyl (red-solid line). 
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Fig. 6-45: Optical constants of an 89 nm thick film of phenoxy-spiro-quaterphenyl. The 
blackdashed line is the refractive index vs. wavelength the red-solid line is the extinction coeffi-
cient vs. wavelength. 

 

6.6.2 Investigation of Threshold 

The normalized ASE spectra at different pump energy fluences and the determination 

of the ASE threshold of an 89 nm thick film of phenoxy-spiro-quaterphenyl are 

shown in Fig. 6-46. The determined ASE threshold is 70 ± 10 μJ/cm2.  

 

Fig. 6-46: a) Normalized ASE spectra of an 89 nm thick film of phenoxy-spiro-quaterphenyl at 
different energy fluences. (b) Experimental determination of the ASE threshold using Eq. (2-5). 
The blue stars represent the dependence of FWHM on pump energy fluence and the red-solid line 
is the fit to that equation. 
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6.6.3 Investigation of Optical Gain 

The optical gain spectra of an 89 nm thick film of phenoxy-spiro-quaterphenyl at dif-

ferent pump energy fluences is shown in Fig. 6-47-(a) while the dependence of max-

imum optical gain on the pump energy fluence is shown in Fig. 6-47-(b). The gain 

spectra are narrow at low pump energy fluences but they become wider for higher 

pump energy values. The main observation in the phenoxy-spiro-quaterphenyl is the 

gain saturation effect. It is recognized that in the measured range, the gain is not satu-

rated. This behavior is different for other two materials (spiro-quaterphenyl and 

methoxy- spiro-quaterphenyl). However, it is expected that the gain saturation effect 

occurs when higher pump energy fluences are used. 

  

 

Fig. 6-47: a) Optical gain spectra of an 89 nm thick film of phenoxy-spiro-quaterphenyl at differ-
ent energy fluences. (b) Dependence of maximum optical gain on the pump energy fluence. The 
red-dashed line is guide to the eye. 

 

6.6.4 Investigation of Optical loss Coefficient 

The determination of the optical loss coefficient of the film thicknesses of 89 nm of 

phenoxy-spiro-quaterphenyl is shown in Fig. 6-48. The determined value of the optical 

loss coefficient is 125.7 ± 3 cm-1. 
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Fig. 6-48: Determination of the optical loss coefficient of an 89 nm thick film of phenoxy-spiro-
quaterphenyl. 

 

6.6.5 Investigation of Photodegradation 

The photodegradation of an 89 thick film of phenoxy-spiro-quaterphenyl films in air 

and in vacuum is shown in Fig. 6-49. The photodegradation is fast in air and vacuum 

environment as well. However, the photodegradation in vacuum is little bit slower but 

not like the situation of spiro-quaterphenyl. The reason for this can be the oxygen 

atom in phenoxy group which react with the spiro molecule and create additional 

photooxidation process. 

 

Fig. 6-49: Photodegradation of a 89 nm thick films of phenoxy-spiro-quaterphenyl in air and in 
vacuum. The pump energy fluence is 500 μJ/cm2 and the repetition rate is 20 Hz. 
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6.7 Comparison among Spiro-quaterphenyl,     
Phenoxy-spiro-quaterphenyl and                    
Methoxy-spiro-quaterphenyl 

In order to conclude the chapter, a comparison among spiro-quaterphenyl, phenoxy-

spiro-quaterphenyl and methoxy-spiro-quaterphenyl is summarized in Tab. 6-3.  

Optical Characteristic 
Spiro-

quaterphenyl 

Methoxy-

spiro-

quaterphenyl 

Phenoxy-

spiro-

quaterphenyl 

Fluorescence spectrum maximum peak (nm) 388.8 403.8 397.8 

Maximum refractive index 2.47 2.48 2.22 

Wavelength of maximum refractive index (nm) 352 362 362 

Effective index of TE mode 1.65 1.60 1.65 

Confinement factor 62.4% 54.2%  65.7% 

Maximum extinction coefficient 0.844 0.997 0.51 

Wavelength of maximum extinction coefficient 

(nm) 
328 340 334 

ASE peak range (nm) 386.5-391.5 402.5-406.5 401.6 

Thickness of minimum threshold (nm) 78 70 89 

Minimum  threshold range (µJ/cm2) 22 ± 5.7 51 ± 2.1 70 ± 10 

Maximum optical gain at 3000 µJ/cm2 (cm-1) 107.5 ± 7 104 ± 6 184 ± 1.2 

Optical loss coefficient at thickness of minimum 

threshold (cm-1) 
28 ± 1.4 62.5 ± 25 125.7 ± 3 

Maximum material gain at 3000 µJ/cm2 (cm-1) 169.4 217. 6 360.7 

Saturation pump energy fluence (µJ/cm2) 250 1500 - 

Photodegradation in vacuum 
Medium      

improvement 

Little         

improvement 

Little         

improvement 

Tab. 6-3: Optical properties and amplification properties of spiro-quaterphenyl, methoxy-spiro-
quaterphenyl and phenoxy-spiro-quaterphenyl. 
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The main differences among the three materials are: 

 Red shift of the fluorescence spectrum maxima and ASE peaks is observed due to 

permanent displacement of the electrons in spiro-quaterphenyl by methoxy and 

phenoxy groups (+M effect of the side groups) [151].  

 The ASE threshold of methoxy-spiro-quaterphenyl and phenoxy-spiro-

quaterphenyl is higher. The reason for this can be the side methoxy group in 

methoxy-spiro-quaterphenyl which contributes to the absorption process without 

emitting a photon. However, in phenoxy-spiro-quaterphenyl, the optical loss coef-

ficient is large compared to spiro-quaterphenyl. 

 The maximum gain is achieved from phenoxy-spiro-quaterphenyl which might be 

due to it having higher number of phenyl rings (chromophores). The number of 

phenyl rings are 8, 8 and 12 in spiro-quaterphenyl, methoxy-spiro-quaterphenyl 

and respectively. 

 The gain saturation did not occur for the phenoxy-spiro-quaterphenyl in the meas-

ured range. This means, it can be pumped with higher pump energy fluences.  

 Optical loss coefficient is a minimum for spiro-quaterphenyl which means that the 

methoxy and phenoxy side groups might worsen the quality of the organic films. 

 The photodegradation of the three materials is not preventable even in vacuum 

environment. However, the spiro-quaterphenyl has better performance than the 

other two materials. The reason for this can be the oxygen atom in methoxy and 

phenoxy groups.  

 



 

7. Conclusions 

A measurement setup based on the VSL method was designed and implemented in 

order to measure the optical gain of organic materials used as active medium 

for hybrid VCSEL. The main issue which was considered for the design is the conver-

sion of the Gaussian beam energy profile of the pump source into a top-hat profile. 

This was achieved by using laser beam shaping system based on the usage of plano-

concave and plano-convex cylindrical lenses where the optical axes of the two lenses 

are perpendicular. The simulation results proved the homogeneity of the central por-

tion of the output which was selected by a slit with dimensions of 200 µm x 3 mm.    

However, the diffraction effects from the slit and photodegradation of the organic 

materials due the presence of oxygen were problematic for the measurements. There-

fore, an imaging system is design and implemented into the measurement setup. The 

simulation and measurements showed huge reduction of the diffraction effects. Vari-

ous materials for encapsulation layer were tested in order to prevent the 

photodegradation of the organic samples. However, the improvement of 

photodegradation by the encapsulation layers was insufficient. Therefore, a vacuum 

chamber is designed and implemented in order to prevent the photodegradation of the 

organic sample during pumping process. The vacuum chamber was tested using a 

sample of spiro-sexiphenyl where the photodegradation was almost prevented.  

The validity of the VSL method for measuring of the optical gain was confirmed by 

comparing the measured and calculated optical gain of spiro-quaterphenyl. The opti-

cal gain was calculated from the fluorescence spectrum by calculating the stimulated 

emission cross section. Furthermore, the ASE intensities were generated from the 

calculated optical gain values at various stripe lengths using the ASE rate equations 
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and then the optical gain was extracted using the VSL method. The result showed 

good agreement between the calculated and extracted gain values. 

The reliability of measurement setup was confirmed by measuring the laser emission 

characteristics of organic and inorganic samples which have been measured by anoth-

er working group. ASE threshold, optical gain and loss coefficient were possible to 

measure using our optical gain measurement setup.  

Various film thicknesses of the spiro-quaterphenyl and two of its derivatives 

(methoxy-spiro-quaterphenyl and phenoxy- spiro-quaterphenyl) were deposited. The 

optical properties, ASE threshold, optical gain and loss coefficient were measured for 

these films. The ASE peak of spiro-quaterphenyl was located in near UV spectral re-

gion (392 nm) while the ASE peak of methoxy-spiro-quaterphenyl and phenoxy- spi-

ro-quaterphenyl were located in blue spectral region (403 nm and 406 nm). Minimum 

ASE threshold and maximum optical gain are achieved for film thicknesses of 78 nm, 

70 nm and 89 nm in spiro-quaterphenyl, methoxy-spiro-quaterphenyl and phenoxy-

spiro-quaterphenyl respectively. The lowest ASE threshold was measured for spiro-

quaterphenyl, i.e. 22 ± 5.7 µJ/cm2 and the maximum material gain at pump energy 

fluence of 3000 µJ/cm2 was measured for phenoxy-spiro-quaterphenyl, i.e. 

360.7 cm-1. The phenoxy-spiro-quaterphenyl did not show gain saturation in the 

measured range. New spiro-oligophenyls have to be selected for characterizations in 

order to obtain lasing action at shorter wavelengths (more towards the UV spectral 

region). This can be achieved by selecting spiro-oligophenyls with lower number of 

phenyl rings such as spiro-terphenyl. 

Photodegradation in spiro-quaterphenyl and its derivatives is not prevented even when 

the pumping was performed in vacuum environment. However, photodegradation for 

thicker films of spiro-quaterphenyl is reduced.  Further investigations of the 

photodegradation process in spiro-oligophenyls has to be carried out in order to pre-

vent or at least reduce the photodegradation and hence increase the lifetime of the 

active material under optical pumping conditions in VCSEL. 



 

Appendix  

A1. Analytical Solution of the Rate Equation for a 
Medium with Homogeneous Gain Saturation 

 

The rate equation for a medium with homogeneous gain saturation is:  
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For simplicity, we will write it as: 
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We can now separate the variables as: 
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Then we integrate to find the solution: 
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At stripe length of       the ASE Intensity is    , then 
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Then, the solution of the rate equation is: 
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A2. Analytical Solution of the Rate Equation for a 
Medium with Inhomogeneous Gain Saturation 

 

The rate equation for a medium with inhomogeneous gain saturation is:  
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For simplicity, we will write it as: 
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We can now separate the variables as: 
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Using the substitution: 
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Then,  
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Then, the rate equation becomes: 
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Then we integrate to find the solution: 
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Substitute the   value back into the integral 
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At stripe length of       the ASE intensity is    .  

Then, 
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Then, the solution of the rate equation is: 
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