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PREFACE 
 

This thesis focuses in the growth and characterization of the structural, morphological and 

optical properties of nanocomposite films consisting of transparent, hard and inorganic matrices 

with metal inclusion which are suitable candidates in photonics for light manipulation, 

antireflection coatings, color patterning etc.  

Within PhD framework nanocomposite binary and ternary systems consisting of III-nitrides 

matrices (AlN, Al1-xInxN) with silver inclusions were carried out by means of two widespread 

PVD techniques, Pulsed Laser Deposition (PLD) and Reactive Magnetron Sputtering (RMS). In 

particular in case of binary systems three different approaches were considered: 

i) Nanocomposite films consisting of AlN matrix with silver nanoparticles 

ii) Co sputtered AlN:Ag where Ag was atomically dispersed 

iii) Multilayers of alternative thin AlN and Ag layers 

  On the contrary in case of ternary systems pure Al-rich Al1-xInxN and nanocomposite Al1-

xInxN/Ag were grown respectively. 

The as grown films were subjected in both thermal annealing and UV-laser annealing, a new 

very promising technique, in an effort to understand their self-organization and optical 

properties due to the different mechanisms that occurs 

On the other hand the optical properties of Ag, as our inclusions, were prerequisite in order 

to understand the optical properties of the nanocomposite films. Thus, the optical properties of 

laser annealed thin silver films grown by magnetron sputtering was also studied in this thesis 

The structural and compositional characterization of the samples was performed by X-Ray 

Diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS) technique respectively, while 

X-Ray Reflectivity (XRR), Electron Microscopy (SEM, TEM) and Atomic Force Microscopy 

(AFM) measurements were performed for the morphological features of the samples. 

The alterations of the optical properties of the samples were investigated by Optical 

Reflectance Spectroscopy (ORS) measurements.   
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Entry into the 21
st
 century revealed new requirements into materials sciences as new 

applications and technologies were developed and thus materials with new improved properties, 

or predefined some times, required. 

These requirements led the scientific community on develop and continued study of 

nanocomposite materials in order to yield the desired properties in each case. Therefore an 

important and rapidly growing chapter Nanotechnology was created. 

Part of this huge chapter is this PhD thesis where the growth of nanocomposite films 

consisting of a semiconductor matrix with metal inclusions is attempted. 

Although this kind of nanocomposite films have been studied in depth the last decades, 

however this study revealed results that reported for first time in the literature. 

The materials grown in this thesis target in optical applications such color pattering, optical 

encoding (overt or covert), waveguides, optical sensors etc. , so the optical properties is mainly 

investigated while at the same time a correlation with the structural features is attempted. 

 

 

 

 

 

 

Aim of thesis 
 

Aim of this study is the growth of nanocomposite films consisting of a semiconductor matrix 

with metal inclusions. These materials are candidates for photonic applications based on the 

Surface Plasmon Resonance manifestation that the metallic phase exhibits. Furthermore, the 

inorganic, hard semiconductor host gives extra stability and strength so that they can be used 

even in the most demanding applications such as aerospace. 
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Materials Involved 

 

The   materials involved in this PhD framework can categorized into two sections: 

 Materials that used for the matrix 

 Materials that used as inclusions. 

 

In the first section, III- nitride semiconductors (Figure 1) were used as matrix materials, in 

binary or ternary systems, due to their exceptional optical properties. Specifically, AlN was the 

main candidate for the binary systems while AlInN alloys were grown as a case study of ternary 

compounds. 

 

 

Figure 1.1. Periodic Table of elements. 

 

Aluminum nitride (AlN) is an interesting optical material due to its wide direct band gap 

(Eg=6.2eV) [1,2] which exhibits absorption in the far UV spectral range, while being totally 

transparent in the visible spectral region and having refractive index n=2 [2]. In addition, it has 

excellent physical properties such as high melting point (2200 
o
C) [3] and thermal conductivity 

(285 Wm
-1

K
-1

)[4], mechanical properties and substantial chemical and metallurgical stability, 

making it suitable for various applications in coatings’ industry as antireflective coatings[5], 

protective coating[6,7], opto-electronic devices[8] and in surface acoustic waves (SAW)[6].  
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Structurally, AlN crystallizes, in equilibrium conditions, in the Hexagonal Wurtzite (HCP) 

structure (Figure 2) while there are cases where a totally amorphous AlN has been grown in 

numerous works.  

 

 

Figure 1.2. Schematic illustration of wurtzite structure. 

 

 Indium nitride (InN) is a narrow direct band gap with (Eg= 0.77eV) [9] group-III nitride 

semiconductor, optical denser that AlN (n=2.95) [10], which crystallizes in the same crystal 

structure with Aluminum Nitride. It displays high electron mobility (3200 cm
2
V

-1
s

-1
) [11] low 

thermal conductivity (45 Wm
-1

K
-1

) [12] and melting point (1100
o
C) [13] respectively. Due to 

these optical and physical properties InN presents enormous potential for device applications 

such as near-infrared optoelectronics [15], high-efficiency solar cells [14], and high-speed 

electronics [16]. The structural and optical parameters of both AlN and InN respectively are 

provided in table I. 

The structural relevance that AlN and InN showing to each other allows their mixture and 

the creation of solid solutions Al1-xInxN. 
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Table I. Structural Physical and Optical properties of the involved materials. 

 Materials Units (SI) 

 AlN InN  

Structural Properties    

Crystal structure Wurtzite Wurtzite - 

Lattice constant a0 0.311 0.354 nm 

Lattice constant c0 0.498 0.570 nm 

Lattice mismatch a0 -13.82 % - 

Lattice mismatch c0 -14.45 % - 

Physical Properties    

Melting Point 2200 1100 
o
C 

Thermal Conductivity 285 45 Wm
-1

K
-1

 

Optical Properties    

Gap Direct Direct - 

Bandgap Energy ( Eg) 6.2 0.77 eV 

Refractive index (n) 1.9-2.1 2.95  

Absorption coefficient (α) 3x10
-5 

0.6x10
-5

 cm
-1 

Relative dielectric 

constant (εr) 
8.5 15.3 - 

Electron mobility 300 3200 cm
2
V

-1
s

-1
 

Mechanical Properties    

Density 3.26 6.81 grcm
-3 

Elastic Modulus 330  GPa 

Hardness 1100  Kg/mm
2
 

 

This ternary compounds constitute a new, very promising field as by varying the 

compositions between AlN and InN respectively we can tune the optical parameters such as the 

optical band gap without important differences in the structural parameters as it is clearly 

observed in figure 3. However the lattice mismatch of AlN and InN (-14.45% at c axes) makes 

Al1-xInxN rather unstable at high temperatures and spinodul decomposition may occurs [17].  
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Figure 1.3. Optical band gap with respect to the lattice constant for III-V compound 

semiconductors and their alloys [18] 

 

On the other hand, silver (Ag) was used as phase dispersion into the transparent matrix in 

both binary and ternary systems while the optical properties of Ag were an individual field of 

research in this PhD thesis. Silver is a well known material and of metals, is considered a very 

promising candidate for PNPs, due to its stability when formed into nanoparticles and its strong 

LSPR absorption bands in the visible region of the spectrum [19-27]. 
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 Thesis Outline 

 

This thesis is composed of seven chapters from which the first three are the theoretical and 

technical background needed in order to be able to extract the results obtained from the analysis 

of the experimental data. 

Specifically, Chapter 1 is referred to the optical properties of materials in the nanoscale. 

Drude and Lorentz models are presenting while a discussion about light matter interactions is 

performed presenting the key points. 

Chapter 2 is devoted to thin film growth techniques that were used in the framework of this 

PhD. Sputtering technology is discussed in depth, presenting the basic modes that can be used 

while the growth of thin films and the influence of the deposition parameters are presented. 

Finally, Pulsed Laser Deposition (PLD) technique (instrumentation and principles) are 

discussed. In particular various laser sources used in our days are presented as well as the effect 

of various laser parameters.  

In Chapter 3 an overview of the characterization methods employed in this study is provided 

focusing on the basic principles of each technique. In particular, structural and morphological 

characterization techniques such as X-ray diffraction (XRD), X-ray reflectivity (XRR) and X-

ray Photoelectron spectroscopy (XPS) Scanning Electron Microscopy (SEM), Transmission 

Electron Microscopy (TEM) and Atomic Force Microscopy (AFM) are also presented.  

Subsequently, chapters 4, chapter5 and chapter 6 are the experimental part of the PhD where 

the results and the analysis that took place are presenting in detail.  

Chapter 4 provides a detailed analysis of the optical properties of silver thin films that have 

been subjected to UV-laser annealing. A correlation of LSPR with various processing 

parameters is attempted. 

Chapter 5 is the main core of this thesis, three different formations of AlN:Ag systems are 

discussed. The initial formation consists from Ag nanoparticles embedded into AlN host by 

alternating PLD of Al and Ag in N2 ambient. The second formation corresponds to Ag which is 

finely dispersed into AlN matrix of various crystallinities by sputter co-deposition of Al and Ag 

in Ar/N2 plasma. Finally, multilayers of alternative ceramic (AlN) and metal (Ag) layers 

respectively are studied. 

Ternary Al1-xInxN alloys are studied in chapter 6 with In concentration x varying in the range 

0%at <x< 20%at. The structural and optical features of the films are studying in terms of 

different In compositions, whereas the effect of the In concentration in the LSPR behavior is 

also investigating. 

Finally, PhD thesis ends with a combined summary and outlook in chapter 7. 
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1.1  Introduction 
 

The development of nanotechnology has led in utilization of nanoscale materials e.g. metals 

or semiconductors in a wide variety of applications, such as biosensors [1.1-1.3, 1.22], 

protective coatings [1.4], antireflection coatings [1.5], opto-electronics [1.6, 1.7] etc. based on 

different properties that these materials present when in nanoscale dimensions. Of special 

interest are the optical properties which might be extraordinarily different in the nanoscale, 

because of the LSPR in metal nanoparticles and of the quantum confinement effects in 

semiconductor quantum dots. 

Firstly, we present the classical Drude-Lorentz models that describe the intraband and 

interband transitions, respectively, as the starting point of understanding the optical properties 

of the nanomaterials. Then, we briefly review the individual light-matter interactions for 

semiconductors and nanomaterials. 

1.2 Lorentz Oscillator-Dielectric Function  
 

Lorentz model, which used to describe the electrons that are bound to the nuclei in 

semiconductors and insulators, can easily be compared with a small mass atom which is 

connected to another one with bigger mass using a linear spring, i.e it is based on the 

description of the equations of motion of an electron under light illumination as a harmonic 

oscillator. 

In that case and under a electromagnetic wave the atom will act as an electric dipole and the 

electron cloud, until that moment is evenly distributed around the nuclei, will shifted, for 

example at a distance r. 

Then electron motion can be described using the equation: 

 

 
   

   
  γ

  

  
  ω 

                                                                                               

 

where Eloc the local electric  field, the second term represents a viscous damping and provides 

for an energy loss mechanism, γ  the damping constant and the third term of the equation is a 

restore force from Hooke’s law while the first term is the Newton’s second law. 

In order the equation 1.1 to be valid, two assumptions should be fulfilled: Firstly that the 

nuclei mass is infinite compared to the electron mass therefore being still even within the field, 

and secondly that the electron motion is not affected from the electromagnetic field. 
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Considering that the electron cloud shift is altered harmonically by time, that means that  

            ω   and            ω  , we can rewrite the equation 1.1 as: 

 

                
                                                                                                   

 

and 

 

     
   

  

  
        

                                                                                                           

 

Then the dipole is described from the equation: 

 

          
     
         

      

 

 

 ω 
  ω    γω

                                                                       

 

Assuming that that the oscillator is in the linear region (i.e. for small electric fields such as 

those of usual light sources-not lasers) we can write: 

 

                                                                                                                                      

 

where α(ω) is the atomic polarizability 

 

  
  

 
 

 

  
        

                                                                                                      

                                  

If there are N atoms per volume unity then we can write: 

 

                                                                                                            

where P is the macroscopic polarization,      is the dipole moment and          is the 

electrical permittivity. 

We can now determine the dielectric function (Eqn 1.8): 
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where j is the number of the oscillators, ω   is the resonant frequency , γ
 
 the dumping 

factor for each oscillator and        the sum of density of electrons. 

 A detailed analysis of the light-matter interaction using the Maxwell’s macroscopic 

equations leads to the equations: 

 

        
     

  
                                                                    

   

 
                               

 

and for non-magnetic materials (μ=1) we get: 

 

                                                                                                                                 

 

                                                                                                                                    

 

Then we can define a complex refractive index                                        

 

where n is the real refractive index and k is the extinction coefficient through complex dielectric 

function              

 

                                                                                                                              

 

Substituting (1.13) into (1.14) we get: 

 

                                                                                           

 

We can now determine the real    and the imaginary    part ( of the dielectric function ε, 

respectively, for the Lorentzian model as below: 
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 The refractive index n and the extinction coefficient k can also been extracted from 

equations 1.15: 

 

   
    

    
  

 
      

 
                                                                                                

 

   
    

    
  

 
      

 
                                                                                                

 

The quantities n, k can easily be calculated from the reflectivity measurements of a material 

as a function of the polarization of the incidence light and the incidence angle in the surface. 

For normal incidence the reflectivity can be defined as: 

 

    
      

      
 
 

 
         

         
                                                                          

 

 

1.3 Drude Oscillator 
 

Drude model describes accurately the metals in contrast to Lorentz model that usually is used 

to describe semiconductors and insulators [1.8, 1.9, and 1.31]. 

 Following the same classical picture as in Lorentz’s model in metals the conduction 

electrons are not bound to the nuclei, thus there is no restoring force. So, Drude model can be 

exported from Lorentz oscillator setting ω0=0 (Eqn. 1.21):  

 

    
     

 
 

 

        
                                                                                             

 

with the real and imaginary part of the dielectric function being: 
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Equations 1.22 and 1.23 can be simplified if we define the bulk plasma frequency (it 

corresponds to the energy of the bulk plasmon) as: 

 

    
     

 
                                                                                                                  

 

The damping factor γ for metals is associated with the electron relaxation time τ:  

 

   
 

 
                                                                                                                         (1.25). 

 

Taking into account 1.24 and 1.25 eqn. 1.21 becomes: 

 

     
  
 

      
   
                                                                                               

 

Especially in the case of a nanomaterial τ is determined by [1.31, 1.44 and 1.45]: 

 

 

 
 

 

     
 

 

        
 
  
 
                                                                                      

 

Where      is the τ of the infinite metal without any structural defects and it is associated with 

the conduction electron mean free path,          is the working function of the defects,    is the 

Fermi velocity [1.45] and L is the particles size. 
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Figure 1.1. Dielectric function οf Ag. The l dielectric function of Ag (ε1 (exp)) is the result of 

the contribution of the intraband (ε1
(f)

) and interband transitions (δε1
(b

). [1.9] 

 

 

From plasma frequency equation we can identify three regions (Figure 1.1) 

 for ω < ωp the    is negative (characteristic of metals) that implies a strong reflection 

and no transmission of light (blue color).  

 for ω > ωp the   now is positive. In those frequencies the metal is  transparent and the 

light can pass through it (violet region). 

 for ω =ωp (red region) a harmonic oscillation of the conduction electrons in phase with 

the electric field of light is observed and it is called plasmon oscillation. 

Its energy is:    
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1.4 Thin Films interaction with light 
 

The determination of the optical properties of thin films is usually performed by measuring 

the reflection and transmission of the film when it is illuminated by light. For this reason, it is 

important to know how the light propagates into a film. 

In the general case, where light (independent of polarization
1
) enters from a region with 

refractive index n1 into another region having a refractive index n2 with an angle of incidence θ 

(Figure 1.2). 

 

 

Figure 1.2. When light propagates from a region to another with different refractive indices, in 

the interface one part of the wave is reflected and the other transmitted with a different angle. 

 

Fresnel reflection (r) and transmission (τ) coefficients can be calculated respectively. Thus for p 

and s components we get [1.11, 1.12]: 

 

   
               
               

                                     
        

               
                 

 

   
               
               

                                     
        

               
           

 

                                                           
1
  The incidence wave can be parallel (s-polarization) or perpendicular (p-polarization) to the plane of incidence. 
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In the case of single non-absorbing film with thickness   and index of refraction    which is 

deposited on a substrate with refractive index    and above there is ambient with a refractive 

index     (Figure 1.3) we can apply the equations 1.29-1.32 for the ambient-film and film-

substrate interfaces respectively and by adding the individual contributions we can conclude to 

the equations that describe the Reflection (R) (1.33) and Transmission (T) (1.34) that 

corresponds to the film: 

 

  
                

                
                                   

               

                
                     

 

where   
  

 
         is the phase change that occurs when the light wave traverses the film 

from one boundary to the other. 

 

Figure 1.3. A uniform non-absorbing film grown on a substrate. The electromagnetic wave 

subjected to reflections, refraction and transmission in each interface. 

 

At normal incidence (      the Fresnel reflection and transmission coefficients at the 

interfaces are simplified to: 
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and equations (1.33),(1.34) are now: 

 

  
   

    
     

    
          

     
    

     
    

       

       
     

              
         

     
           

                        

 

  
       

 

       
     

              
         

     
           

                      

 

 

The equations above are for a non-absorbing film. If the absorption of the light is taken into 

account then the real refractive index have to be replaced from the complex index of refraction 

(Eqn. 1.13) that includes the extinction coefficient k as well. 

For the determination of the reflection and transmittance of multilayer structures the Matrix 

Method [1.11-1.15] has been developed. In that method tables 2x2 [1.13, 1.15] or 4x4 [1.14] are 

used to describe the reflection and transmission coefficients of each individual layer. Then, the 

final optical response of the multilayer is determined by multiplication of all the individual 

matrices 

A very short description of that method is presented by O.S. Heavens [1.12] where he uses 

the electric vector   
  of the wave travelling in the direction of incidence in the mth layer and 

   
  for the opposite direction. Each of these propagating waves can be described from 

equations 1.41 and 1.42 respectively. 

 

  
  

 

  
      

                  
                                                            

  
  

 

  
        

                
                                                            

 

The equations 1.41 and 1.42 can be rewritten in matrix form as: 
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So, for a stack of N layers we get (eqn 1.44): 

 

 
    
 

    
   

            

             
 
  
 

  
                                                                                   

 

and finally the reflectance (Eqn. 1.45) and the transmittance (Eqn 1.46) can be calculated as: 

 

  
     

   

     
  

                                                                                                                          

 

  
     

     
          

 
   

   

     
  

                                                                                                 

 

where all the parameters with  indicator zero correspond to the substrate. 

 

 

1.5 Optical Properties of Semiconductors 
 

The optical properties of semiconductors are based on the ability to absorb a photon with 

energy     by switching an electron to switch from one state in the valence band to another 

state in the conduction band and creating an electron-hole pair.  

 

 

Figure 1.4. Energy diagram of a semiconductor. 
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1.5.1 Direct and Indirect semiconductors 

 

The relative position in the k-space of the valence band maximum and conduction band 

minimum has a strong consequence on the energy gap and thus in the optical properties of 

semiconductors. So, based on this criterion semiconductors can be distinguished in two 

categories [1.11, 1.16]: 

 Direct Band Gap Semiconductors 

 Indirect Band Gap Semiconductors 

 

 

Figure 1.5. E-k diagrams for a direct (a) and indirect (b) band gap semiconductor. Indirect 

transition require a phonon absorption or emission in order to conserve the total momentum of 

the system [1.16] 

As it is shown in picture 1.5a, in the case of a direct band gap semiconductor the conduction 

band minimum and valence band maximum occur at the zone center where k=0. Thus, when a 

photon is absorbed a direct transition of an electron from the valence band to the empty 

conduction band occurs and therefore no phonon participation in the process is necessary. 

Instead, in the case of indirect band gap semiconductor (Picture 1.5b) the conduction band 

minimum and valence band maximum are not positioned at the same electron wave vector k. 

Now the transition is not direct and a phonon absorption or emission is required in order to have 

energy and momentum conservation during the absorption of the light. 

In the following will elaborate more to the case of direct transitions since all the used 

semiconductors of this study (AlN, InN, AlxIn1-xN) exhibit direct optical gap.  
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1.5.2  Absorption of direct band gap semiconductors-Interband transitions 

 

The interband transitions play important role in the optical properties of a semiconductor 

namely the excitation of an electron from the valence band to the conduction band and they are 

critical to determine the absorption coefficient α. The absorption coefficient α is related to the 

join density of states g(E).  Join density of states can be expressed as (Eqn. 1.47) [1.12, 1.16], 

 

     
 

   
  
   

  
 
 
   

 
                                                                                                   

where m
*
 is the electron effective mass. 

 During the transition from the valence band to the conduction band the electron and the hole 

have a kinetic energy described from equations 1.48 and 1.49 respectively: 

  

         
    

   
 
                                                                                                            

      
    

   
                                                                                                                             

From the conservation of energy we get: 

      
    

   
 
  

    

   
                                                                                                      

If we define the reduced electron hole mass μ according to: 

 

 
 

 

  
 
  

 

  
                                                                                                                         

 

The equation 1.49 can be rewritten as 

       
    

  
                                                                                                                

Substituting eqn. (1.49) into eqn. (1.47) we get that: 

 

 

 For                     
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 For                  
 

  
 
  

  
 
 
  

       
 
    

                                         
 
                                                     

 

 

From above we can see that when the energy of the photon is lower than the Eg the photon is 

not absorbed and the material is totally transparent in the appropriate wavelength. On the 

contrary, when the photon energy is equal or greater than the Eg the photon is absorbed and we 

have the creation of electron-hole pair. The analysis based in equation 1.56 is called “Tauc 

analysis” and it is used to determine the optical band gap from absorption spectra [1.47]. 

 

1.6 The case of Exciton 
 

 

As stated above when a photon is absorbed from a semiconductor an electron is excited from 

the valence band to the conduction band leaving a positive hole in the valence band. This 

approach presupposes that the Coulomb forces between electron and hole are not taken into 

account. If the Coulomb interaction counted, then we have the case of exciton. 

As exciton we can define a bound state of an electron and electron hole state, which attract 

each other by the electrostatic Coulomb force.  

Excitons can affect the optical properties of materials. We can distinguish two basic types of 

excitons: 

 Wannier-Mott excitons or free excitons 

 Frenkel excitons or tightly bound excitons 

The Wannier-Mott excitons are mainly observed in semiconductors in contrast to Frenkel 

excitons that are presented in insulators and some organic crystals.  

The exciton absorption is given from the equation 1.54 [1.16] 

 

       
  

  
                                                                                                                         

where Eg is the fundamental energy gap and  
  

  
  is the exciton Rydberg constant. 

From equations 1.59 we can observe that the exciton energy is lower than the energy gap thus 

we could expect optical absorption that corresponds to exciton formation at energies just below 

the band gap. 
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1.7 Interaction of metal nanostructures with light 
 

Metal nanostructure exhibit extra ordinary optical properties because of the interfacial 

phenomena that occur due to the fact that otherwise free conduction electrons are bonded by the 

physical dimensions of the nanostructures. This gives rise to surface plasmon (at metal surfaces) 

and localized surface plasmon (at metal nanoparticles) in contrast to bulk plasmon. Although a 

variety of metals can be used to form nanoparticles, Ag and Au are widely preferred owing to 

their low dielectric losses. 

 

1.7.1 Surface Plasmons 
 

An interesting case of a special optical behavior of a metal is the surface plasmon polariton 

that implies it is a surface electromagnetic wave which is guided by the coherent oscillation of 

conduction electrons at the interface metal-dielectric, as figure 1.6 shows. 

 

 

Figure 1.6. Schematically illustration of the surface plasmon 

 

The electric field of the propagating electromagnetic wave can be described as follow: 

 

                                                                                                             

 

Solving the Maxwell’s equations for the propagating electromagnetic wave at the interface of 

the metal-dielectric, with ε1 and ε2 being the real and the imaginary part of the dielectric 

functions respectively, we lead to boundary conditions: 

 

   
  

 
   
  

   
   
  

  
   
  

                                                                                      

 

metal 

dielectric 



[24] 
 

   And 

 

  
    

     
 

 
                                                                                                         

 

The combination of equations 1.56 and 1.57 leads to equation 1.58 which describes the 

dispersion of surface plasmon: 

 

   
 

 
 
    

     
 
 

                                                                                                             

   

And easily we can see that: ε1 ≤ ε2 and as a result we can extract the boundary condition for 

surface plasmon which is (Eqn 1.59): 

 

                                                                                                                          

 

If the metal-vacuum (ε1=1) boundary conditions are applied we take: 

 

    
  

  
                                                                                                                           

 

and in the case of dielectric (εd ≠ 1) we have: 

 

    
  

              
                                                                                                      

 

1.8 Absorption on metal nanoparticles 
 

Another important case that includes interaction with light is the interaction of small (smaller 

than the wavelength of the light) metallic particles with light.  

When a nanoparticle is illuminated by light absorbs and scatters the radiation leading to a 

non-propagating collective oscillation of the conduction electrons at a specific frequency known 

as Localized Surface Plasmon Resonance (LSPR).  During the light illumination the 

nanoparticle acts as an electric dipole and surface charges are created, because of the electron 

oscillation in the particle (Figure 1.7).  
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Figure 1.7. Metal nanoparticles converted in electric dipole while irradiated with light. 
 

 

Historically the first approaches for describing interactions between light and nanostructures 

were published in the very beginning of the XXth century, some sixty years before those 

theories started to be exploited in the field of nanochemistry. These approaches enabled the 

complete description of the problem without having to proceed to complicated approximations. 

First in 1904–1905, Maxwell–Garnett described the so called ‘‘Effective medium theory’’ 

[1.26, 1.33]. The model developed gives the expression of the dielectric constant within a 

matrix (dielectric constant εm) containing small metallic spheres, provided that the size of the 

spheres is small compared to the wavelength and the material under consideration has a spatial 

extension larger than the wavelength. However, the most popular theory is without contest the 

one Mie published in 1908 concerning the absorption and scattering behavior of a small metal 

nanoparticle when illuminated by light [1.17] while several groups followed in the coming 

years [1.18, 1.21, 1.22, 1.23, and 1.33]. All studies were based on the Quasi-Static 

approximation i.e. that the particle size is smaller than the wavelength of light. 

In order to calculate the electric filed that applied to the particle we solve Laplace equation   

      [1.10], where Φ is the electric potential, and we conclude to equation 1.37 [1.62] that 

correlates the dipole moment with the electric field including the atomic polarizability α (Eqn. 

1.63). 

 

                                                                                                                                  

 

      
    
     

                                                                                                               

 

where r is the nanoparticles radius, ε is the dielectric function of the metal and εm  the dielectric 

constant of the medium (isotropic and non-absorbing). 
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The atomic polarizability gives us a straight answer that a resonance enhancement caused when 

the denominator of the equation 1.67         is minimum. That leads to the resonance 

condition (Eqn 1.64)  

 

                                                                                                                           

 

which is known as the Fröilich condition. For a metallic sphere located in the air the 

resonance criterion is 

 

   
  

  
                                                                                                                              

 

where ωp is the plasma frequency of the bulk metal. 

 

The polarizability that is observed in metal nanoparticles effect in the absorption and 

scattering of the light from the particle.  

 

Thus expressions for both components can be deduced respectively [1.10]: 

 

      
  

 
     

    
     

 
 

                                                                                                

 

              
    
     

                                                                                                

 

Cross section extinction coefficient is the summary of the two components and is described 

from the equation 1.68 [1.10, 1.33] 

 

      
 

 
  
 
   

  
        

    
                                                                             

 

where V is the volume of the nanoparticles, εm is the dielectric constant of the environment and 

      are the real and imaginary part of the dielectric constant of the metallic nanoparticles. 

It is important to note that for particles with larger dimensions the Quasi-static 

approximation fails, so it is necessary to use an electrodynamic approach for describing the 
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interaction of those particles with light because now quadrupole or higher order momentum are 

observed. 

It is obvious from the expression of the Mie extinction cross section (Eqn. 1.68) that the 

dielectric constant of the surrounding medium plays a predominant role in determining both the 

plasmon peak position and intensity. Changing the medium surrounding the NPs for another 

medium having a markedly different refractive index strongly alters the plasmon behavior of the 

NPs. In particular increasing the refractive index of the medium a red shift is observed. 

Contrariwise, decreasing the refractive index of the surrounding LSPR peak is shifted to lower 

wavelengths [1.7, 1.35, 1.19- 1.22, 1.24, 1.28, 1.32 1.36]. 

The influence of the size of the NPs on the LSPR peak position is a question that has arisen 

very early. As the diameter R of the nanoparticles appears in its equation through sphere 

volume V, the Mie theory predicts a size dependence of the intensity of the LSPR (Eqn 1.68). 

Position and bandwidth are also affected by R, but through intrinsic effects, which means that R 

modifies the expression of the dielectric constant of the metal and thus alters the resonance 

condition expressed as ε1 = -2εm. Classically it is admitted that as NPs size becomes small 

enough (typically under 50 nm) the size of the NP becomes of the order of the mean free path, 

or even smaller, which strongly affects the dynamics of the system. Thus, increasing particles 

size a red shift of the LSPR spectral position is expected while dissolution of the existing 

nanoparticles into smaller induces a blue shift in LSPR peak position [1.19, 1.21, 1.22, 1.27, 

1.31, 1.34, 1.37]. 

Although the resonant condition calculated based on the simplest form of nanoparticles 

(sphere) previsions, impact of the NPs shape on the LSPR behavior has been also considered 

[1.25, 1.29 and 1.33]. Thus, nanotechnology has enabled researchers to synthesize nanoparticles 

featuring original shapes such as ellipsoids [1.42, 1.43], cubes [1.25, 1.38], triangles [1.25], rods 

[1.39, 1.40], stars [1.41] etc. are also made and studied. The main conclusion that was pointed 

out of the SPR peak for different configurations (except sphere) is that the number of the LSPR 

peaks is proportional to the number of the individual polarizations that a particle can develop. 

For example, for an ellipsoid having three different axis           (triaxial ellipsoid, 

figure 1.8) three LSPR peaks are expected [1.10, 1.19] while for a prolate ellipsoid, where the 

two minor axis are equal two LSPR peaks are expected, one for the minor and one for the major 

axis respectively. 
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Figure 1.8. A triaxial ellipsoid can lead to three different SPR peaks through to three different 

axis a, b, c. 

 

 

It is worth noticing that in case of triangles, cubes and stars important role in the LSPR peak 

position and intensity plays the sharpness of the corners [1.25, 1.27]. In particular, LSPR peaks 

red shift with increasing the corner sharpness and particle anisotropy. 

Finally, it has been demonstrated bimodal systems mainly due to the broad particles size 

distribution []. 

 

1.9 Effect of the particle size in metal dielectric function 

 

As it was discussed in previous sections the optical properties of a metal is described 

accurately through Drude oscillator (Eqn. 1.21). Drude term is characterized by the unscreened 

plasma energy          (Eqn. 1.24) and the damping factor ΓD.     depends on the 

concentration of the conduction electrons in the film and is defined by the relation  

 

  
  

   

    
                                                                                                                           

 

where   is the conduction electron density, e is the electron charge,   is the permittivity of free 

space, and    is the electron effective mass. In adittion, ΓD is due to the scattering of electrons 

and according to the free-electron theory it is related to the electron relaxation time through the 

relation  
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Each atom of the metal contributes with one free electron to and thus the electron density 

remains constant for different sizes. For this reason the plasma frequency    is assumed 

independent of the size. However, the damping factor, related to the mean free path for free 

electrons, is strongly affected by the size through relaxation time (Eqn. 1.32). In particles 

smaller than the mean free path of conduction electrons in the bulk metal, the mean free path is 

dominated by collisions with the particle boundary. For small particles, the damping constant 

for the free electron contribution is increased due to additional collisions with the boundary of 

the particle and thus we can write via equation 1.32: 

 

                    
  
 
                                                                                

 

 

where    is the Fermi velocity and R is the radius of the particle. 
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2.1  Introduction 
 

In our days thin film growth plays a significant role in the development of the materials 

science as it is possible to create new structures with new exceptional properties and 

functionalities which can make them suitable for a wide range of applications in nanoscience 

and nanotechnologies. Sometimes the properties of thin films are totally different to the bulk, so 

it is possible new phenomena to occur. 

Through the years thin film deposition techniques developed to meet any requirement 

regarding film’s structural and optical properties. The most widespread methods are Physical 

Vapor Deposition (PVD) and Chemical Vapor Deposition (CVD) techniques. In vapor 

deposition the material transfers to the solid surface through the vapor face. If the vapor is 

created by physical means the process is classified as PVD. Instead, if the vapor is the result of 

a chemical reaction the process is classified as CVD.  

Techniques that include in the two categories and were used for thin film growth in this 

thesis are discussed, presenting the main characteristics of each one.  

In addition, we discuss the modes of film growth that mainly occur in both PVD and CVD 

techniques. 

Furthermore, the microstructure of the films can be also altered by exploiting the diffusion 

and de-wetting phenomena occurring during thermal and laser annealing. 

 

2.2 Modes of film growth by vapor deposition 
 

2.2.1 Nucleation  
 

In PVD and CVD techniques the vapor condensation and its transformation to solid state 

phase usually occur. This process is extensively described by nucleation theory that is based on 

the growth of nucleus in the early stage of thin film growth. During nucleation new surface and 

interfaces are formed and it is an important process because the grain structure that ultimately 

develops in a given deposition process. Although it is rare, homogeneous nucleation is the one 

of the two categories of      nucleation that can take place. This kind is observed in “perfect” and 

clean substrates and the total free energy change in forming the nucleus is thus given by: 
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In equation 2.1 the first term is related with the volume change during solidification and the 

second term is the result of the increase in the surface energy of the system due to new surface 

and interface formation respectively (Figure 2.1), while ΔGν corresponds to the change in 

chemical free energy per unit volume and is given by: 

 

         
   

 
  
  
  

  
   

 
                                                                                    

 

where Ω is the atomic volume, Pv is the pressure of the supersaturated vapor, Ps is the pressure 

above the solid and S is equal to (Pv-Ps)/Ps. 

 

 

Figure 2.1. Change of the free energy as a function of the radius r.  The total energy ΔG is the 

summary of the interface free energy (blue dash line) and the volume energy (red dash line). 

 

 

Minimization of ΔG with respect to r  
     

  
    yields the equilibrium size r

* 

 

    
  

   
                                                                                                                                

 

Finally if we substitute equation 2.2 to equation 2.1 we get: 
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As it is illustrated in figure 2.1, ΔG
*
 represents an energy barrier to the nucleation process. It 

is also clear that nucleus with radius less than r
*
 are unstable and will shrink while clusters with 

radius larger than r
*
 have surmounted the energy barrier and are stable. 

Heterogeneous nucleation occurs much more often than homogeneous nucleation. It forms at 

preferential sites such as phase boundaries or impurities like dust of a substrate. At such 

preferential sites, the effective surface energy is lower, thus diminishing the free energy barrier 

and facilitating nucleation and thus and requires less energy than homogeneous nucleation. 

Assuming that nucleus is created in a substrate, as schematically presented in figure 2.2, and 

heterogeneous nucleation occurs, then the free energy change accompanying this formation is: 

 

      
        

        
        

                                                                    

 

where    
  is the curved surface,    

   is the projected circular area,   
 is the volume and   

are interfacial tensions that developed between the substrate and the deposited nuclei. Finally 

subscripts fv, fs and sv referred to film-vapor, film-substrate and substrate-vapor interfaces that 

formed during nucleation respectively. 

We can also export the geometrical constants as: 

 

                                                                                                                        

 

                                                                                                                                    

 

          
 

 
                                                                                                   

 

where    is the contact angle which measures the affinity of the deposited melt on the 

specific surface (note that the contact angle is exceptionally important for the annealing process 

as well). 

Following the same step as we did in homogeneous nucleation we can estimate the critical 

nucleus size r
*
 for heterogeneous nucleation requiring thermodynamic equilibrium that is 

achieved when 
     

  
  . 

Using equation 2.5 that time we conclude to the critical nucleus radius r
*:
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Correspondingly, ΔG evaluated at r = r
*
 is  

 

     
                    

 

    
    

                                                                                 

 

 

Figure 2.2.  Growth of nuclei upon a substrate. γfv, γfs and γsv are interfacial tensions that formed 

between  film-vapor, film-substrate and substrate-vapor interfaces during nucleation, θC is the 

contact angle between nuclei and substrate [2.36]. 
 

 

Substituting the geometrical constants            into the equation 2.10 we get: 

 

    
     

       
  
               

 
                                                                     

 

Comparing the equation above with that of homogeneous nucleation (equation 2.4) we can see 

that the free energy in heterogeneous nucleation is that of the homogeneous nucleation modified 

by a factor associated with contact angle. We can say then that the energy barrier for starting 

heterogeneous nucleation is less than that in the homogenous (Figure 2.3). It is also important to 

note that the free energy is strongly related to the contact angle
2
     

 

                                                           
2
 The contact angle is the angle, conventionally measured through the liquid, where a liquid-

vapor interface meets a solid  surface 
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Figure 2.3. Comparison of the free energy (ΔG) for homogeneous (blue line) and heterogeneous 

(red line) nucleation. The contact angle factor that involving in the heterogeneous nucleation 

reduces the energy barrier for starting nucleation. 

 

2.2.2 Film growth modes 
 

As stated above during growth of nuclei onto a substrate interfacial tensions are developing.  

The equilibrium among the horizontal components of that tensions yields Young’s equation: 

 

                                                                                                                           

 

where γfv, γfs and γsv are interfacial tensions that formed between film-vapor, film-substrate 

and substrate-vapor interfaces respectively during nucleation. 

This equation can help us distinguish three different modes (Figure 2.4) of film growth with 

respect to the wetting angle: 

 When                    island growth is promoted (Volmer-Weber 

growth). The deposited atoms interact strongly with each other than with substrate 

atoms. This leads in island growth which becomes larger with time up to their 

coalescence. 

 When                    layer growth is observed (Frank-Van der Merwe 

growth). Now the wetting is better and the deposited atoms interact mostly with the 

substrate atoms. 

A special case of this condition is the ideal homo-epitaxy, because the interface 

between film and substrate essentially vanishes. 
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 Finally, there is an intermediate state known as Stranki-Krastanov growth. In this 

case, a layer of the deposited atoms is initially formed and then island growth occurs. 

In this mode              . 

 

 

 

Figure 2.4. Three different modes of growth with respect to the contact angle. [2.4] 

 

 

2.2.3 Film growth and microstructure 
 

During film growth atoms that arrive in the substrate surface, from vapor condensation, 

diffuse over it. These atoms that now are adatoms can be absorbed on the substrate surface, 

interact with other atoms of the substrate or being trapped at low-energy sites until they finally 

find their equilibrium positions. Each of these processes that can take place is related to a 

corresponding activation energy which has a good correlation with the melting point Tm of the 

deposited material. Furthermore, the dominant process depends mostly on the substrate 

temperature T.  

On the other hand, polycrystalline films structurally are described in terms of grain size, 

grain boundary morphology and film texture. Thus it is needed to describe their structural 

characteristics as a function of the process that is taking place.  

This correlation was the motivation for Movchan and Demchishin to propose a Structure 

Zone Model (SZM) [2.36] for evaporated thick coatings (Figure 2.5) where the microstructure 

of the film is presented as a function of T/Tm ratio. This model is consisting from three zones. In 

zone 1 (T/Tm< 0.25) tapered columnar crystals are observed with domed tops that are separated 
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by void boundaries. In this region very little surface diffusion occurs. In zone 2 (0.25<T/Tm< 

0.5) columnar grains are separated by distant and dense grain boundaries. In this case the 

dislocations appear to be mainly concentrated in the boundary regions. Finally, in zone 3 

(0.50<T/Tm< 1) the grains are equiaxed and reveal a bright surface. Bulk diffusion is the 

mechanism that occurs now. 

 

 

Figure 2.5. Structural Zone Model (SZM) that was first proposed from Movchan and 

Demchishin. Thin film microstructure is related with T/Tm ratio [2.4]. 

 

The SZM proposed by Movchan and Demchishin was later extended by Thornton [2.37] 

(Figure 2.6), who added another parameter, inert sputtering gas pressure (P), in order to 

describe the morphologies of sputtered films.  

Broadly, pressure seems to increase the temperature boundaries that every zone occurs. If the 

pressure is increased, that means that mean free path of elastic collisions between sputtering 

species and inert gas increases, the oblique component of the deposition flux increases and thus 

a more open zone 1 results. On the other hand, if pressure is decreased, particles gain energy, 

less collisions occur, and become more active. This leads to more dense films. 

Finally, Thornton was also introduce a new transition region in his revised SZM called T 

zone which represents the going from zone 1 to zone 2.T zone is between zones 1 and 2 and 

comprised of a dense array of poorly defined fibrous grains. 
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Figure 2.6. The extended Structural Zone Model (SZM) proposed by Thornton [2.4] 

 

Although the proposed SZM were correlate a variety of deposition parameters with thin film 

parameters, however the need for expansion of the existing SZM concerning the deposition 

parameters was imperative  due to the rapid increment in use of new or improved modes of 

deposition techniques i.e. High Power Impulse Magnetron Sputtering (HiPIMS). Thus, Andre 

Anders [2.39] proposes a new comprehensive SZM including plasma and ion-related deposition 

parameters (Figure 2.7). 

 

 

Figure 2.7 Upgraded SZM proposed by A. Anders where T
* 
is the generalized temperature, E

*
 is 

the normalized energy flex and t
*
 the net thickness respectively. [2.38]. 

 

2.3 PVD techniques 
 

PVD technologies involve physical ejection of materials from a solid target and creation of 

condensated vapors. The movement of these vapors towards the substrate is responsible for the 

thin film growth. Evaporation and ionic impingement are some of the methods used for the 
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vapor creation thus sputtering and evaporation are of the most prevalent techniques for thin film 

deposition of various materials such as metals, oxides, and semiconductors. 

Below we describe the basics for Sputtering and Pulsed Laser Deposition that used in the 

framework of the current thesis. 

 

2.3.1 Sputtering 
 

Sputtering is a momentum transfer process based on collisions between particles in the 

process chamber.  

Initially, working gas, typically Ar is inserted into an evacuated deposition chamber. The 

material-target that we want to deposit is placed in the cathode while the substrate, where the 

material will be deposited is placed in the anode. A voltage is applied between target and 

substrate resulting to the ionization of the Ar gas and the creation of plasma. The Ar ionized 

atoms are accelerating towards the target due to the imposed electric field and the interactions 

with electrons.  

 

 

Figure 2.8. Schematically illustration of sputtering process (figure from www.etafilm.com). 

 

Collisions of the accelerating ions with the target surface facilitate the momentum transfer. If 

the kinetic energy with which ions strike the surface is bigger than the binding energy of the 

atoms in surface then atoms of the material can be ejected and vapors are created. These vapors 

are responsible for the thin film growth. From the description of the sputtering process above 

we can see that we can distinguish three sections: 

 Particle-target interactions 
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 Transport of the sputtered particles through the gas phase 

 Deposition of the film. 

 

Particle-target interactions 

 

As stated above sputtering is a momentum transfer process thus depending on the kinetic 

energy of the ions that impinge in the target surface interesting phenomena occurs. For lower 

energies than the binding energies of the target surface atoms ions can be reflected on the 

surface while if the energy exceeds that energy, surface damage will occur as atoms forced into 

new lattice positions. Other phenomena that also can take place during the ion-target collisions 

are secondary electron emission from the atoms of the target, defects and voids in the target, 

backscattering or implantation of the incoming particles, X-ray emission etc. All possible 

processes that can occur during sputtering are illustrated in figure 2.9. The neutral atoms that 

reflected from the target surface can affect a wide variety of thin film properties especially 

when their kinetic energy is enough to arrive to the substrate. 

 

 

Figure 2.9. Ion interactions with solid [2.1] 

 

The ability of ejection atoms from the target can generally described from the Sputtering 

Yield S which is the ratio of the atoms ejected per incident ion: 

 

  
             

             
 

 

and is proportional to the interactions that take place in the target through three parameters: 
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Kinetic Energy of the incident ions: Kinetic energy of the ions is directly related with the 

applied voltage between target and substrate, which is associated with the electrical power 

applied to the cathode, and is important parameter for the sputtering yield. The relationship of 

the ion energy and the sputtering yield is depicted in figure 2.10. As it can be seen there is 

minimum threshold energy in order to sputter atoms from the target (around 50 eV) which is 

depending on the nature of the incidence atom as well in the mass and atomic number of the 

target atoms. Also, an increase of the incidence ion energy leads to a respective increase of 

sputtering yield 

 

 

Figure 2.10.  Sputtering Yield of different elements with respect to Ar ions energy. A minimum 

amount of energy is required for sputtering to occur [2.78]  

Angle of incidence of the ions: The angle of incidence is one more parameter that can affect the 

sputtering yield. For normal incidence the accelerating ion will react with a small fraction of the 

surface and a small amount of target atoms will be emitted. However, as the angle is getting 

small the volume affected by the impact is moved closer to the surface and as result more atoms 

will be ejected from the surface. Finally, for a grazing incidence angle the ions will simply 

reflect from the surface and low sputtering will occur.  
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Figure 2.11. Sputtering yield of diamond s a function of sputtering angle for different Ar ions 

energy [2.15] 

 

Transport of the sputtered particles through the gas phase 

 

The ejected atoms from the sputtering target are transported through the gas phase to the 

substrate in order to deposit in the substrate. During their travel a number of collisions with 

other atoms in the chamber take place and this may reduce the ability the sputtered atoms to 

arrive in the anode. 

Important role to this process plays the mean free path, the distance to be run by an ejected 

atom between two successive collisions with other atoms in the chamber. Mean free path 

depends on the pressure in the chamber, the temperature of the gas as well the size of the 

molecule. So by tuning, mainly, the pressure of the chamber we can tune the mean free path of 

the atoms.  

Deposition of the film. 

 

This is the final and most important stage as thin film growth occurs. Thus, there are some 

parameters such as substrate temperature and applied negative substrate bias with which we can 

change the flux and the kinetic energy of the species and consequently the desired properties of 

the grown film. 
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By heating the substrate we have the opportunity to provide the required energy to the atoms 

which are deposited to the substrate so that they can diffuse and form a film without defects and 

with a better crystallinity.  Additional substrate heating can also be used as a means of surface 

cleaning from impurities such as oxides in the substrate surface. 

A second possibility that also affects the flux of the deposited species as well the kinetic 

energy is the application of a negative bias on the substrate. This parameter can lead to better 

adhesion of the material to the substrate during the initial stages of the deposition. It can also 

contribute in grown more dense film or it can change the electric properties of some dielectric 

materials. 

Finally, one very important process that occurs during the particle target interaction is the 

neutral backscattering ions that reflected and return to the substrate. The impingement of those 

ions in the film surface or even the implantation into the film can lead in changing the 

properties of the film such as surface topography modification, changes in interplanar spacing, 

reduction of film grain size and other. This is particularly important for high sputtering power 

densities such as those used for the sputter growth of crystalline w-AlN in this thesis. 

 

2.3.1.1 DC-RF Sputtering 
 

Direct Current (DC) and Radio Frequency (RF) sputtering are two different modes of 

sputtering that are used for thin film deposition, both in industrial and laboratory scale and 

schematically are depicted in figure 2.12 

DC Sputtering historically, is the first sputtering mode that has been used for thin film 

growth and is based on the application of a direct current (DC) in the cathode leading in a DC 

plasma formation. 

Although this configuration is very simple, it has some disadvantages and limitations such as 

the inability in deposition of insulating materials due to surface charging. 
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Figure 2.12. Schematically illustration of basic DC (left) and RF (right) sputtering 

configuration. In RF configuration a matching network is applied between the electrode and the 

power supply. [2.1] 

 

Although an increase in gas density could be a solution for increasing the deposition rate due 

to increased ionic collisions in the gas face, however this option is not totally ideal because 

increasing gas density would simultaneously decrease the mean free path of the ions and thus 

fewer ions would reach to the anode. 

The application of a Radio Frequency signal can eliminates the disadvantages and the 

limitations that discussed previously. Typical RF frequencies employed range from 5 to 30 

MHz. However, 13.56 MHz has been reserved for plasma processing by the Federal 

Communications Commission (FCC) and is used in most industrial equipment. 

Unlike to DC mode, in RF configuration an impedance –matching unit is placed between the 

power supply and the electrode so that the capacitor of the matching unit blocks the DC 

potential and minimizes the reflected power tuning the impedance accordingly. 

In RF sputtering due to high frequency, electrons that oscillate in the glow region acquire 

enough energy to cause ionizing oscillations. Because of the high electron mobility the target is 

self-biased to a negative potential. As a result there is no charging of an insulating surface and 

sputtering of such a surface can be achieved. Moreover the trapped secondary electrons into the 

plasma can cause additional ionization, compared to the DC mode. This results in a high plasma 

density at the same pressure leading in high deposition rates. 

 

2.3.1.2 Magnetron Sputtering 
 

The simultaneous application of a permanent magnetic field together with an electric field 

during sputtering is the concept of magnetron sputtering technique. The applied magnetic field 

can be applied either as parallel or perpendicular to the electric field. The parallel magnetic field 
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is not efficient enough and the only benefit is that prevents secondary electrons from being lost 

is the chamber walls. Furthermore, a delay to the backscattering electrons to arrive at the 

substrate is observed. Contrarily, a perpendicular, to the electric field, magnetic field optimizes 

the sputtering operation. Specifically, secondary electrons are trapped close to the target 

surface, increasing the number of collisions leading in a greater number of ejected atoms from 

the target and thus in higher depositions rates 

Usually magnetrons are placed just below the target and their form depends on the form of 

the target while a cooling system for the magnetrons is also used. It is worth noticing that 

magnetrons are placed in that way so that dynamic lines of the magnet field enfold the target. 

Magnetron Sputtering is a widely used form of sputtering for thin film growth mainly due to 

the high depositions rates that are achieved while through the years different configurations are 

manufactured such as planar, toroidal, toroidal-conical etc.  

2.3.1.3 Reactive Sputtering 

 

In reactive sputtering simultaneously with the carrier gas a reactive gas is used as well, in 

order to grow compound films from pure metallic targets, for example growth of AlN from Al 

metallic target in Ar and N2 ambient. 

The most widely used compound films that are deposited based on reactive sputtering are: 

 Oxides (e.g. Al2O3, SiO2) using reactive O2 

 Nitrides (e.g. AlN, TiN) using reactive N2 

 Carbides (e.g. SiC) using reactive volatile hydrocarbons (e.g. CH4, C2H2) 

 

Although reactive sputtering is used extensively, the formation of high purity compound 

targets for the deposition of compound films is also an option. There are some parameters that 

can guide us in making the choice between reactive sputtering or the use of a compound target: 

Target Purity: Preparation of high purity metallic targets is much easier and cost effective 

instead of creating high purity compound targets. Moreover, because a mixture of powders is 

used in the second case impurities are inevitable. 

Deposition Rate: The usage of the reactive gas leads in the formation of compounds on the 

target surface, a process also called “target poisoning”. Furthermore, sputtering yield of 

compound targets is very low possible due to contaminations that reaches the sample or the 

different bonding between the target atoms which affects the effective sputtering yield γell [2.76, 

2.77]. Generally, deposition rate is proportional to the reactive gas pressure while a pre-

sputtering with the initial gas is indispensably for the removal of the compounds from target 

surface. 
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Stoichiometry and Properties: Depending on the deposition conditions and in combination with 

the reactive gas we can provide different stoichiometry and properties to the growing film. 

 

2.3.2 Experimental Set Up 

 

The depositions of the thin films within this PhD thesis were performed by a dual-cathode 

RMS (DCRMS) in a custom made, high vacuum(Pb=2×10
-6

 mbar) deposition chamber (Figure 

2.13),. The DCRMS consisted of two 2 inch unbalanced magnetrons in confocal geometry (45
o
 

angle of incidence) and a target placed 5 cm away from the magnetrons’ surface. The growths 

were carried out at room temperature while the substrate was able to rotate during the 

depositions. For the binary AlN-Ag system growth a DC and RF voltage were applied to the Al 

and Ag targets respectively while the deposition took place in an Ar/N2 mixed environment. In 

addition, in order to grow the ternary AlInN system pure In pieces were placed onto the Al 

surface target while by varying the number of the In pieces we could control the concentration x 

in our films. Finally, in all cases a pre-sputtering process, with gun shutters closed, was 

performed for cleaning the targets surfaces using only Ar as sputtering gas. 

 

 

 

Figure 2.13. Left: Schematically illustration of the experimental set up. Right: Image inside of 

the chamber during Al and Ag cosputtering in Ar/N2 mixed environment. 

 

2.3.3 Pulsed Laser Deposition (PLD)  

          

The development of powerful, high photon flux, Q-switched lasers has drastically changed 

our perception of light-matter interactions and opened new ways of implementing laser sources 

for the growth and processing of nanostructured materials. Thus, Pulsed Laser Deposition has 

become a well-established technique for the growth of carbon nanotubes [2.63-2.65], diamond 
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like carbon and ultra nano-crystalline diamond [2.66-2.68], nanocomposite films and coatings 

with finely controlled dispersion of nanoparticles (NPs) and super lattices [2.69-2.71]. 

The utilization of a powerful laser beam gives the opportunity to prevail over other 

techniques like evaporation and sputtering for some materials where it is not possible to be 

applied such as in case of high temperature superconductors (HTS) where high temperatures are 

required [2.72]. 

The wide use of PLD is based on its unique combination of assets such as: 

 

 

1. Clean character, since usually no carrier or precursor gas is required for PLD; the cleanliness 

of PLD is usually comparable to molecular beam epitaxy (MBE). 

2. Retaining the targets composition in the grown film, unlike sputtering and evaporation. 

3. Fine control of the kinetic energy of the deposited species. 

4. Extremely high deposition rate and nucleation density during the laser pulse (although the 

effective deposition rate is usually very low due to the pulsed mode, which incorporates 

immense dead times), which as a result alter the kinetic and thermodynamic conditions of 

growth. 

The basic instrument for all laser processes of materials is the laser source itself. The laser 

source consists of a power source used for the optical pumping, which might be electricity or a 

strong light source (e.g., the flash lamps of the typical Nd:YAG solid state lasers or another 

laser source), the active medium and the resonator (or cavity). The active medium can be either 

a mixture of gases (e.g., He–Ne) or liquids (e.g., various dyes) or a solid state crystal with a 

controlled concentration of optically active impurities, e.g., Nd impurities in an Yttrium–

Aluminum Garnet for Nd:YA lasers or Ti color centers into an Al2O3 crystal for Ti:Sapphire 

lasers. The stimulated optical emission takes place into the active medium. The resonator is 

usually a tube with two assembled mirrors. The one mirror is highly reflective and the other is 

semi-reflective (the latter is also called the aperture) and the active medium is located between 

them. The stimulated optical emission occurs along the central axis of the resonator 

The laser sources can be categorized to CW and to pulsed Q-switched lasers. The 

CW-lasers operate resonators with one partially reflective (50–80%) mirror out of which a 

continuous optical beam is emitted continuously. On the other hand, a Q-switched laser (Figure 

2.14), is based on the introduction of an electro-optic or acousto-optic modulator (e.g., Kerr 

cell, Pockel cell, etc.) intersecting the central axis of the resonator. 

The modulator for low-Q (low quality factor) conditions is transparent to the emitted laser 

light along the central axis of the resonator while for high-Q conditions transmits the emitted 

photons to another direction and through an aperture the laser beam is emitted out of the 
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resonator. In this mode of operation, the modulator is in low-Q conditions, for most of the time, 

building the appropriate intensity of the laser beam through successive passages of the emitted 

photons through the active medium. When the desired laser intensity is built, the modulator is 

switched to high-Q conditions.  This results in high peak power (usually in the range 10
8
–10

16
 

Watt/cm
2
) as the average power of the laser is packed into an ultrashort time frame and, thus, a 

laser pulse of immense power is emitted through the aperture.  

 

 

Figure 2.14.  An internal view of a Q-switched pulsed laser source [2.40] 

 

The pulse duration can range from several tens of ns (10
9
 s) to a few tens of fs (10

15
 s). 

Special crystals can be adapted on the aperture of the laser source in order to generate high 

harmonics of the light and, thus, emit laser beams of various wavelengths (e.g., for the most 

popular Nd:YAG lasers the emitted wavelengths can be 1,064, 532, 355, 266, and 213 nm). The 

most common types of lasers that used in PLD technique are presented in Table II below. 

 

Table II. The most common types of lasers used for PLD and their  

basic features [2.40] 

Laser type 
Pulse 

duration 
Wavelength (nm) 

Spectral 

region 

    

Excimer ArF ns 193 Far UV 

Excimer KrF ns 248 UV 

Nd:YAG ns-ps 

1,064(fundamental) 

532 (2nd harmonic 

355 (3rd harmonic) 

266 (4th harmonic) 

213 (5th harmonic 

IR 

Green 

UV 

UV 

UV 

Ti:Sapphire fs 
800 (fundamental) 

400 (2nd harmonic) 

NIR 

Violet 
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PLD is based on the phenomenon of laser ablation which at a superficial level, might be 

viewed simply as a rapid boiling of material within a localized interaction volume at, and close 

to, the surface of the target, while a focused pulsed laser beam of high fluence illuminates the 

target material (Figure 2.15) [2.31].  

 

 

Figure 2.15.   Schematic illustration of the PLD mechanism.(a) Absorption of the laser beam. 

(b) Melting and vaporization of the target-plume formation (c) Absorption of the incident laser 

beam by the plume and plasma formation. (d) Melt front recedes leading to eventual re-

solidification [2.31] 

 

The usual fluence used in PLD with pulse duration of the order of ns ranges from a few 

mJ/cm
2
 to several tens of J/cm

2
. The fluence when shorter laser pulses (e.g., ps or fs range) are 

used is lower but the radiation power is still higher. The used fluence is usually equivalent to 1–

100 billion times the power density of arriving sunlight on the surface of the earth for the pulse 

duration and for the specific illumination area. The laser irradiation induces vaporization, via 

heating of the target, and formation of plasma via ionization of the target atoms. In particular, 

the removal of atoms from the bulk material is usually done by a Coulomb explosion due to 

multi-photon ionization of near surface atoms, given that the laser fluence is of the order of 

some J/cm
2
 (high fluence is a prerequisite for this process, since it ensures a high probability of 

multi-photon ionization, which is taking place in a time interval of the order of few ps). 

Subsequently the electrons that become free after the ionization process oscillate within the 

electromagnetic field of the laser (given that the pulse duration is relatively longer than the 

ionization process, i.e., pulse duration in the range of ns) and can interact with the target atoms 

inducing electron–phonon interactions resulting to target heating and vaporization. 
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Figure 2.16. Basic configuration of a PLD set up. 

 

The mixed vapors and ions of the target material are called the plume. The kinetic energy of 

the ablated species may vary with the laser wavelength and fluence in the range from a few eVs 

up to hundreds of eVs. After the creation of the plume the material expands within a cone, 

whose axis is parallel to the normal vector of the target surface toward the substrate due to 

Coulomb repulsion (for ions) and adiabatic expansion of the pressurized vapors. These 

processes are displayed schematically in figure 2.17. 

 

 

  

Figure 2.17. Illustration of laser-mater interactions that take place in the target. (1) laser beam, 

(2) the material-target, (3) interaction region of laser-mater, (4) laser-gas interactions (plume), 

(5) ionized gases, (6) substrate, (7) vapor condensation and thin film growth [2.40]. 

 

 

PLD combines many assets of thermal techniques (such as MBE and evaporation) like the 

clean character, and of ionic techniques (such as sputtering) like the flexibility in controlling the 

kinetic energy of the deposited species. The main advantages of PLD can be summarized as: 
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  Flexibility in creating high/low-energy species, 

  Low working pressures resulting to higher diffusion of arriving species and subsequently to 

better crystalline quality of the produced films, 

  Ion–solid interactions (implantation, cascades, etc.), 

  Clean character; no impurities 

  Growth of metastable phases 

 

However, PLD has also some drawbacks like: 

 

  Thickness inhomogeneity (i.e., smaller samples compared to other physical or chemical vapor 

deposition techniques), 

  Relatively high surface roughness (droplets/clusters), 

  Low-effective deposition rate (few nm/min). 

 

We should point out that although the apparent deposition rate for PLD is very low, 

compared to other PVD-techniques, such as sputtering, and it is usually of the order of few 

nm/min, the real deposition rate is in the order of magnitudes higher because of the pulsed 

character of deposition (Figure 2.18). Thus, the deposition takes place in a time interval which 

is comparable to the pulse duration (a few ns or ps or fs), followed by a dead time which is in 

the range of 0.1–100ms for 10Hz to 10 kHz repetition rate. In conclusion the real deposition 

rate during the laser pulse is about  

10
-2

 nm/pulse, which is equivalent to about 106 nm/s and it is much higher than any other PVD 

technique. The real deposition rate is not so significant for the industrial applications (where the 

apparent or average deposition rate is the key parameter). On the other hand, the immense real 

deposition rate is very important for the kinetics and thermodynamics of growth, especially for 

multi-component films. 
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Figure 2.18. A schematic of the pulsed mode of deposition, which results to a succession of 

immense deposition rate during the pulse followed by a dead time [2.40] 
 

Although the description above gives the impression that PLD is a versatile technique, in fact 

the processes that take place during laser beam-material interaction is quite complicated.  The 

mechanism that takes place in the target and is responsible for the material evaporation can be 

sub-divided into primary and secondary processes. 

We must also point out that we have  the ability to introduce reactive gases into the vacuum 

chamber in order to grown films like nitrides and oxides [2.73-2.75]. Background gas can affect 

the plume distribution which presents an ellipsoid configuration. Specifically, for low gas 

pressures (< 1 Pa) plume expansion is the same as in vacuum without reactive gas. When the 

gas pressure is about 10-100 Pa a compression is applied to the plume shrinking it. Finally when 

the gas pressure is over 100 Pa a strong confinement of the plume is observed. Plume 

characteristics can also be affected from the kinetic energy of the plume species which are 

associated with parameters such as laser wavelength and power density. 

Kinetic energy of the plume species is a crucial factor, as in sputtering, for the desired 

properties of the deposited thin film. Nonetheless, there are also, parameters that can determine 

the properties of the film such as laser wavelength, repetition rate, substrate temperature. 

Laser wavelength: laser wavelength can lead in thermal or non thermal process.  

Repetition rate: Can define the degree of the supersaturation of the evaporated material that 

affects on the growth mode of films. Island growth (Volmer-Weber growth), layer growth 

(Frank-Van der Merwe growth) or Stranki-Krastanov are also occur in PLD thin film 

deposition 

Substrate temperature: is usually applied in order to give extra mobility to the arriving species 

usually for epitaxial growth. At room temperature, amorphous thin films are usually grown. 
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2.4 POST GROWTH THIN FILM PROCESSING 
 

Sometimes the grown films exhibit different properties such as crystallinity or 

microstructural features that are undesirable like stresses, microstructural defects etc. Thus a 

further processing is necessary. In addition, post-growth annealing can be used for the 

dewetting of films of low melting point materials, such as Ag. This is beneficial in order to 

promote LSPR.  

A process that films are usually subjected to, in order to improve their properties is 

annealing. A variety of different annealing processes have been developed through the years 

ranging from the usage of a conventional furnace, in vacuum or not, up to a more modern and 

very promising process of laser annealing where a laser (usually UV) is used for the annealing. 

Hot plate annealing (HP) [2.41-2.44] and Microwave annealing (MW) [2.45-2.48] are 

techniques that can be used as well. 

In this PhD thesis samples were subjected to laser annealing, meanwhile HP annealing has 

also been used in some cases. Basic aspects of these techniques are presented below 

 

2.4.1 Hot Plate Annealing 

 

Hot plate annealing is actually based on heating of a spiral resistance which is surrounded by 

a metal plate. Simultaneously, the heat that is emitted from the resistance is transferred to the 

plate leading to Hot Plate. 

Based on the above we can say that hot plate annealing is an indirect process which can be 

distinguished in two steps. Firstly, heat transfer from the hot plate to the substrate which are in 

direct contact and subsequent heating of the film. 

 

 

Figure 2.19. Left: Hot plate set up. Right: Heated resistance. 
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Although hot plate annealing is a fast and user-friendly technique and applicable in all 

materials, however the uneven thermal distribution is a major disadvantage (Figure 2.20) 

causing reproducibility issues,   

 

 

Figure 2.20. Hot plate image using a thermo camera. An uneven thermal distribution can be 

observed. 

 

2.4.2 Laser Annealing 
 

Laser annealing is a rapid thermal process where extensive diffusion effects can be avoided. 

This major advantage as well as its applications in industrial scale has lead in its rapid growth in 

recent years in the material science, turning it into a powerful technique [2.48-2.62].  

 

 

Figure 2.21. Basic configuration of laser annealing [2.56]. 

 

This process is based in the photon absorption through inter- or intra-band electronic 

transitions. The absorptions cause an alteration in the electron distribution of the materials that 

thermalizes via electron-electron and electron phonon interactions, as already reported in a 
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variation of works in laser-solid interactions [2.34, 2.35]. Thus, the electronic and lattice 

dynamics must be taken into account in order to understand the effect of the laser annealing. 

Consequently, two interrelated equations (Eqn. 2.14, 2.15) can be applied for the total 

description of the heat transfer in a material [2.24]: 

 

  
   
  

                                                                                                   

 

 

  
   
  

                                                                                                                                                                         

 

 

where    and    are the electronic and lattice specific heat (Jm
-3

K
-1

) respectively,      is the 

absorbed laser power per unit volume (Wm
-3

),         is the rate of energy transfer between 

lattice and electrons (Wm
-3

) and          is the diffusive electronic heat transfer. 

The processes taking place when the laser radiation hits a material depend on the amount of 

deposited laser energy. This energy and its spatial and temporal distribution determine what 

kind of material modification will occur. The main laser-solid interaction process is the 

excitation of electrons from their equilibrium states to some excited states by absorption of 

photons. These typical single photon processes are well-known in a wide field of physics. Other 

possible excitations involve multiphoton electronic transitions. At a constant laser fluence, a 

shorter laser-material interaction time favors multiphoton excitation processes, because the 

probability of nonlinear absorption increases strongly with a growing laser intensity.  

In laser annealing process both material and substrate parameters such as transparency, 

thermal conductivity, optical band gap etc. can play dominant role. Thus, we need lower laser 

fluence for lower thermal conductivity substrates. 
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3.1  Introduction 
 

As mentioned previously, thin film growth has led in the development of new and at the 

same time unknown structures and properties, respectively. Thus, it is important every time to 

be able to identify the properties of the film.  

A large number of techniques (destructive or not) has been developed and applied for full 

characterization of the thin films properties (structural, morphological and optical). X-ray 

Diffraction (XRD), X-Ray Photoelectron Spectroscopy (XPS) and Atomic Force Microscopy 

(AFM) are some of the most widly used techniques. 

In this chapter we present the basics of the techniques that were used in this PhD for the thin 

film characterization.  

3.2 Structural Characterization 
 

Structural and microstructural characterization is a very important part of materials analysis 

as it gives the opportunity to identify the crystal structure and other structural parameters such 

as the lattice constant, grain size and lattice strain. 

X-Ray Diffraction (XRD) is a common and non-destructive technique that is widely used for 

the derivation of structural parameters of new unidentified samples in thin film form. 

 

3.2.1 X-Ray Diffraction (XRD) 
 

Diffraction of an electromagnetic wave takes place when this wave encounter a number of 

periodically arranged “obstacles” on the length scale of the wavelength and it scatters around. 

X-rays are part of electromagnetic radiation with wavelength comparable to the interatomic 

distances in crystals. Thus, constructive and destructive interferences can be observed when a 

crystalline solid is exposed to X-rays.  

When X-rays enter in a material, they are elastically scattered from the crystal atoms with the 

same wavelength λ of the incident radiation. If K0 is the wave vector of the incident beam and 

K wave vector of the scattered beam we can define an important parameter called scattering 

vector Q, which is equal to the difference K-K0 (Eqn. 3.1) as illustrated in figure 3.1 while 

angle between K and the prolonged direction of K0 is the scattering angle 2θ (Fig. 3.1). 
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Figure 3.1. The scattering vector Q is the difference of the wave vector of the scattering beam K 

and the wave vector of the incidence beam K0. 

 

Scattering vector Q is the parameter that gives the positions in space where constructive 

interferences occurs and diffraction peaks are observed. Using Laue conditions for maximum 

intensity and after some mathematical calculations [3.1, 3.2] we get (Eqn. 3.2) for cubic crystals 

[3.25]. 

 

 

  
 
         

 
                                                                                                                

 

where h, k, l is Miller indices and α is cell parameter. 

 

Substituting equation 3.1 to equation 3.2 we get equation 3.3: 

 

  

         
                                                                                                              

 

The distance of two adjacent planes is given by the interplanar spacing      with respect to the 

Miller indices and the lattice parameters. For instance, in case if a cubic lattice has been found 

that (Eqn. 3.4): 

 

     
α

         
                                                                                                          

 

Rearrangement of equation 3.4 using equation 3.3 leads to equation 3.5 which is the known 

Bragg’s law and gives the positions where diffraction peaks are observed. 
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where n is the order of diffraction, λ the X-ray wavelength,      the interplanar spacing and θ is 

the scattering angle. 

Bragg’s law can also be extracted with geometrical considerations, as visualized in figure 3.2 

 

Figure 3.2. Geometrical representation of the Bragg’s law [3.4] 

Consider two parallel lattice planes AA΄ and BB΄ with spacing       and a monochromatic, 

parallel, in-phase x-ray beam of wavelength λ and with angle of incidence at both planes θ. Two 

rays of the x-ray beam named 1, 2 respectively will be scattered from atoms P, Q. Constructive 

interference of the scattered rays 1΄,2΄ occurs when the sum of the paths SQ and QT is equal to 

any multitude of a wavelength (nλ). That condition can be further written as (Eqn. 3.6): 

 

                                                                                           

 

which is exactly the Bragg’s law (Eqn. 3.5) 

 

X-Ray Diffraction Configurations 

 

XRD measurements can be performed using two configurations Bragg Brentano (BBXRD) 

and Grazing Incidence (GIXRD), respectively. 

 

Bragg-Brentano mode (BBXRD) 

 

Bragg Brentano XRD (BBXRD) is the most widely used configuration for the structural 

characterization of a material.  
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In this mode the X-ray tube and the detector are simultaneously moving in a wide range of 

angles, clockwise and anticlockwise respectively. Although the angle of incidence and the 

scattering angle (detector) are varying throughout the measurement, they remain equal (θin = 

θsca). During the measurement the intensity of the scattering beam is monitored as a function of 

the 2θ angle, where 2θ is defined the angle between the scattering angle and the extinction of 

the angle of incidence as it is illustrated is figure 3.3. The rotation of both the X-ray tube and 

the detector is achieved through the rotation of the goniometer, which is placed in the center of 

the diffractometer. 

 

  

Figure 3.3.  Bragg Brentano XRD geometry. X-ray tube and detector  

are moving simultaneously. 
 

 

In Bragg Brentano mode the scattering vector Q is always parallel to the specimen surface 

normal, thus only the lattice planes that are oriented parallel to the surface give diffraction 

signal.  

 

Grazing Incidence mode (GIXRD) 

 

The second configuration that is also can be performed for the extraction of structural 

parameters is the Grazing Incidence XRD (GIXRD), which in this case, the incoming x-ray 

beam penetrates to the sample’s surface at a small glancing angle α which remains constant 

during the measurement while the detector is moving in a 2θ mode. Nevertheless, the intensity 

of the scattering beam is also recorded as a function of the 2θ angle which described exactly as 

in BBXRD. In contrast to the BBXRD, now the angle between the outgoing beam and the 

sample surface is 2θ-α as depicted in figure 3.4. 

 

Q 
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Figure 3.4.  Grazing Incidence XRD configuration. Angle of incidence is remaining constant and only 

the detector is moving in 2θ mode. 

 

GIXRD is usually performed for thin film characterization because the small angle of 

incidence increases the footprint of the measured x-ray beam on the sample surface. This results 

in substantially increased measured signal, but in the expense of angular resolution (thus the 

GIXRD peak profiles are broader). Further enhancement of the measured signal is achieved due 

to the longer optical path in the film as a consequence of the glancing angle of incidence.   

Due to the different geometrical configuration, the scattering vector Q is not perpendicular to 

sample surface. As a result diffraction caused by lattice planes that are neither parallel with the 

surface nor with each other. For this reason, if a single-crystal substrate (like Si wafer) is used, 

there is contribution from the substrate to the diffraction pattern. 

 

 

Grain Size analysis 

 

XRD pattern analysis can be used for crystalline size estimation through the well-known 

Scherrer equation (Eqn. 3.7), which correlates the FWHM of the diffraction peak with the 

crystal size [3.25]: 

 

      
  

     
                                                                                                                         

 

 α 

 2θ-α 
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where D is the grain size in nanometers, K is a shape factor with a typical value of about 0.9, 

λ is the wavelength of the radiation, β is the FWHM of the diffraction peak in 2θ scale and θ the 

respective Brag diffraction angle. 

Scherrer equation is limited to nanoscale particles and is not applicable for grain larger than 

0.1 to 0.2 μm and is usually applied for size estimation and not for an accurate calculation of the 

grain size. This is because a variety of factors like inhomogeneous strain and crystal lattice 

imperfections which can also contribute to the width of the diffraction peak. For stressed 

nanoparticles a more sophisticated analysis (Williamson Hall) is required [3.21]. 

 

Experimental set up 

 

X-Ray Diffraction (XRD) measurements were acquired in a BRUKER D8 diffractometer 

equipped with an X-ray tube (CuΚα= 0,154nm), parallel beam optics (focusing Göbel mirror) 

and a linear strip detector with 192strips (spatial resolution of 75 micrometers) providing high 

resolution XRD diffractograms.  

 

3.3 Chemical Characterization 
 

The identification of the chemical bonding of a specimen is an integral part of material 

characterization. Chemical characterization is more imperative when our studies are focusing on 

amorphous materials where the formed phases cannot be identified by X-ray Diffraction. 

X-ray Photoelectron Spectroscopy (XPS), Auger Electron Spectroscopy (AES) and 

Wavelength Dispersive X-ray Fluorescence (WD-XRF) are some of the most common 

techniques for the qualitative analysis of a sample. 

 

3.3.1 X-Ray Photoelectron Spectroscopy (XPS) 
 

X-Ray Photoelectron Spectroscopy (XPS) is among the most prevalent surface techniques 

for the quantitative and qualitative analysis of the elements that exists within the material as 

well the estimation of the chemical state (e.g. oxidation state) and the electronic distribution. 

The popularity of XPS as a surface analysis technique is attributed to its high information 

potential, its flexibility in addressing a wide variety of samples and its sound theoretical basis. It 

should be noted that although X-rays penetrate deeply into the sample, electrons from only a 
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few nanometers of the sample are able to escape and be emitted thus XPS is a surface sensitive 

technique.  

Photoelectric effect is the dominant mechanism that XPS technique relies on and it is 

illustrated in figure 3.5. X-rays illuminate a sample causing interactions with the atom’s 

electrons with total transfer of the photon energy to the electron leading to electron emission 

(photoelectrons) from the atoms.  

 

 

Figure 3.5.  The photoelectric effect. An incident photon interacts with the atom transfers its 

energy to the atom leading to electron emission from the atom. 

 

The kinetic energy of each emitted atom is recorded and the binding energy is estimated 

using the equation 3.8: 

 

                                                                                                                            

 

where   is the binding energy of the electrons in the atomic orbital,     is the photon 

energy,       the kinetic energy of the emitted atoms and   is the work function depended on 

the spectrometer and the material. 

The energy of the photoelectrons is related to the atomic and molecular environment from 

which they originated, thus it is unique fingerprint for each element. 

Performing a wide scan (Figure 3.6) all the photoelectrons, from core up to valence level, is 

observed and elemental identification is performed. Note that all the measurements are required 

in UHV conditions. The background of the xps spectra is attributed to the electrons inelastic 
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collisions while the increased energy at binding energy 1200eV and above is due to the photon 

energy that were used for photoionization. 
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Figure 3.6. Wide scan XPS measurement of a ternary AlInN film. Through the binding energy 

of each peak an elementary analysis can be achieved.  

 

Besides the elemental analysis a chemical state estimation can be held by core-level XPS 

measurements where we focus on the peak we are interested on and a high resolution scan is 

performed. Core-level XPS measurement of Al 2p electrons is illustrated in figure 3.7.  
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Figure 3.7. High Resolution XPS of Al 2p peak. 
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Experimental  set up 

 

The XPS measurements were performed in a UHV chamber (Pb=1.2x10
-9

 mbar) using a 

SPECS GmbH system, equipped with a non-monochromatized twin Al-Mg anode X-Ray source 

and a multi-channel Hemispherical Sector electron Analyzer (HSA-Phoibos 100) and 

schematically illustrated in figure 3.8. The base pressure in the spectrometer was 2.2×10
-9

 mbar 

during all measurements. The pass energy
3
 was set at 20 eV providing a full-width at half 

maximum (FWHM) value of 1.18 eV at Ag 3d XPS peak and thus minimizing sample exposure 

to electron beam (measuring time). The photoelectron take-off angle was 90°.  

 

 

Figure 3.8 Schematic illustration of the XPS set up with the Hemispherical Sector electron 

Analyzer (HSA-Phoibos 100) respectively.  

 

 

 

 

 

                                                           
3 The pass energy determines the energy resolution of the analyzer in both spectrometer mode and 
imaging mode. Higher pass energy reduce the energy resolution of the analyzer but increase sensitivity. 
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3.4 Morphological Characterization 
 

Morphological characterization is an important chapter in thin film characterizations as it 

gives us the opportunity to estimate structural and microstructural characteristics like defects, 

grain boundaries, and roughness. 

X-ray Reflectivity, Electron Microscopy and Atomic Force Microscopy are some of the widely 

used technique due to their advantages (high accuracy and resolution, non-distractive character 

except of TEM) for the morphological characterization of the films. 

3.4.1 X-Ray Reflectivity 
 

X-ray Reflectivity (XRR) is a non-destructive technique, which gives the opportunity to 

extract critical information about density, roughness of surface and interfaces and thickness of a 

film. 

XRR is essentially a θ/2θ X-Ray scan but in contrast with Bragg Brentano XRD it takes 

place in much smaller angles, usually 0
o
 to 5

o
 degrees. The reflectogram that is recorded during 

the measurement can be divided in two regions, as illustrated in figure 3.9: region I (blue), 

where an almost constant intensity (plateau) is observed and a total reflection of the beam 

occurs and region II (green) where the intensity is steeply decreasing. Between region I and 

region II is the critical angle θc which is related with the electron density [3.2] and thus the 

density of the specimen can be extracted. In Region II two parameters are usually investigated. 

Firstly, the distance between the periodical intensity oscillators (known as Kiessig oscillations) 

and secondly how steeply the intensity decreases. The first parameter can lead in thin film 

thickness estimation, while the second parameter is related with the surface roughness of the 

specimen and can be described by the distorted wave Born approximation as an exponential 

decay [3.22-3.24]. 
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Figure 3.9. XRR measurement of AlN 30nm.  

 

3.4.2 Electron Microscopy (EM) 
 

Electron Microscopy (EM) exploits the electron properties when they impinge on a material 

surface. The basic mechanism that can take place when electrons interact with matter is 

illustrated in figure 3.10. Thus secondary electrons (SE) or backscattering electrons (BSE) can 

be observed while X-rays or Auger electron emission is also possible to occur. 

 

 

Figure 3.10. Electron-Matter interactions.  Backscattering electron and Secondary electrons are 

produced through inelastic and elastic collisions respectively. X-ray photoemission can also be 

observed. 

The EM exploits the wave character of the electrons and gives the opportunity to achieve 

higher resolution (typically down to 1nm without taking into account the instrumental 
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restrictions), unlike to optical microscopy where due to the wave character of the light a 

resolution down to 200 nm can be achieved (Figure 3.11) due to the longer wavelength of the 

visible light. 

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) are 

two of a wide variety of techniques that fall into the Electron Microscopy category. They 

provide information relating to several characteristic such as topographical features, 

morphology, phase distribution, crystal orientation and defects. 

 

 

Figure 3.11.  Resolution of Electron and Optical microscopy respectively. Due to the wave 

character of electrons Electron microscopy can provide higher spatial resolution. 

 

3.4.2.1 Scanning Electron Microscopy (SEM) 

 

Scanning Electron Microscopy (SEM) is based on formation, acceleration and recording of 

electrons that are impinging and scattered on a sample surface. 

An electron gun, typically tungsten
4
, is used for the emission of electrons after its heating by 

applying an electrical current. Electrons are accelerated by a negative voltage to the cathode 

(sample holder). Emission of electrons occurs at high temperatures thus a high vacuum (or 

ultra-high vacuum in case of field emission gun) is required. 

Scanning, positioning and focusing of the electron beam on the sample surface is 

accomplished by the use of electromagnetic or electrostatic fields. These fields consist of 

various lenses which are tending to magnify and focus the beam spot onto the sample surface. A 

typically magnification ranges for the SEM between 10x and 100,000x. 

When electrons are impinging on the sample surface, some of them can undergo inelastic 

collisions transferring their energy to the specimen. As a result secondary electrons (SE) are 

                                                           
4
 Tungsten, Lanthanum hexaboride thermionic electron guns and field emission gun are the most common 

electron guns that used widely today.in this PhD the used SEM employ thermionic tungsten filaments 
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emitted. Elastic interactions between electron and the matter can also observe leading in 

backscattering electrons (BSE). 

Secondary electrons are low energy electrons (2-5 eV) that usually are ejected near the 

surface of samples. If we take into account the small penetration depth of electrons, they will be 

affected more from the surface properties of the specimen. 

Contrarily, backscattering electrons are emitted after collision of the primary electrons with 

the sample surface without any loss of energy exhibiting higher energies. The measuring 

intensity is related to the atomic number of the elements that comprises the sample. Higher 

atomic number elements produce more backscattering electrons. As a result higher Z phases 

appear brighter and thus physical features of the surface can be observed. 

As it is illustrated in figure 3.10 inelastic electron-matter interaction can lead in characteristic 

X-ray and Auger electrons that can used for quantitative and qualitative chemical analysis of the 

sample. 

Finally, secondary electron or backscattering electrons, are recorded using a cathode-ray tube 

(CRT) or a recording device leading in the image formation.  

 

 

Figure 3.12. SEM image of a PbSnAg alloy using backscattering electrons. Region with 

brighter color (white) corresponds to Pb due to his high atomic number Z while black regions 

correspond to Sn and Ag [3.20]. 

 

3.4.2.2 Transmission Electron Microscopy (TEM) 

 

Transmission Electron Microscopy (TEM) is usually performed for structural features 

observation, such as the crystal structure, defects and dislocations of materials. Unlike to SEM, 

TEM relies on the recording of diffracted, transmitted or inelastically scattered electrons which 
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have passed through a very thin(less than 50nm) specimen. In order the electron beam to 

penetrate and pass through the sample a high accelerating voltage, typically 100kV up to 1MeV 

is applied to the electrons after their emission from the cathode. 

Three different imaging modes can be employed in this technique: 

 

 Bright Field (BF) imaging: Only the transmitted electrons are recorded leading in the 

image formation. As a result, the bright areas in this kind of images correspond to 

regions where the electrons have not been diffracted while the dark areas correspond 

to regions where electrons have been diffracted. 

 Dark Field (BF) imaging: In this mode one or more of the diffracted beams are 

selected by the aperture. Consequently, the transmitted beams and the remainder of 

the diffracted beams are blocked. The bright regions of the image thus correspond to 

the areas of the specimen giving rise to the selected diffracted beams, whereas the 

remainder parts of the specimen appear dark in the image  

 Selected area diffraction: In diffraction mode, the diffraction pattern formed at the 

focal plane is projected onto the viewing screen. The diffraction pattern contains 

information on the periodicity of crystalline phases. The diffraction information can 

be limited to a selected area of the specimen by inserting an aperture at the image 

plane of the objective lens. This technique is known as selected area electron 

diffraction (SAED) or simply selected area diffraction (SAD). Lattice resolution can 

be obtained from phase contrast by selecting both the direct-transmitted beams and 

diffracted beams. This procedure is known as high-resolution TEM (HRTEM) 

imaging.  

 

In all cases the electrons are recorded in a photosensitive film or a fluorescent screen or a CCD 

camera leading in the investigating area imaging. 

Important role in TEM plays the optical system that is used for the magnification of the 

electron beam which comprises from electromagnetic and electrostatic lenses as well as 

apertures where the objective lens stands for this utility. 

As mentioned before, in TEM, electrons pass through the sample. Thus, except from the high 

accelerating voltage a thin specimen is also required. This requirement gives a crucial role in 

the sample preparation and depending on the materials involved sample preparation may be the 

bulk of the work in TEM. 

The specimen preparation can be distinguished in two major categories: 
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 Mechanical preparation: A thin slice of the material can be made by sawing or 

cutting. 

 Chemical preparation: a chemical solution dissolves the original surface and reduces 

the specimen thickness. 

 

3.4.2.3 Atomic Force Microscopy (AFM) 

 

Atomic Force Microscopy (AFM) is a reliable characterization technique for the 

morphological characterization of surfaces and thus is used in a wide range of materials. The 

procedure that is taking place during AFM measurements is based on a raster scan across the 

surface with a sharp and force sensitive tip (Figure 3.13 right). This tip is part of cantilever on 

the back of which a laser beam is incident and reflected. Variations in scanning surface leads in 

different force interactions between surface and tip and as a result different deflections of the 

cantilever occur. These deflections alter the reflected laser beam which is recorded from a 

position sensitive detector and appears as height difference reproducing the surface topography 

(Figure 3.13). 

 

 

Figure 3.13. Left: Schematically representation of the operation of the AFM. Right: SEM image 

of a tip at the apex of a probe 

 

AFM signal is based mainly on interatomic repulsive forces which are of an extreme short-

range nature because, although long range forces are also taking place, deformation of the 

surface can occur or even sample destruction due to tip scratching across the surface can be 

present. 
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Figure 3.14.  Applied force directions of the basic AFM operation modes 

 

AFM operation is usually described as one of three modes, according to the nature of the tip 

motion: 

 contact mode 

 tapping mode, also called intermittent contact 

 non-contact mode 

 

In tapping mode, the cantilever is driven to oscillate up and down at near its resonance 

frequency by a small piezoelectric element mounted in the AFM tip holder similar to non-

contact mode. However, the amplitude of this oscillation is greater than 10 nm, typically 100 to 

200 nm. The interaction of forces acting on the cantilever when the tip comes close to the 

surface, Van der Waals forces, dipole-dipole interactions, electrostatic forces, etc. cause the 

amplitude of this oscillation to decrease as the tip gets closer to the sample. An electronic 

servo uses the piezoelectric actuator to control the height of the cantilever above the sample. 

The servo adjusts the height to maintain a set cantilever oscillation amplitude as the cantilever is 

scanned over the sample. A tapping AFM image is therefore produced by imaging the force of 

the intermittent contacts of the tip with the sample surface 

3.5 Optical Characterization 
 

Except from the materials’ structural and morphological characterization in our study is 

necessary to determine the optical constants like refractive index or dielectric functions. 

Spectroscopic Ellipsometry (SE) and Optical Reflectance Spectroscopy (ORS) are two 

dominant techniques for the optical characterization of the materials as they are based in the 

reflectance and absorption of the light from the material.  

 

http://en.wikipedia.org/wiki/Electrostatic_force
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3.5.1 Optical Reflectance Spectroscopy (ORS) 

 

The optical reflectance spectroscopy is based in the interaction of the electromagnetic 

radiation with matter, which can be analyzed from Fresnel equations as already was discussed 

in chapter 2. 

Specifically the studied parameter is the reflectance of a specimen when it is illuminated by 

light while it is taking into account and the absorption that may be present. 

The basic configuration is depicted in figure 3.14 and composes of optical fibers that transfer 

the light from the sources to the specimen and a central fiber that collects and leads the reflected 

beam to the spectrometer. In order to cover the visible and UV spectra two light sources are 

utilized, Halogen and Deuterium, which combined cover a photon range from 1.5eV to 5.25eV 

(figure 3.15). 

 

 

Figure 3.15. Schematic illustration of an Optical Reflectivity Spectroscopy configuration. 

 

The reflected beam is the result of the reflections that take place in the surface and the 

interface sample-substrate and is connected to the refractive index and the thickness of the 

material. 
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Figure 3.16. Spectra of deuterium (black) and halogen (red) sources, respectively using a silver 

mirror with high reflectivity. 
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4.1 Introduction 

Silver is a well-known noble metal, involved in plasmonic applications as it exhibits a strong 

Surface Plasmon Resonance in the visible region [4.1-4.3], while its biocompatibility makes it a 

candidate for bio-applications [4.4, 4.5]. 

Although a number of papers related with laser annealing (LA) of metals and its optical 

properties [4.2, 4.7-4.14] are listed in literature, a complete study of the behavior of a metal 

under LA is not yet completely understood. 

In this chapter the optical properties of thin silver films subjected to laser annealing are 

studied extensively and a systematic investigation of plasmonic behavior as a function of 

various LA parameters is presented. 

4.2 Sputtered thin silver films 

4.2.1 Sputter deposition of Ag 

 

Silver thin films of various thicknesses were deposited using RF Magnetron Sputtering in Ar 

ambient using a 3 inch diameter metallic target. Power and Ar flow were constant in all cases 

while only the deposition time was changing. The growth parameters are presented in detail in 

table III 

 

Table III. Deposition details for the deposition of Ag thin films. 

Sample ID 
Deposition 

time (sec) 

RF Power 

(Watt) 

Ar Flow 

(sccm) 

Working 

Pressure 

(mTorr) 

     

#1 5 min 40 8 5 

#2 10min 40 8 5 

#3 15 min 40 8 5 

 

Initially, X-ray BBXRD and specular reflectivity (XRR) were performed in order to estimate 

the structural and morphological features of the samples. 

From the XRD patterns were observed the (111) and (200) diffraction peaks corresponding 

to FCC crystal structure. Both diffraction peaks are not shifted relative to the pdf values [4.16]. 

This can be attributed to the absence of stresses in our films. 
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Figure.4.1. XRD pattern of the as grown films. 

 

For the XRR analysis an Ag/SiO2/Si model was used. The experimental results (black 

squares) and the fitting with the model (red solid line) for all three samples are depicted in 

figure 4.2 while the numerical values obtained from the analysis are summarized in table IV. 
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Figure 4.2. X-Ray Reflectivity of the as deposited samples (squares) with the corresponding fit (red line) 

for thickness, density and roughness estimation. 
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Table IV. XRR parameters of the as deposited films 

Sample ID Thickness (nm) Roughness Density (gr/cm
3
) 

    

#1 9.18±0.03 1.84±0.02 8.45±0.03 

#2 13.05±0.02 2.05±0.01 10.52±0.01 

#3 19.77±0.04 2.28±0.02 10.44±0.02 

 

The estimated results from the XRD and XRR analysis are plotted in figure 4.3 with respect 

to the film thickness. Thin film density (Figure 4.3a) for the thinner films is lower than bulk 

while the other two films present a density close to that of bulk Ag. Taking into account the 

results of the grain size estimation, where for the thinner film the grain size is comparable to 

thin film thickness, we can rationally assume that sample #1 is not a uniform film but it is 

consists from small islands of silver nanocrystals i.e. its thickness is below the coalescence 

threshold [4.15]. 

A grain size determination applying the Scherrer formula (Eqn. 4.7) and using the profile of 

the Ag (111) diffraction peak (figure 4.3b) was also performed. The size of the crystallites 

increases with the film thickness, however the mean crystallite size is smaller than the film 

thickness, indicating that the film does not consist of single Ag crystals in the entire of the 

thickness. 

Finally, the same behavior with the grain size is observed in the surface roughness results 

(Figure 4.3c). 
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Figure 4.3.  Extracted results (density (a), grain size (b), surface roughness (c)) as a function of 

thin film thickness as resulting from XRD and XRR analysis. 

 

The morphological characterization of the Ag films was deduced from AFM topography 

measurements in the as deposited samples. As it can be seen, sample #1 (Figure 4.4) is a dense 

network of small islands with voids while sample #2 presents a totally dense film confirming 

the XRR results. Moreover a rougher surface of sample #2 is observed. 

 

 

Figure 4.4. AFM phase images and the respective phase image for sample #1 (a) and sample #2 

(b) respectively. 
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Combined XRD (Figure 4.3b) and AFM measurements (Figure 4.5) showed films consisted 

of oblate particles and not hemispheres. In particular, the XRD analysis estimates the grains size 

regarding the z axis while the AFM results corresponds to the  grains size in the x-y plane 

respectively. Moreover, taking into account the fact that in case of a hemisphere the crystallite 

size value estimated from the AFM technique should be twice the value estimated from the 

XRD technique respectively, i.e.                                        with a contact angle 

       s. On the contrary, if the contact angle is lower i.e.      , then we have  

                                      which is in agreement with our results. Thus, we 

conclude that indeed our films consist of oblate particles with a contact angle       . 

 

 

Figure  4.5. Size distribution of sample #1 (a) and sample #2 (b) derived from AFM analysis.  

 

Finally, the successful deposition of metallic thin films of silver was also confirmed from 

ORS measurements (Figure 4.6). Samples exhibit a strong reflectance which varies with sample 

thickness. Thus, as the film is getting thicker the reflectance is increased with the maximum 

intensity being above the 350nm. Due to the small thickness of the Ag films, they are 

transparent to UV light, thus substrate features can be also observed.  
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) 
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Figure 4.6. Reflectivity of Ag samples and silicon substrate in the near UV-visible range. 

Substrate features are observed due to thin thickness.     

       

4.2.2 Laser Annealing 

 

The as grown samples subsequently were subjected in laser annealing process. Single shot 

Uv-eximer lasers with 193nm wavelength (ArF) and 248nm (KrF) respectively were used with 

25nm pulse duration. The samples were mounted on a computer controlled X-Y translation 

stage for easy sample manipulation and exposed to atmospheric air. In order to investigate the 

effect of fluence in the optical properties of the films a wide range of fluencies were used 

starting from 200mJcm
-2

 up to 800mJcm
-2

 with a step of 100mJcm
-2

.  

Finally, the modification that different number of pulses made to the films was also studied. 

Thus, 1, 2, 3, 5 and 10 pulses respectively were employed. After annealing ORS measurements 

were performed in order to study the optical properties of the dewetted Ag. Moreover, AFM 

measurements were also carried out, in the standard tapping mode in order to correlate the 

plasmonic behavior with the morphological features of the laser annealed samples. 

.  

Sample #1: 

 

The optical reflectivity spectroscopy (ORS) measurements of sample #1 for laser annealing 

at 193nm and 248nm with various fluencies and number of pulses are summarized in figure 4.7 

and figure 4.8 respectively. All spectra are normalized with the Si reflectivity in order to 

minimize the substrate features. In most cases an SPR peak manifestation is observed which 

provides some optical characteristics according to the treatment parameters. 
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Figure 4.7. ORS spectrums of Sample #1 after laser annealing at 193nm, with various fluencies 

and number of pulses. 
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Figure 4.8. ORS spectrums of Sample #1 after laser annealing at 248nm, with various fluencies 

and number of pulses. 
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In order to estimate and correlate LSPR peak features such as position and intensity with 

laser fluence and number of applied pulses, all LSPR peaks emerged was fitted using a 

Lorentzian model after background subtraction as it is illustrated in figure 4.9 below. 
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Figure 4.9. Optical Reflectivity Spectra for sample #1 for 3 pulses at 200mJcm
-2

 using 193nm 

wavelength fitted with two Lorentzian functions in order to feature the bimodal distribution. 

 

Effect of no of pulses: 

 

Among the parameters that can affect the laser annealing procedure, the effect of the 

numbers of the applied pulses was first considered.  Thus, as it can be seen in figure 4.9   the 

implementation of 1 pulse for 200 mJ/cm
2

 (black filled squares) in case of 193nm laser 

wavelength an LSPR peak emerged at around 660nm wavelength while after two successive 

pulses a blues shift was observed which can be attributed in the recreation of smaller 

nanoparticles after the second pulse. On the other hand the implementation of higher number of 

pulses causes a gradual shift of the LSPR peak in higher wavelengths and a LSPR enchansment 

indicating the coalescence of the existing nanoparticles and the formation bigger. On the other 

hand, for 300mJ/cm
2
 (red filled circle) the implementation of up to 10 successive pulses leads to 

the peak displacement on higher wavelengths (red shift) possibly due to the coalescence of the 

pre-existing nanoparticles and the formation new of bigger size. 
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Figure 4.10. LSPR peak position and intensity for 193nm (a, b) and 248nm (c, d) laser 

wavelength respectively with respect to number of applied pulses. Dashed lines corresponds to 

the second peak that occurs in case of bimodal systems 

  

Similar behavior in the optical response of the sample it was also observed in case of 248nm 

laser wavelength (Figure 4.9 (c, d)). A major difference in this case is that due to lower 

delivered energy, the lower limit in order LSPR peak to be emerged is 1 pulse at 300mJ/cm
2
 

unlike to 193nm wavelength where 200mJ/cm
2
 fluence could alter the optical properties of the 

film.  

From the ORS measurements revealed that for both 193nm (Figure 4.7) and 248nm ( Figure 

4.8) laser wavelength bimodal systems was observed indicating the formation of different 

particles size distribution. As a result a second LSPR emerged in higher wavelengths compared 

to the other which remained unaffected with the implementation of different number of pulses 

(dashed lines in figure 4.9). Exception is only the case of 700mJ/cm
2
 for 193nm (Figure 4.9, 

orange open trapezoid with dashed line) where the implementation of successive number of 

pulses induces a blue shift of the second peak indicating the particles segregation into smaller. 
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From morphological point of view, the transition from 2 to 10 successive pulses did not 

induce significant differences in particles size distribution in case of 193nm wavelength (Figure 

4.10) which is in agreement with the optical response of the sample.  

. 

 

Figure 4.11.  Size distribution of particle size for 500mJ/cm
2
 fluence for different pulses with 

respective AFM topography images (insert). 

    

On the contrary, when 248nm laser wavelength was used, as it is illustrated in figure 4.11 the 

implementation of 1 pulse at 400mJ/cm
2
 causes a broad size distribution with particles size 

ranging from 5 up to 140nm while further increase of the applied pulses provides a more narrow 

size distribution mainly from the dissolution of the bigger nanoparticles. Thus, now the 

maximum particles size did not excide 100nm. The AFM analysis complements the  optical 

results justifying the bimodal behavior in that case. 
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Figure 4.12. Left: Size distribution of formed nanoparticles as a function of the number of 

pulses for sample #1 with 400mJ/cm
2
 fluence for 248nm wavelength. Right: respective AFM 

topography images. 

 

Effect of fluence: 

 

The fluence of the laser beam was the second parameter that investigated in this task of the 

chapter for both 193nm and 248nm wavelength. From the ORS spectra it was found that for 1 

pulse at 193nm wavelength promotes a bimodal behavior in all fluence range (Figure 4.12).In 

particular, for the first peak ( black filled squares) increasing the fluence from 200mJ/cm
2
 to 

300mJ/cm
2
 an abrupt blue shift of the LSPR peak occurs indicating the reduction of the size of 

the nanoparticles. Unlike, for 400mJ/cm
2
 and 500mJ/cm

2
 a minor shift of the LSPR peak in 

higher wavelengths while increasing fluence further relocates LSPR peak in lower wavelengths. 

On the other hand increasing fluence up to 600mJ/cm
2
 induces a gradually blue shift in its 

spectral position ( black open squares) with a corresponding reduction of the peak intensity was 

observed  while for higher fluencies no significant difference were recorded. 
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Figure 4.13. Effect of laser fluencie in LSPR peak position and intensity for 193nm (a, c) and 

248nm (b, d) laser wavelength respectively. Dashed lines corresponds to  the second peak that 

occurs in case of bimodal systems 

 

On the contrary, in case of two successive pulses increasing fluence up to 500mJ/cm
2
 works 

constructively leading in the agglomeration of the existed from the first pulse nanoparticles into 

bigger. As a result a red shift of the LSPR peak was observed in the ORS spectrums (Figure 

4.12 a, red filled circles) and the intensity of the LSPR increases respectively due to lower 

ohmic losses (Figure 4.12 c, red filled circles).In case of higher fluencies the delivered energy 

works distractively. Thus, now nanoparticles with lower particle size were formed and as a 

result blue shift of the LSPR peaks was recorder in the ORS spectrums with a simultaneous 

reduction of the LSPR intensity. Similar effects of the fluence were also observed for 3 (Figure 

4.12, green filled triangles), 5 (Figure 4.12, blue filled stars) and 10 pulses (Figure 4.12, purple 

filled sphere) except that red shift of the LSPR was observed up to 400mJ/cm
2
 for 3 and 5 

pulses while in case of the 10 pulses the LSPR peak shifts in higher wavelengths (bigger 

nanoparticles formed) was observed only in the transition from 200mJ/cm
2
 to 300mJ/cm

2
.  

Additional, in case of bimodal behavior for higher laser pulses LSPR emerged in higher 

wavelengths indicating the growth of a second size distribution bigger than the first. Laser 

fluence did not alter significant the spectra position and intensity of this second LSPR peak. 
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In case of 248nm wavelength the effect of laser fluence is different compared to 193nm 

wavelength due to lower deliver energy (Figure 4.12b, d). Thus, 200mJ/cm
2
 leaves unaffected 

the sample even after 10 successive pulses. For 1 pulse at 300mJ/cm
2
 an LSPR peak at 630nm 

emerged. Increasing fluence at 400mJ/cm
2
 a blue shift of the LSPR peak was observed 

indicating the formation of smaller nanoparticles while going further in higher fluencies bigger 

nanoparticles were formed each time and as a result a gradual shift of the LSPR peak was 

observed a corresponding increase of the LSPR intensity (Figure 4.12 d). On the other hand, for 

higher number of pulses fluence worked only constructively. As a result a gradual red shift of 

the peak was observed in all cases. Similar behavior of the second peak it was also observed in 

case of 248nm laser wavelength 

In order to further explore the effect of the laser fluencies, AFM measurements were 

performed which confirm the results from the optical reflectivity spectroscopy. In particular, 

from the AFM measurements (Figure 4.13) it appears that the fluence affects not only the mean 

size of the formed nanoparticles but the particle density as well [4.9, 4.11, and 4.13]. Thus, for 

10 pulses and 500 mJ/cm
2
 delivered energy, a broader size distribution is observed whilst with 

700mJ/cm
2
 the particle size presents a more narrow distribution with the maximum size not 

exceeding 50nm. The same behavior was observed after annealing with 248nm wavelength as 

representative AFM measurements shows in figure 4.14. At 300mJ/cm
2
 a very broad range of 

particle sizes is formed from 15nm up to 105nm. The implementation of higher fluencies alters 

the size distribution and quantity, which is now getting narrower and higher respectively. It 

should be also mentioned that only the upper limit of the particle size was altered while the 

lower retained almost unaffected. 
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Figure 4.14.  AFM images and size distribution after laser annealing with 10 pulses for 

500mJ/cm
2
 (a) and 700mJ/cm

2
 (b) at 193nm wavelength respectively. 

 

Finally, it is obvious that laser annealing with 248nm leads in formation of larger 

nanoparticles relative to laser annealing with 193nm. This is because the beam energy at 248nm 

is not as energetic as at 193nm, due to the lower photon energy in the first case and thus causes 

weaker modifications.  

 

 

Figure 4.15. AFM images and size distribution after laser annealing with 10 pulses for 

300mJ/cm
2
, 400mJ/cm

2
, 500mJ/cm

2
 and 600mJ/cm

2
 respectively at 248nm. 



[98] 
 

Sample #2: 

 

The reflectance measurements of sample #2 for laser annealing at 193nm for various 

fluencies and number of pulses are summarized in figure 4.15, while the respective results with 

248nm are depicted in figure 4.16. All spectra are normalized with the Si reflectivity in order to 

ignore substrate features.  

In this case although the same effects are generally prevailing nevertheless, some differences 

in the effect of the applying pulses and fluencies, respectively, are observed for both 

wavelengths due to thicker film. 
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Figure 4.16. Reflectance measurements of sample #2 after laser annealing at 193nm, with 

various fluencies and number of pulses. 
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Figure 4.17. ORS spectrums of Sample #2 after laser annealing at 248nm, with various 

fluencies and number of pulses. 

 

Effect of pulses: 

 

For 193nm wavelength, the provided energy for 200mJ/cm
2
 fluence, even after 10 successive 

pulses, is not enough to convert the initial film to metal nanoparticles. In case of the 300mJ/cm
2
 

(red filled circle) and 400 mJ/cm
2
 (green filled sharp diamond) respectively, there is a consistent 

red shift of the LSPR with a simultaneous enhancement indicating the coalescence of the 

nanoparticles into larger. On the contrary, for higher fluencies, the implementation of 

consecutive pulses induces a blue shift of the LSPR peak with a corresponding reduction of its 

intensity that can be assigned in the dissolution of the nanoparticles into smaller due to higher 

delivered energy that reaches the sample. 
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Figure 4.18. Effect of successive pulses on LSPR spectral position and intensity using 193nm 

(a, b) and 248nm (c, d) laser wavelength .Dashed lines corresponds to the second LSPR 

manifested in bimodal cases. 

 

In case of sample #2 only for 700mJ/cm
2
 (orange trapezoid) and 800 mJ/cm

2
 (purple sphere) 

respectively a bimodal system was observed. In particular, in case of 700mJ/cm
2
 the 

implementation up to 5 pulses induces a spectral shift of the LSPR position fro the second peak 

(orange opened trapezoid) while for 10 laser pulses a blue shift was observed. Common 

behavior was observed for 800 mJ/cm
2
 but the second peak red shifts up to 3 successive pulses 

(purple star). 

On the contrary, when 248nm laser wavelength was used a different behavior was observed 

due to lower amount of energy that reaches the film. In particular, regardless laser fluence, 

increasing laser pulses induces a spectral shift to higher wavelengths and enhancement of the 

LSPR intensity which are associated with enlargement of the silver nanoparticles particles. 

Moreover, for 248nm wavelength, LSPR emerged for 200mJ/cm
2
 after 5 and 10 laser pulses 

unlike to 193nm wavelength 

In figure 4.18 representative AFM topography images with the corresponding analysis of the 

size distribution for sample #2 after laser annealing using 248nm with 500mJcm
-2

 in various 

applied pulses are depicted. 
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Figure 4.19  Size distribution and AFM topographies respectively of sample #2 after laser 

annealing at 500mJcm
-2

 with 248nm wavelength for various laser pulses.. 

 

The implementation of one pulse forms groups of nanoparticles of different particles sizes. In 

particular, the first group provides a size in the area 20 to 90 nm while the second group 

displays an average size at around 230nm. Although, it would be expected a bimodal LSPR, 

however this was not observed in ORS spectra. Nonetheless, a very broad LSPR peak emerged 
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which might suggests this broad size distribution. On the other hand, the implementation of a 

second pulse caused fragmentation of the bigger nanoparticles into smaller while a small 

amount of initial particles was retained. Increasing further the number of the laser pulses 

induces a more narrow size distribution. Thus, in case of 10 successive pulses particles size 

ranged up to 120nm. 

 

Effect of fluence: 

 

The effect of the laser fluencies on the optical properties of sample #2 was investigated as 

well.  

For sample #2, in case of 193nm laser wavelength, increasing fluence from 300mJ/cm
2
 to 

800mJ/cm
2
, for 1 pulse (Figure 4.19, black filled square), leads to spectral shift of the LSPR 

peak position which can be either blue or red according to nanoparticles enlargement or 

dissolution. Two successive pulses leads to a red shift of the LSPR in its spectral position for 

transition from 300mJ/cm
2
 to 500mJ/cm

2
 laser fluence while beyond that further increase 

induces a blue shift of its spectral position and a reduction on the LSPR intensity, as it is 

illustrated in figure 4.19a, c respectively,  indicating the formation of smaller nanoparticles. On 

the contrary, the implementation of 4 successive pulses causes a red shift of the LSPR peak 

position after increasing fluence from 300mJ/cm to 400mJ/cm
2
 followed by a relocation of its 

spectral position to lower wavelengths up to 700mJ/cm
2
 while for 800mJ/cm

2
 laser fluence a 

shift of the LSPR spectral position in higher wavelengths was observed which can be assigned 

in respective particles size alterations (enlargement, reduction, enlargement). The spectral 

position relocations with respect to laser fluence are accompanied with respective changes of 

the LSPR peak intensity (figure4.19 d) which is also associated in the particles size alterations. 

Finally, the augmentation of the laser fluence from 300mJ/cm
2
 to 400mJ/cm

2
 causes a minor red 

shift of the LSPR peak position while rising laser fluence further up to 800 mJ/cm
2
 induces a 

consistent blue shift of the LSPR peak position and a gradual reduction of its peak intensity 

which are respectively associated with the dissolution and the formation smaller due to the 

higher deliver energy. In case of 248nm wavelength for 1 and 2 laser pulses respectively 

400mJ/cm
2
 fluence is the threshold for LSPR to be emerged as it demonstrated in ORS 

spectrums (Figure 4.19b). So, for 1 pulse increasing fluence from 400mJ/cm
2
 to 800mJ/cm

2
 

induces a gradual spectral shift in higher wavelengths which associated with changes in 

particles size (each time bigger nanoparticles are formed). 
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Figure 4.20.  LSPR spectral position and intensity as a function of laser fluence using 193nm (a, 

c) and 248nm (b, d) laser wavelength respectively for sample #2. 

 

On the contrary for two successive pulses (Figure 4.19. red filled circle) this spectra shift 

occurs only up to 600mJ/cm
2
. Further increase of laser fluence at 700mJ/cm

2
 and 800mJ/cm

2
 

leads to blue shift with corresponding reduction of the LSPR intensity which can be attributed 

in the reformation of the nanoparticles from the first pulse into smaller. Similar behavior was 

observed in case of three pulses but now three pulses were getting effective in particles 

formation for 300mJ/cm
2
. Finally, for 5 (blue filled star) and 10 (purple filled sphere) laser 

pulses respectively, LSPR emerged for 200mJ/cm
2
.Thus, increasing laser fluence from 

200mJ/cm
2
 to 300mJ/cm

2
 induces a blue shift of the LSPR in its spectral position indicating the 

formation of nanoparticles with smaller size. Further increase of the laser fluence induces 

similar spectral shifts as in case of four laser pulses. It should be noticed that the alterations of 

the LSPR spectral position for various laser fluencies accompanied by corresponding changes 

of peak intensity which is also associated with particles size alterations. 

AFM analysis (Figure 4.21) demonstrated that indeed the implementation of higher flux of 

energies (higher fluencies) shifts particles size in a narrow size distribution and smaller particles 

sizes justifying the blue shift in LSPR spectral position that as observed from the ORS 

spectrums. 



[104] 
 

. 

 

 

Figure 4.21. Particles size distribution with the corresponding topographies with respect of laser 

fluence after 10 successive pulses using 248nm laser wavelength 

 

Sample #3: 

 

Finally, The ORS measurements of sample #3, which is the thickest of the three, are 

illustrated below. Figure 4.22 shows the reflectance of the sample after laser annealing with 

193nm wavelength at various fluencies and number of pulses while the respective reflectances 
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for laser annealing at 248nm wavelength with various fluencies and number of pulses are 

presenting in figure 4.23. 
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Figure 4.22. Reflectance of sample #3 by varying fluence and number of pulses for laser 

annealing with 193nm wavelength. 
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Figure 4.23. Reflectance of sample #3 with respect to various fluencies and number of pulses 

using 248nm wavelength. 

 

 



[106] 
 

Effect of pulses: 

 

In case of the thicker sample for 200mJ/cm
2
 even after 10 pulses the sample is still retain the 

metallic behavior. The lower limit in order LSPR peak to emerged is the case of 3 pulses at 

300mJ/cm
2
 where a plasmon peak was manifested at around 550nm ( Figure 4.24 a) while the 

implementation of  5 consecutive pulses red shift the LPSR peak at 600nm indicating the 

coalescence of the existence particles and the formation bigger once. Further increase at 10 

pulses leads to nanoparticles with small size and thus a blue shift of the LSPR peak was 

observed. 

Contrariwise for 400mJ/cm
2
 and above the LSPR manifestation was observed even from the 

first pulse. Thus, in case of 400mJ/cm
2
 for 1pulse and LPSR peak emerged at 525nm. The 

implementation of an extra pulse (2 pulses) deconstructs the existing particles producing 

smaller nanoparticles. As a result a blue shift of the LSPR peak was observed. Unlike to two 

successive pulses, in case of 3 and 5 pulses a red shift was recorded in the ORS spectrums 

indicating the formation of bigger nanoparticles than previously. Finally, the implementation of 

10 successive pulses causes a minor blue shift of the LSPR peak. 
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Figure 4.24. LSPR peak position and intensity for various number of applied pulses for 193nm 

(a, c) and 248nm (b, d) laser wavelength respectively. 
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For 500mJ/cm
2
 and 600mJ/cm

2
 respectively increasing the number on the applied pulses 

leads to a gradual blue shift of the LSPR peak indicating the continuous size reduction of the 

formed nanoparticles. Similar effects were observed for 700mJ/cm
2
 up to 5 applied pulses while 

after 10 pulses a significant peak shift in higher wavelengths (red shift) was observed. Finally, 

the implementation up to 5 pulses at 800mJ/cm
2
 red shifts the LSPR peak while 10 pulses at the 

same fluence reduces the size of the formed particles and thus a blue shift was recorded in the 

ORS spectrums. According to the LSPR peak relocation and particles formation a similar 

behavior of the LSPR intensity was observed as it is demonstrated in figure 4.24 c 

When 248nm wavelength was used the optical properties of the sample are different mainly 

due to the lower delivered energy. Thus, the threshold for LSPR manifestation is at 300mJ/cm
2
 

after 5 pulses. 

In case of 248nm, the implementation of each extra pulse work constructive in the formation 

of bigger nanoparticles. As a results a gradual red shift of the LSPR peak position was observed 

which is reflected in the intensity of the LSPR peak as it is already discussed above ( Figure4.24 

c) while only after 10 successive pulses for the highest fluence (800mJ/cm
2
) a blue shift of the 

LSPR peak was observed. 

 

Effect of fluence: 

 

In case of fluence, the second parameter that was considered in this study, for 193nm laser 

wavelength (Figure 4.25a) 400mJ/cm
2
 was the threshold for LSPR manifestation for 1 and 2 

applied pulses respectively. In case of 1 pulse, increasing fluence leads to a continuous red shift 

of the LSPR position indicating the formation of smaller nanoparticles due to the increase of the 

deliver energy each time. 
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Figure 4.25. Effect of laser fluence in LSPR spectral position and intensity using 193nm (a, c) 

and 248nm (b, d) wavelength respectively in case of sample #3. 

 

For 2, 5 and 10 pulses respectively the implementation of higher fluencies can act 

constructively or distractively with simultaneous enlargement or reduction of particles size. 

Finally in case of 3 successive pulses, increasing fluencie up to 700mJ/cm
2
 relocation the 

LSPR peak position in lower wavelengths (blue shift). On the contrary, for 800mJ/cm
2
 a red 

shift of the peak was observed which can be assigned in the enlargement of the existing 

particles. 

In case of 248nm laser wavelength and for 1, 2 and 3 pulses respectively the lower limit of 

fluence for LSPR to be emerged was at 400mJ/cm
2
 while for higher number of applied pulses 

the corresponding threshold was at 300mJ/cm
2
. 

For 1 pulse (Figure 4.24b) the transition from 400mJ/cm
2
 to 500mJ/cm

2
 causes a blue shift of 

the LSPR peaks while for 600mJ/cm
2
 LSPR peaks moves to higher wavelengths. Further 

increase of the fluence (700mJ/cm
2
) causes afresh a blue shift of the LSPR while the maximum 

value of fluence shifts the LSPR peak at higher wavelengths. 

In case of 2 pulses, the increase of the fluence up to 600mJ/cm
2
 causes a minor red shift of 

the LSPR peak while for higher fluencies a blue shift was recorded in the ORS spectrums that 

can be attributed in the dissolution of the existing particles in smaller. Similar behavior was also 
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observed in case of 3 and 10 successive pulses up to 700mJ/cm
2
. Beyond this value a blue shift 

of the LSPR peak was observed. 

Nevertheless, in case of 5 successive pulses the increase of laser fluence can work either 

constructively (enlargement of the nanoparticles-red shift) or destructively (smaller 

nanoparticles-blue shift) as it is demonstrated in figure 4.25b 

It is worth noticing that the LSPR intensity is strongly related with the effect of the fluence 

in the particles size for both 193nm and 248nm laser wavelength. Thus, in case of a red shift in 

LSPR peak position, possible due to particles enlargement, a simultaneous increase of LSPR 

intensity was observed, on the contrary for blue shift of the LSPR peak a reduction of the peak 

intensity was observed as well. 

 

4.3 Conclusions 

In this thin silver films were grown using magnetron sputtering technique and were subjected 

to a new, widespread cold annealing process namely laser annealing and the optical and 

structural properties with respect to laser parameters such as wavelength, fluence, number of 

pulses and film thickness was considered. 

Combined optical (ORS) and morphological (AFM) measurements respectively 

demonstrated that though laser annealing we managed to accurate control of the silver size and 

quality nanoparticles. 

The analysis of the optical response of the annealed samples show that LSPR peak position 

and intensity was strongly related to laser parameters while the thickness of the starting film 

was a critical factor for laser annealing.  

Thus, as regards laser wavelength, it was revealed that 193nm was more effective due to 

higher delivered energy leading to more narrow particles size distributions. On the contrary, 

248nm laser wavelength induces more broad particles size distributions and as a result bimodal 

systems were observed in some cases. 

On the other hand, in case of consecutive pulses a spectral shift of the LSPR peak position in 

higher wavelengths (red shift) and an LSPR enhancement  was induced which was associated 

with nanoparticles enlargement while increasing fluence it was demonstrated a blue shift of the  

LSPR peak position indicating dissolution of the initials nanoparticles to smaller due to higher 

energies reached the sample. 

Finally, concerning film thickness was evidenced that higher amounts of energy was needed 

as film thickness increased for LSPR manifestation.  
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5.1 Introduction 

 

Nanocomposite materials consisting of a metallic phase and a ceramic host although have 

been  long established as important category of materials, they are still a growing field of 

because by exploiting the exceptional flexibility in tailoring their functional properties makes it 

suitable candidates for new emerging technologies such as biointerfaces [5.1,5.2], high-density 

magnetic storages [5.3,5.4], magneto resistive devices [5.5,5.6], solar photothermal coatings 

[5.7,5.8], advanced catalysts and electrochemical devices [5.9]. Moreover, the ability of LSPR 

resulting from the interaction of the metal conduction electrons with light makes them 

applicable in various plasmonic applications [5.10, 5.11].  

In this chapter, a thorough study of the optical and structural properties of AlN- based 

nanocomposite films with silver inclusions in various morphologies is presented. 

Aluminum nitride (AlN) is a very well known wide band gap semiconductor (Eg = 6.2 eV) 

which exhibits several high quality characteristics such as pure transparency in the visible 

spectral region and high refractive index (n=2). In addition, it has excellent mechanical 

properties and substantial chemical and metallurgical stability make it suitable for a wide range 

of applications such as antireflection [5.12] and protective coatings [5.13]. On the other hand, 

silver is the archetypical material for plasmonic applications [5.14] due to the low dielectric 

losses and the absence of any interband transition in the visible range resulting in the strongest 

LSPR in the visible range among all metals. 

Firstly, the metal phase distribution into the ceramic matrix before and after LA with 

different laser parameters is investigated, for samples that were grown by Pulsed laser 

Deposition. These films consist of Ag nanospheres (<4nm) in an amorphous AlN matrix [5.15]. 

Secondly, our studies focus to nanocomposite films that were gown by Magnetron Sputtering 

with two different approaches. The first approach includes the dispersion of the metallic phase 

into the AlN host by co-sputtering of AlN and Ag and the effect of thermal and laser annealing 

on the structural and optical properties is investigated. In a second and different approach the 

transformation of Ag layers to nanoparticles is attempted. For that reason, multilayers 

consisting of alternately AlN and Ag layers are deposited and the effect of laser annealing is 

extensively investigated. 
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5.2 AlN:Ag nanocomposite films grown by Pulsed Laser 

Deposition 

5.2.1 Thin Film Deposition 

 

The deposition parameters and structural informations about the samples that were used in 

this section of the chapter have already reported extensively [5.15], so regarding to structural 

characterization we will give some general features of the as grown samples based on the work 

that has already done. 

As it can be seen in figure 5.1 PLD samples provide a totally XRD amorphous AlN phase. 

On the other hand the XRD diffractogram revealed two diffraction peaks at around 38
o
 and 45

o
 

degrees respectively. These diffraction peaks can be attributed in pure metallic Al droplets as it 

was identified from SEM observations and EDX qualitative analysis of the samples (Figure 

5.2). 
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Figure 5.1.  XRD pattern of the pure AlN (black line) and PLD AlN:Ag nanocomposite sample 

(red line) film. 

 

Finally, the presence of Ag in AlN:Ag nanocomposite films is demonstrated for the 

broadening of the main XRD peak at around 38
o
. 
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Figure 5.2. SEM image of a pure AlN surface. Al droplets are presenting in the surface as a part 

of the deposition process. 

 

The structural and morphological characterization was also studied by   Transmission 

Electron Microscopy (TEM) observations in order to investigate the distribution of the metallic 

phase within the matrix. As it is illustrated in figure 5.3 the as deposited film gives no trace of 

crystalline AlN, while the density and the refractive index of the AlN matrix have values 

inferior to crystalline w-AlN [5.15] confirming the amorphous nature of the matrix, while the 

formation and homogeneous distribution of the silver nanoparticles into the matrix is verified. 

 

 

Figure 5.3. Cross section TEM observation of the as grown sample. A narrow distribution of the 

silver nanoparticles into an amorphous matrix is observed.  

 

Moreover, the formed nanoparticles present a narrow size distribution as follows from the 

TEM measurements and depicted in figure 5.4 
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Figure 5.4. Representative particle size histogram of the as grown nanocomposite film. 

 

On the other hand the successfully formation of silver nanoparticles linking to a Surface 

Plasmon Resonance manifestation around 420nm as it was observed from Optical Reflectivity 

Spectroscopy measurements (Figure 5.5) . 
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Figure 5.5. Reflectivity spectrum of an as grown sample. 

 

5.2.2 Thin Film Processing 

 

The as deposited films were further subjected in two different annealing approached, thermal 

and laser annealing respectively, with various parameters and the optical and structural changes 

of the treated samples were studied. 



[116] 
 

 

5.2.3 Thermal annealing 

 

In a first step the as-grown films were thermally annealed in various temperatures 

starting from 400 
o
C up to 800

o
C for 1 hour under argon ambient in order to avoid film 

oxidation. 

In figure 5.6 the optical response of the sample after thermal annealing in various 

temperatures is summarized. 
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Figure 5.6.  Reflectivity spectrums for different annealing temperatures.  

 

As it can be seen annealing at 400
ο
C causes a minor alteration in spectral position and 

intensity is observed according to the as deposited. For annealing at 600
o
C and 800

o
C 

respectively, disruption of the nanoparticles and outdiffusion of the silver in the surface occurs. 

 

5.2.4 Laser annealing 

 

In order to anticipate outdiffusion effects our films were subjected to UV laser annealing due 

to its ultrafast character (~20 ns), which drastically reduces the diffusion phenomena  as well as 
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the uneven distribution of the delivered energy according the optical absorption of the 

constituent phases. The effect of various parameters such as the wavelength, number of pulses 

and fluence in the structural and optical properties was examined. In particular, ArF (193nm) 

and KrF (248nm) UV-excimer lasers (20nm pulse duration) were applied for laser annealing of 

samples with fluencies in the range of 200mJ/cm
2
 to 600 mJ/cm

2
 while 1, 2, 3 and 5 pulses were 

applied. 

As a starting point, we begin with the interaction of the laser beam with a pure AlN film 

deposited by PLD on Si (100) substrate, in order to identify and evaluate the potential structural 

and morphological changes upon laser annealing. 

The optical reflectivity spectra of an AlN/Si sample before and after laser annealing using 

the 248 nm laser beam (magenta up and down triangles for 400, 500 mJ/cm
2
, respectively, and 

denoted as LA@248 nm) and the 193 nm laser beam (purple up and down triangles and 

diamonds for 100, 300, and 400 mJ/cm
2
, respectively, and denoted as LA@193 nm) are 

displayed in figure 5.7. It is evident that for low fluence (λ=193 nm, 100 mJ/cm
2
, purple up 

triangles) the changes in the optical reflectivity spectra are minor and maybe attributed to the 

interface roughening and amorphization of Si due to the delivery of the laser energy directly to 

the substrate. The laser beam does not interact with the AlN layer itself because of the 

transparency of AlN; note that the fundamental gap of AlN has been reported to be above 

Eg=6.2 eV. 

 

Figure 5.7.  ORS spectra of pure AlN on Si substrate as a function of the laser fluence. 
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For fluencies in the order of the laser damage threshold of Si which is about 350mJcm
-2

 for 

laser annealing using 248nm wavelength, the film is removed from the substrate and now the 

characteristic Si-relevant reflectivity peak at about 330 nm is observed in ORS spectra. 

Delamination of the film from the substrate is also confirmed by electron microscopy 

measurements with corresponding image depict in figure 5.8. 

Finally, for further higher laser fluencies (500 mJ/cm
2
 for 248 nm, and 400 mJ/cm

2
 for 193 

nm) the AlN is removed, as well, but the Si peak at 330 nm is broadened due to Si damage and 

amorphization to a larger extend.  

 

 

Figure 5.8. SEM image of pure AlN after laser annealing. Film delamination is observed for 

fluencies near the laser damage threshold. 

 

Despite the fact that delamination of the film has been attributed in the absorption of the 

laser beam from the film  in our cases lift-off of the film resulting from substrate damage as the 

film does not interact with the laser beam. 

On the contrary, the AlN:Ag/Si samples endured the laser irradiation (193 nm, 300 mJ/cm
2
), 

as it is shown in the plane view secondary electron image of figure 5.9, where no removal of 

AlN:Ag has been observed (the horizontal red line denotes the border between the treated and 

untreated areas of the sample’s surface); the film remained intact and only its reflectivity 

changed after laser annealing. This is because the Ag nanoparticles absorb and scatter the 

incoming laser light reducing the power that arrives to the Si substrate below the damage 

threshold. 

AlN laser annealed thin film 
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Figure 5.9. SEM image of the nanocomposite sample after laser annealing. 

 

A major factor that can affect the process of laser annealing is the laser wavelength, because 

of the different values of absorption coefficient of the amorphous AlN matrix for the two laser 

wavelengths (193 and 248 nm), as well as of the Ag nanoparticles. 
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Figure 5.10. XRD pattern of the nanocomposite film after laser annealing with 1 shot, 

200mJcm
-2

 at 193nm wavelength. 
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The X-ray diffractogram (Figure 5.10) of the laser annealed a-AlN:Ag samples reveals 

crystallization of the AlN matrix to form w-AlN and possibly strained z-AlN (an AlN polytype 

of similar structure to w-AlN, but with differently stacked basal planes).This. The location of 

the crystallized AlN is attributed to the Ag nanoparticles acting as hot spots during the laser 

pulse inducing an immense temperature increase at the neighborhood of the AlN/Ag interface. 

However, HRTEM cross section images of the laser treated areas that displayed in figure 5.11 

revealed even more significant structural modifications after laser annealing for both 

wavelengths. In particular, laser annealing with 193nm wavelength (Figure 5.11 g, h, i) leads to 

Ag np’s agglomeration and formation of larger while a more significant structural alteration is 

the partial recrystallization of the matrix especially in the shell of the nanoparticles. Similar 

results but to a lesser extend occurs after laser treatment using 248nm wavelength (Figure 5,11 

d, e, f,) which can attributed in the lower delivered energy which is lower than the AlN optical 

band gap (6.2eV) and only interaction with Ag nanoparticles occurs. As a result the delivered 

energy to the substrate is higher and thus more rough AlN/Si interfaces were observed. 

 

 
Figure 5.11. Cross section TEM images of increasing resolution from AlN:Ag/Si: (a,b,c) as-

grown, (d,e,f) laser annealed with two pulses of 248 nm/400 mJ/cm
2
, and (g,h,i) laser annealed 

with one pulses of 193 nm/400 mJ/cm
2
. 

These structural modifications after laser annealing alter the optical properties of the films as 

ORS measurements revealed (Figure 5.12). Thus, a significant LSPR enhancement after LA 

was observed comparing to the as grown film for both wavelengths while the np’s enlargement 

and matrix recrystallization leads to a red shift of the LSPR spectral position. On the other hand, 
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the matrix recrystallization gives a more transparent character to our films. As a result, substrate 

features are reflected to the reflectivity spectra. 
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Figure 5.12. Optical reflectivity of AlN:Ag: as grown, LA with a 193 nm-400 mJ/cm
2
 pulse, 

and LA with two 248 nm-400 mJ/cm
2
 pulses  respectively.. 

 

Then, the effect of the applied number of pulses was investigated as well. The optical 

reflectivity spectra for various successive pulses are depicted in figure 5.13. For various 

fluencies the one pulse causes a significant red shift, from around 400nm to 470nm, on the 

LSPR peak with a simultaneous SPR enhancement. As it can be seen for low fluencies 

(200mJ/cm
2
) at 193nm wavelength (Figure 5.13a) each successive pulse leads to an LSPR 

enhancement while substrate features can be observed due to film’s transparency. On the 

contrary when higher fluencies are used (300mJ/cm
2
) the effect is more effective and thus for 

three successive pulses Ag massive outdiffusion is observed. On the other hand, when 

400mJ/cm
2
 fluence is used at 248nm wavelength two additional pulses provides an LSPR 

enhancement while for 3 consecutive pulses a blue shift of the LSPR peak position is observed 

due to formation of smaller nanoparticles the structural features of the laser annealed samples 

were studied through XRD and TEM measurements respectively. 
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Figure 5.13. Effect of the applied pulses in the LSPR behavior at 193nm wavelength. 

 

Unlike to laser annealing with 193nm wavelength, using 248nm the LSPR 

enhancement is less intense while the red shift of the LSPR peak is also observed. From 

TEM cross section image, that is depicted in figure 5.11, it can be seen that now, although 

crystallization of the matrix occurs, due to lower energy smaller particles are formed 

leading in lower LSPR peak intensities 
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Figure 5.14. LSPR performance after laser annealing at 400mJcm
-1

 with 248nm wavelength and 

different number of pulses. 

 

The effect of the fluence in structural and optical features of the nanocomposite films was 

another factor that was studied. 

The ORS spectra of the laser annealed samples with various fluencies are depicted in figure 

5.15 for both 193nm and 248nm wavelength respectively. 

For laser treatment at 193nm wavelength a significant and consistent enhancement of the 

SPR peak efficiency is observed as the fluence increasing up to 400mJcm
-2

 while a red shift in 

the SPR peak position is caused. For 600mJcm
-2

 Si substrate features are clearly observed in the 

ORS spectrum which evidence that the 600mJcm
-2

 delivered energy is sufficient for ablation. 

Unlike to laser annealing with 193nm wavelength, at 248nm wavelength the enhancement of 

the LSPR intensity is not as intense as previously due to smaller nanoparticles that are formed 

after laser annealing in comparison with 193nnm. On the other hand a red shift of the SPR peak 

is for 400mJcm
-2

. For fluencies 500mJcm
-2

 and 600mJcm
-2

 a blue shift of the SPR peak is 

caused with a simultaneous reduction of the intensity. 
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Figure 5.15.Reflectivities of the laser annealed sample as a function of the fluence using 193nm 

(a) and 248nm wavelength (b) respectively. 

 

The combination of the LSPR enhancement with simultaneous structural changes that occurs 

after laser annealing leads to a strong reflectivity contrast which can be used for spectrally 

selective patterns into AlN:Ag nanocomposite films.  

In order to investigate this opportunity we encode the pattern “AlN:Ag” into the 

nanocomposite film consisting of 60μm pixels of annealed sample. The encoded pattern 

illustrated in figure 5.16. 

 

 

 

 



[125] 
 

 

 

Figure 5.16. The annealed pattern under white illumination. Each pixel of the pattern is 

approximately 60μm 

 

The formed pattern was illuminated using four different colored lights covering the visible 

region of the electromagnetic spectrum. Indeed, as it is illustrated in figure 5.16 our samples are 

spectrally selective only in the blue-violet region which is in agreement with the optical results. 

The reflectivity contrast ΔR in this region is maximum around 470nm (ΔR=35%). On the other 

hand in the red region (ΔR= 5%) pattern is totally invisible, while in the green region ΔR= 

15%) the pattern is barely visible. 

 

  

 

Figure 5.17. Reflectivity contrast (ΔR) between the treated and untreated sample. The 

maximum ΔR is observed in the blue region. 

180 μm 
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5.3 AlN-Ag co-sputtered thin films  

5.3.1 Thin Film Deposition 

 

In this section nanocomposite films were grown with simultaneously deposition of Al and 

Ag in N2 and Ar environment using a Confocal Dual Magnetron Sputtering (DCMS). The 

sputtering power of the Al cathode was varied in order to vary the degree of matrix crystallinity, 

while the sputtering power of the Ag cathode was varied in order to control the Ag 

concentration into the films. The structural and morphological features of the as-deposited films 

were investigated by X-ray diffraction and X-ray reflectivity, while the chemical state and the 

concentration of the Ag into the AlN was identified using X-ray Photoelectron Spectroscopy 

(XPS). 

The main deposition conditions of the studied samples are summarized in Table V. 

 

Table V. Deposition parameters of the co-sputtered nanocomposite films. 

Sample ID 
Al Power 

(Watt) 

Ag Power 

(Watt) 

Ag 

concentrat

ion (% at.) 

Ar 

flow(sccm) 

N2 flow 

(sccm) 

Deposition 

time (min) 

       

Sample #4 100 0 0 12 8 30 

Sample #5 15 0 0 12 8 30 

Sample #6 100 3 6 12 8 30 

Sample #7 100 15 11 12 8 30 

Sample #8 100 25 32 12 8 30 

Sample #9 15 3 7 12 8 30 

 

The XRD patterns of the pure AlN films (Figure 5.17) show that Sample #4 that was grown 

with 100 Watts applied power exhibits characteristic diffraction peaks corresponding to the 

(002) and (101) crystal planes of w-AlN,  which indicates a preferential growth along these 

crystal orientations. Contrariwise, when the sputtering power is lowered the degree of 

crystallinity decreases as well. Thus sample #5 did not exhibit any peak assigned to AlN in the 

X-ray diffractogram. In both cases a diffraction peak at around 32.9
o
 is observed which 

corresponds to (002) of Si [5.16]. 
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Figure 5.18. Bragg-Brentano XRD pattern of pure AlN with different sputtering power. 

 

On the other hand the incorporation of Ag into AlN films induces severe changes in their 

microstructure and morphology, especially for the case of sputtered w-AlN. So, as it was 

revealed from the XRD measurements (Figure 5.18) for small [Ag] concentration (Sample #6), 

there is no indication of diffraction from Ag and the recorded pattern resembles that of powder 

w-AlN suggesting that Ag is very finely dispersed into the w-AlN matrix (i.e. atomically 

dispersed or in clusters of <2 nm that cannot be probed by XRD). For higher silver 

concentration the film becomes even less textured indicating a gradual transformation from 

columnar morphology for w-AlN to globular morphology for w-AlN:Ag (11%, Sample #7). In 

addition, a very broad peak emerges around the expected angular value for the Ag (111) 

diffraction peak, indicating segregation of Ag. 
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Figure 5.19. XRD pattern of the co-sputtered nanocomposite films. 

 

For Ag concentration 32% at. (Sample #8) the diffraction pattern of w-AlN is not observed 

at all, instead two characteristic peaks of Ag (111) and Ag(200) are manifested. The profile of 

the Ag (111) is asymmetric possibly due to contribution of AlN(101) and non-uniform strain 

and concentration gradients. The manifestation of an Ag diffraction pattern indicates that a total 

segregation occurred in this later case. In the case of the sputtered a-AlN:Ag (Sample #9),the 

AlN is completely amorphous and its diffraction does no exhibit no trace at all. A very faint 

modulation of the background around the expected angular position of Ag (111) peak might 

indicate a small segregation of Ag. In order to estimate structural features like grain size and 

strain of the studied samples Williamson- Hall and Scherrer analysis respectively were 

performed. Moreover, thickness and density of the as-grown samples were estimated from X-

ray reflectivity measurements. Representative XRR patterns of the studied samples are depicted 

in figures 5.19  
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Figure 5.20. X-Ray reflectivity spectrums (black line) with the fit curves (red line) for pure AlN 

and nanocomposite films. 

 

The results revealed from the grain size and XRR analyses are summarized in table VI. 

 

Table VI. Structural results of the co-sputtered nanocomposite films. 

Sample ID 
[Ag]  

(% at) 

AlN Grain 

Size (nm) 

Ag Grain 

Size (nm) 

Thickness 

(nm) 

Density 

(g/cm
3
) 

      

Sample #4 0 123, 41 0 302 3.11 

Sample#5 0 0 0 97 2.55 

Sample#6 6 32, 15.7 0 530 3.20 

Sample #7 11 18.5, 18.7 1.5 507 4.50 

Sample #8 30 - 4.5 472 4.77 

Sample #9 7 - - 84 3.17 
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The results from the XRR analysis revealed that the different degrees of crystallinity that we 

achieve by applying the sputtering power affect the density of the growing films. Thus, when 

high sputtering powers are used dense films are produced close to bulk(3.26gr/cm
3
). On the 

contrary, when lower sputtering powers are applied we produce less dense films as it is 

illustrated in figure 5.20. 
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Figure 5.21. Density (gr/cm
3
) of the nanocomposite films as a function of the Ag concentration 

for the co-sputtered films. Amorphous nanocomposite films provide a lower density that the 

crystalline once. 

 

Finally, X-ray photoelectron spectroscopy measurements were performed in order to identify 

the Al-N bonding, especially for the amorphous nanocomposite films as well the segregation 

and self-organization of the Ag into the AlN matrix. Wide scans obtained from our films 

presented in figure 5.21 where an identification of the XPS and AES peaks had been done for 

the quantitative and qualitative analysis. Furthermore, high resolution measurements of Al 2p 

photoelectron peak (Figure 5.22) and Ag 3d (Figure 5.23), respectively, were performed. 

Charging effects were eliminating using C 1s as reference. 
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Figure 5.22. Wide scan XPS measurements of as deposited nanocomposite films with the 

respective qualitative analysis. 

 

 

Al 2p photoelectron peak, which depicted in Figure 5.22, is deconvoluted with one Gaussian 

peak which located at binding energies about 73.6 eV corresponding in Al-N bonding [5.17]. 

The characteristic Ag-3d doublet corresponding to the Ag-3d3/2 and Ag-3d5/2 due to spin-orbit 

splitting was observed for all samples. The Ag-3d5/2 peak was deconvoluted to two Gaussian 

peaks located at binding energies of 367.9 eV and 368.4-368.6eV. The former, which is an 

extremely sharp peak, corresponds to metallic Ag. The presence of silver oxides would induce a 

shift of the Ag-3d5/2 peak to a lower binding energy (367.4 eV for Ag2O [5.18] and 367.3 eV for 

AgO [5.19]). The Ag oxide peaks also are broader compared to the corresponding metallic peak 

[18] this further supports the assignment of the peak at 367.9 eV to metallic Ag. Therefore, the 

peak observed around 368.5 eV cannot be assigned to Ag oxides. 
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Figure 5.23. High resolution XPS measurements of Al 2p and respective deconvolution for 

samples #7, #8, #9  

 

Contrariwise, shifts of the core level spectra of various metals (Au [5.20,5.21], Pd [5.21], Pt 

[5.22], Ag [5.23]) to higher binding energies have been observed for finite size clusters, due to 

size-dependent shifts of the Fermi level [5.23] and, ultimately, for clusters below 2 nm due to 

metal-insulator transition [5.21]. Based on these previous studies, we can assign the peak 

observed around 368.5 eV to nano-Ag participating in clusters of sizes less than 2 nm. 
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Figure 5.24. High resolution measurements of Ag 3d doublet photoelectron peak and respective 

deconvolution for samples #7, #8, #9 

 

Comparing the areas below the 3d5/2 peaks of the metallic Ag and nano-Ag we can determine 

the fractions of Ag atoms that participate either in small sized clusters (<2 nm), that cannot be 

probed by XRD, or in bigger metallic Ag crystal grains (Figure 5.24). This correlation between 

the atomic fractions of nano-Ag ([nano-Ag]/[Ag], where [Ag] =[nano-Ag]+[metallic-Ag]), vs. 

the total [Ag] concentration in the AlN:Ag films, confirming the XRD findings that were 

presented previously. The absolute concentration of nano-Ag (<2 nm) in AlN:Ag has been also 

determined by the area of the corresponding peak. The [nano-Ag]/Ag concentration was found 

to be constant at approximately 4% at. This defines the solubility limit of Ag in AlN; for higher 

concentrations of Ag, the rest of the Ag segregates and self-organizes in metallic Ag crystals. 

On the contrary, in order to achieve self-organization of Ag higher concentrations should be 

provided. 
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Figure 5.25. Atomic fractions of nano-Ag ([nano-Ag]/[Ag], as a function of  the total [Ag] 

concentration in the AlN:Ag nanocomposite films. 

 

The structural results that reported above are in agreement with the optical properties of the 

films as it is illustrated in figure 5.25. Thus, for the lower silver concentration (sample #6) the 

film is still transparent comparing to pure w-AlN film (sample #4). Unlike to sample #6, sample 

#7 and sample #8, where a phase segregation of the metallic phase occurs, our films are less 

transparent and a metallic behavior is observed. Especially, for sample #7, a weak broad peak 

around 460nm is manifested. This might be attributed to LSPR peak. Finally sample #4 (pure 

w-AlN) the ORS spectrum consists of multiple reflection due to sample transparency while 

sample #5 (pure a-AlN) due to thin thickness provide two peaks corresponding to the substrate 

features. On the other hand sample #9, although provides similar Ag concentrations with sample 

#6 exhibits a weak LSPR peak at around 460nm wavelength while no interference fringe were 

observed in its ORS spectra possible due its thin thickness. 
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Figure 5.26. Optical reflectivity spectrums of the nanocomposite films. Different optical 

behaviors are observed according to the silver concentration. 

 

5.3.2 Thin Film Process 

 

The structural and morphological stability of the studied samples have been evaluated by 

applying thermal and laser annealing respectively. Moreover the effect of these two approaches 

in the optical properties of the samples was also investigated. 

Thermal annealing experiments were carried out in Ar ambient for two hours in 400
o
C and 

600
o
C, respectively. For laser annealing experiments 1 pulse was applied to our samples for 

fluencies from 200mJcm
-2

 up to 600mJcm
-2

, using 193nm and 248nm wavelengths, 

respectively. 
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5.3.3 Thermal annealing 

 

As it revealed from the XRD measurements for the nanocomposite films with wurtzite 

matrix (Figure 5.26) no structural changes for the AlN observed even at 600
o
C. On the other 

hand, due to its high diffusivity silver at 600
o
C is affected by thermal annealing as it is close to 

its melting point 
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Figure 5.27. XRD pattern of sample #6 after thermal annealing in carious temperatures. 

 

SEM observations confirm the diffusive character of the metallic phase as it can be seen in 

figure 5.27. Outdiffusion of the silver in the surface is observed and the formation of 

nanoparticles with size ranging within 40-310nm. 
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Figure 5.28. SEM image of sample #6 after thermal annealing at 600 
o
C. Outdiffusion of the 

silver in the surface and formation of broad metallic nanoparticles  

 

A similar behavior was observed also for the a-AlN:Ag (sample #9). No trace of 

crystallization of a-AlN upon thermal annealing was observed in the corresponding X-ray 

pattern (Figure 5.28).  
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Figure 5.29. XRD pattern of sample #9 after thermal annealing at different temperatures. 

Thermal annealing does not affect the amorphous matrix. Outdiffusion of the Ag occurs only in 

600 
o
C 

However, the outdiffusion of Ag did occur, but it was less pronounced in this case, since it 

was observed only for thermal treatment at 600 
o
C and resulted in the formation of Ag crystals 
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of average size of 34 nm this is also confirmed by SEM observations of Ag particles of average 

size of 75 nm on the surface (Figure 5.29). 

 

 

Figure 5.30. SEM image of sample #9 after thermal annealing at 600
o
C. Outdiffusion of the Ag 

is also observed with simultaneous creation of smaller nanoparticles. 

 

The formation of the nanoparticles on the surface after thermal annealing linked with the 

Surface Plasmon Resonance manifestation as it is illustrating in the Optical Reflectance 

spectrum in figure 5.30. Due to the broad size distribution of the nanoparticles a broad SPR 

peak is observed at around 600nm. In contrast, in sample#9 thermal annealing induces the 

emergence of a significant LSPR band in the blue region (~460 nm). Spectral position of the 

observed LSPR is consistent with the observed size of Ag nanoparticles [5.24].   
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Figure 5.31. Reflectivity spectrum of samples #9 (up) and #6 (down) of the as deposited and 

after thermal annealing at 600
o
C. In case of sample #9 a more intense LSPR peak is manifested. 

 

5.3.4 Laser annealing 

 

The changes of the structural and morphological features of the co-sputtered samples after 

laser annealing were also investigated. Representative XRD difractogramms after laser 

annealing of samples #6 and sample #9 are demonstrated in figure 5.31. As it was revealed from 

the XRD measurements the changes occurring after LA are radically different to those after 

thermal annealing.   
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Figure 5.32.  XRD pattern of nanocomposite films after laser annealing. 

 

For sample #6 with wurtzite matrix no significant changes are observed after laser annealing 

in contrast with the AlN:Ag nanocomposite films grown by PLD where recrystallization of the 

matrix is observed. On the other hand for sample #9 (aAlN:Ag) is an intermediate case. The 

AlN matrix does remain intact as in the case of sample #6 and in its X-ray diffraction pattern a 

feature emerges in the angular vicinity of the expected w-AlN(002) peak which is, however, too 

broad and ambiguous in order to be safely assigned to w-AlN. Possibly, in sample #9 there are 

less pure metallic Ag domains that can act as hot spots and nucleation sites of w-AlN and thus 

the diffraction signal of w-AlN after laser annealing is exceptionally weak. From XRD 

measurements is it obvious that the variations in Ag distribution after LA are negligible which 

verified by SEM images (Figure 5.32). This is reasonable taking into account that laser 

annealing is an ultrafast process that does not provide the appropriate time for significant 

macroscopic Ag diffusion.  
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Figure 5.33. SEM image of sample #6 after laser annealing. Laser processing seems to leave 

unaffected the sample surface due to ultrafast character.  

 

The situation is totally different for sample #8 with the highest Ag concentration. As it can 

be seen from SEM image (Figure 5.33) there is a massive outdiffusion of Ag upon LA due to 

the exceptionally high optical absorption of this sample.  

 

 

Figure 5.34. SEM image of sample #8 after laser annealing. A metallic network is created due 

to silver outdiffusion. 

The structural results were verified from the ORS measurements that were performed in the 

studied samples. Thus, for laser annealing with 193nm wavelength for the group of samples 

with crystalline matrix (representative spectra of sample #6 for various fluencies are depicted in 

(Figure 5.34a) the existence of interference fringes, manifesting at similar wavelengths before 
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and after LA, testifies that the integrity of the sample was maintained and there was no 

significant change of the value of the refractive index. The minor changes on the lineshape of 

the interference fringes might be attributed to some interfacial effects. This is reasonable, taking 

into account that AlN is transparent in the UV-Visible range as well as laser wavelength 

corresponds to 6.2 eV which is similar to the band gap of the AlN, thus there is no interaction 

between AlN and laser beam. Unlike to wurtzite matrix, in aAlN:Ag nanocomposite films laser 

annealing at 200mJcm
-2

 and 300mJcm
-2

 seem to  roughly improve the SPR peak, while for 

higher fluencies the LSPR intensity reduces due to outdiffusion and evaporation of Ag.. 
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Figure 5.35. ORS spectra of samples #6 (a)  and sample #9 (b) after laser annealing at 193nm 

for different fluencies. 

The same situation is revealed from ORS measurements for laser annealing with 248nm 

wavelength as well (Figure 5.36) for 1 and 2 pulses. As it was earlier mentioned for the 

wAlN:Ag films the subtle changes of interference fringes shape and position after laser 

annealing denote no optical and structural changes of the annealed sample. In aAlN:Ag cases 

only the implementation of one pulse with 200mJcm
-2

 fluence seems to improve the LSPR peak 

with a subsequent red shift. Contrariwise, the implementation of higher fluence operates 

reversibly, for one and two subsequent pulses as well, degrading the LSPR peak manifestation 

up to 600 mJcm
-2

 where silver outdiffusion occurs for one and two pulses respectively. 
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Figure 5.36. ORS spectrums of samples #6 and sample #9 after laser annealing with 248nm for 

various fluencies. (a) samples #6  1pulse, (b) samples #6  2pulses. (c) sample #9 1 pulse, (d) 

samples #9  2 pulses 

 

5.4 AlN/Ag multilayers  

5.4.1 Thin  Film  Deposition 

 

Stratified nanostructures consisting of alternate thin layers of AlN and Ag were also studied 

in this PhD thesis. The deposited samples can be divided into two different categories based on 

the AlN degree of crystallinity. Thus, the first group of samples consists of alternative 

crystalline AlN and Ag layers while in second group our samples consist of thin amorphous 

ceramic layers. This variation in the AlN crystallinity was achieved by varying the applied 

power in the Al target. On the other hand, in both categories the thickness of the silver layer 

was varying by using different deposition times. Each sample started and ended with AlN layer 

ensuring the insulation of the metal phase by ambient conditions. The depositions took place in 
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a reactive Ar-N2 mixed environment. Table VII summarizes the growth and structural features 

of the AlN/Ag samples studied in this section 

 

Table VII. Deposition parameters of the as grown multilayers 

Sample ID 
Power Al 

(Watt) 

Power 

Ag 

(Watt) 

AlN 

deposition 

time (sec) 

Ag 

deposition 

time (sec) 

Ag grain 

size (nm) 

Number 

of 

repetitions 

       

Sample #10 100 10 66 10 4.7 20 

Sample #11 100 10 57 30 4.7 20 

Sample #12 100 10 47 50 2.7 20 

Sample #13 15 10 438 10 4.3 20 

Sample #14 15 10 375 30 4.4 20 

Sample #15 15 10 312 50 2.5 20 

 

 

In order to clarify the crystallinity of the as deposited samples XRD measurements were carried 

out. For the first group of samples under study, with 100 watt Al power, diffraction peaks 

indicating the formation of the hexagonal structure emerged in their difractogramms (Figure 

5.37). On the flipside, at 15W the samples demonstrate a reduction in crystallinity, evident by 

the absence of any characteristic peaks for AlN (Figure 5.38). Finally, diffraction peaks 

corresponding to the Ag phase were also observed. The Ag (111) peaks of all samples were 

fitted with Voigt curves and the corresponding Lorentzian broadenings were used to determine 

the grain size (shown in table VII) from Scherrer’s formula. The broad profile of the observed 

diffraction peaks for both AlN and Ag is attributed to the thin thickness of the layers taking into 

account that the deposited layers were as thin as just to approach the island coalescence 

threshold.  
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Figure 5.37. XRD patterns of the w-AlN/Ag multilayers. 

 

Unlike to the first group of samples, in the second one with 15 Watt applied power in Al 

cathode the XRD measurements (Figure 5.37) emerged only diffraction peaks corresponding to 

the (111) and (200) diffraction planes of Ag FCC structure were only observed. On the contrary, 

no trace of crystallinity was revealed for the AlN layers. So the determination of the chemical 

state of the samples, especially for the amorphous multilayer was imperative in order to identify 

the Al-N bonding.  
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Figure 5.38. XRD patterns of the w-AlN/Ag multilayers 
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Thus, XPS measurements were performed. Representative wide scans obtained of our 

samples, where the photoelectron and Auger peaks have been identified are depicted in figure 

5.38. The XPS measurements were carried out after 3 min of sputtering with Ar
+
 ions thus the 

corresponding XPS peaks of Ar can be observed. Furthermore, high resolution XPS (HRXPS) 

measurements of Al 2p, Ag 3d and N 1s were performed respectively (Figure 5.39). XPS 

measurements were carried out even for the group of samples with the crystalline AlN, although 

the phase identification was achieved from the XRD measurements. In order to eliminate 

charging effects Ar 2p XPS peak was used as reference.  
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Figure 5.39. Representative wide scan XPS measurements of wAlN/Ag (Sample #10) and 

aAlN/Ag (Sample #14) respectively. Photoelectron peak identification has been performed. 

 

Al 2p XPS peak of the first group (Figure 5.39 c,) is deconvoluted from two components 

with binding energies 73.6eV and 73.0 eV respectively. The major component can be attributed 

to Al-N bonding [5.24] while the second component can be attributed to Al-O bonding [5.25]. 

The formation of Al-N bonds is confirmed from the N 1s peak which is at 396.2 eV [5.24].  Al 

2p XPS analysis of the aAlN/Ag group (Figure 5.37d) is also deconvoluted with two 

components located in similar values. Thus, the major component is at 73.5 eV while the 

second component is at 72.8 eV. It is worth noticing that Al-O bonding is further supported 
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from the strong O 1s XPS peak which clearly observed in the wide scan of both categories of 

materials, which can attributed in oxygen contaminations within the chamber during film 

deposition. In Ag 3d XPS peak the characteristic Ag-3d doublet corresponding to the Ag-3d3/2 

and Ag-3d5/2 due to spin-orbit splitting was observed for all samples (Figure 5.39 a, b). For w-

AlN/Ag sample(Figure 5.39a) the Ag-3d3/2 peak was deconvoluted to two Lorentzian-Gaussian 

peaks located at binding energies of 367.1 eV and 368.1eV while for the Ag-3d5/2 the two 

components  located at binding energies 373.1 and 374.1 eV respectively. Similar values of Ag-

3d5/2 and Ag-3d3/2 analysis are revealed for the a-AlN/Ag multilayers (Figure 5.39b). Thus, for 

the second group of materials Ag-3d3/2 is located at around 366.5eV and 367.2eV while Ag-

3d5/2 two components located at binding energies 372.5eV and 373.2 eV respectively. 
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Figure 5.40.High resolution XPS of Ag 3d(a,b), Al 2p (c, d), N 1s(e,f) for a w-AlN/Ag (up) and 

a-AlN/Ag (down) multilayers.  

 

The successful deposition of periodical structures was confirmed by TEM observations for 

both categories of samples as it is illustrated in cross-section images in figure 5.40. The 

structural characterization of the AlN layers show no trace of crystallinity which is agreement 

with the XRD results for the second group of multilayers (Figure 5.40c).  
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Figure.5.41. (a) Cross section TEM image of as grown sample #14. (b) Cross section TEM 

image of as grown sample #10.   

 

On the other hand the characterization of the metallic phase of the multilayer verifies that 

indeed we have single phase with (111) orientation (Figure 5.40 c, d) something that is in 

agreement with the XRD results. Moreover, TEM characterization reveals that the metallic 

layer consists of overall spherical shapes which are abutting each other. ORS for both ‘families’ 

of sputtered materials are shown in figures 5.43. The spectra are in general featureless, 

resembling the optical response of a bulk metal, except for the two cases of very thin Ag layers 

(ML#10 and ML#13), were a continuous Ag film has not been achieved and multiple reflections 

begin to appear accompanied by plasmonic peaks in the lower wavelengths (peaks around 420 

and 450 nm forML#3 and ML#6 respectively). 
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Figure 5.42. Up: ORS of the wAlN/Ag multilayers. Spectra are the combination of multiple 

reflections due to the transparent character of the AlN with a higher reflection due to the 

metallic character of the Ag. Down: ORS of the aAlN/Ag multilayers. A similar behavior is 

observed. In both cases there is no LSPR manifestation. 

 

5.4.2 Laser processing 

 

The as grown samples were subjected to laser annealing which is our major processing 

technique in this PhD study. 193nm (ArF) wavelength was used for laser annealing both in 

ambient and under high pressure, 150 psi Ar, respectively. Unlike to previous sections only one 

and two pulses were applied. 

 

5.4.3 Structural properties 

 

The structural modification after laser annealing in a first step was studied by X-ray 

diffraction. As it is illustrated in figure 5.42, for the aAlN/Ag multilayers, the diffraction peaks 

corresponding to (111) and (200) diffraction planes of silver emerged that can attributed in the 

enlargement of the Ag grains. On the other hand at around 36
o
 diffraction angle a weak 

“shoulder” is also observed. This can be evidenced that after laser annealing a partial 

recrystallization of the aAlN occurs. 
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Figure 5.43. XRD pattern for sample #14 before (black line) and after laser annealing (red line). 

A “weak” shoulder at around 36
o
 is manifested that suggests structural modification of the 

aAlN. 
 

Extended structural and morphological examinations of the annealed samples were 

performed based on TEM observations. For aAlN/Ag multilayers cross section TEM images 

(representative observations of sample #14 are illustrated in figure 5.43) reveal that after laser 

annealing in ambient the upper layers of the multilayered morphology is destroyed and isolated 

silver nanoparticles are formed. Except of Ag nanoparticles formation, the upper part of the film 

appears highly affected by laser annealing, resulting in a kind of film dissolution and concurrent 

roughening while the first ~13 layers (~ 75 nm film thicknesses) appear unaffected by laser 

annealing, conserving their overall morphology, thickness and spacing. The metallic 

nanoparticles provide a gradual enlargement according to their location. Thus, nanoparticles 

with size of 5 nm are observed in the bottom layers (unaffected area) to 8-12 nm at the middle 

of the film and to ~25 nm towards the surface of the film. 
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Figure 5.44. HRTEM observations of Sample #14 after laser annealing with193nm, at 

600mJcm
-2

 with one 1pulse in ambient (a) and under high pressure (b). 

 

Similar results revealed from TEM observations for laser annealing under high pressure 

(Figure 5.43b). The periodical structures are destroyed after laser annealing with a simultaneous 

formation of Ag nanoparticles providing similar sizes as above. Unlike to previous laser 

processing parameters, now only approximately 9 layers are unaffected after laser annealing. It 

is also worth noticing that recrystallization of the aAlN matrix is not observed unlike to XRD 

results as well as to PLD nanocomposite films. On the contrary the crystalline AlN/Ag 

multilayers seems to be affected in a lesser degree, compared to the amorphous AlN/Ag group 

of samples,  after laser annealing as it can be seen from representative TEM cross section 

observations from sample #10 in ambient and under high pressure that depicted in figure 5.44. 

The gradually enlargement of the nanoparticles is also observed in this group of films with 

nanoparticles of 3-5nm diameter being in the bottom of the sample and the larger once with 

approximately 20nm diameter being on the top of the sample. Finally, in contrast to the 

aAlN/Ag nanoparticles, wurtzite AlN/Ag multilayers exhibited much less roughening after laser 

annealing.  

It should also point out that multilayers provide a better interfacial AlN/Si quality after laser 

compared to PLD sample. This can be assigned in the thicker films that were produced in case 

of multilayer which are approximately 300nm while the PLD samples are 70nm thick. Thus, in 

case of multilayer laser beam can not reach the substrate.  
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Figure 5.45. HRTEM observations of Sample #10 after laser annealing with193nm, at 

600mJcm
-2

 with one 1pulse in ambient (a) and under high pressure (b). 

  

5.4.3.1 Optical properties 

 

The formation of metallic nanoparticles after laser annealing alters the optical properties of 

the samples since Surface Plasmon Resonance peak is manifested as it was observed from ORS 

measurements. Representative spectra are illustrated in figure 5.45.   
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Figure 5.46. Optical Reflectivity Spectrums of Sample #12 (a) and Sample #14 (b) at 193nm 

wavelength with 1 pulse for various fluencies. 

The analysis of the of the SPR peak position and the intensity of the peak for the aAlN/Ag 

group of materials are illustrated in figure 5.46. It must be noticed that the analysis includes the 

(a) (b) 
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SPR profile for samples #13and #14 only. On the contrary sample #15 did not exhibit any SPR 

in the visible range. This can be attributed in the thick thickness of the Ag layer (approx. 9nm) 

which is thick enough so that laser beam can not affect it drastically as it happens with the other 

two samples. 
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Figure 5.47. Effect of laser fluence in the spectral position of the LSPR peak position (a) and 

intensity (b) respectively after laser annealing in ambient conditions and under pressure (P). 

 

From figure 5.46a it can be seen that LSPR peak position is depended both on the thickness 

of the initial metallic layer and the thickness of the AlN. Thus for sample #13 due to the thinner 

silver layer, LSPR peak is manifested in lower wavelengths, small nanoparticles are formed, 

comparing to the higher wavelengths that SPR manifested for sample #14, bigger nanoparticles 

are formed. 

The dependency of the LSPR peak from the laser fluence was a factor that examined in this 

part of the chapter. For sample #14 one pulse in ambient (green filled squares), 500mJcm
-2

 

fluence leads in a weak blue shift comparing to SPR wavelength at 400mJcm
-2

 fluence. This can 

be attributed in the formation of smaller nanoparticles. On the other hand for 600mJcm
-2

 and 

700mJcm
-2

 fluencies a red shift is observed. This is evidenced that bigger nanoparticles are 

formed relative to lower fluencies. Red shift could also be achieved from alteration of the 

refractive index of the host e.g. recrystallization of the amorphous host, something that is not 
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confirmed from TEM observations.  The LSPR behavior does not seem to change significantly 

when laser annealing took place under high pressure (blue filled triangles) or if 2 pulses are 

applied (red filled stars). The formation of bigger nanoparticles is supported from the 

simultaneous enhancement of the LSPR intensity (Figure 5.46b). For sample #13 the SPR peak 

follows the opposite path and now the fluence increment leads in a blue shift. This can be 

attributed in the thin thickness of the silver (approx. 1nm) which can be described as small 

islands. Now the increasing intensity of the LSPR intensity can attributed in the creation of 

higher number on particles each time. 

A red shift of the LSPR is also observed for sample #12 (filled violet square) and sample #10 

(empty violet square) after laser annealing with 1 pulse in ambient (Figure 5.47a), which can 

attributed in the formation of bigger nanoparticles after laser annealing with higher fluencies. 

As a result increment of the SPR intensity is observed due to lower ohmic losses. On the 

contrary, laser annealing with 1 pulse under pressure leads on a blue shift of the LSPR, which 

can possibly attributed in the obstruction of the silver outdiffusion and formation bigger 

nanoparticles. Corresponding behavior is observed to the LSPR intensity (Figure 5.47c). Finally 

the application of a second pulse in both conditions (Figure 5.47b) leads in a blue shift of the 

LSPR, indication that the second pulse cleaves the initial formed nanoparticles to lower. 
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Figure 5.48. (a, b) Alteration of the LSPR position for 1 pulse and 2 pulses as a function of 

different fluencies respectively. (c, d) Variation of the LSPR intensity for different used 

fluencies. 
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5.5 Conclusions 

 

In this chapter the structural and optical properties of the AlN-Ag system in various 

configurations using Pulsed Lased Deposition and Magnetron Sputtering deposition techniques 

were studied in an effort to understand their self-organization mechanisms and optical 

properties. Depending on the method and growth conditions we managed to produce either 

amorphous or crystalline AlN matrix. Starting with the sputtered films, in case of co-sputtered 

nanocomposite films incorporation of Ag into w-AlN results in disruption of columnar growth, 

reduction of texture and development of globular grains. The combined XRD and XPS analyses 

identified a solubility limit of 4% at. for Ag into AlN. Further increase of the Ag concentration 

results in segregation of Ag and self-organization in Ag crystal grains. On the other hand, in 

case of periodical structures TEM observations revealed that the metallic layer is not a 

continues layer but consists of overall spherical shapes which are abutting each other due to 

very thin thickness. On the contrary, in the case of PLD samples, the implementation of a sector 

target as well as the low miscibility of the two phases leads in the formation of Ag nanoparticles 

with an average size 3-5nm into the AlN host. Unlike to sputtered samples, in case of PLD the 

formation of Ag crystal grains occurs even for Ag concentrations below the solubility limit, due 

to the pulsed and successive deposition. 

Each category of samples was subjected to thermal and laser annealing in order to investigate 

its effect on the structural and optical properties of the produced samples based on the different 

annealing mechanism that occur in each case. 

Thermal annealing of AlN:Ag co-sputtered and PLD samples respectively results in 

outdiffusion of Ag, which is more pronounced in w-AlN:Ag samples of low Ag concentration, 

due to their columnar morphology that provides diffusion paths. The outdiffused Ag self-

organized in nanoparticles of sizes 40-310 nm and had strong plasmonic response. 

Contrariwise, the structural features of AlN itself did not alter after thermal annealing due to the 

high melting point of AlN. On the other hand, laser annealing induces only nanometric 

outdiffusion, identified only by surface sensitive Auger spectroscopy, due to the ultra-short 

annealing time. In case of PLD samples the selective delivery of laser energy to metallic hot 

spots promotes local over-heating resulting in local crystallization of the AlN matrix as well as 

in particles enlargement. As a result, significant changes in the optical properties of the samples 

were observed. In particular, the localized surface plasmon resonance in the optical reflectance 

spectra can be tuned to cover a wide part of the visible range from violet to green by applying 
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the appropriate annealing procedure producing high spatial selectivity miniature plasmonic 

devices  

Finally, the implementation of UV laser treatment into multilayer structures results in the 

sub-surface modification of the metallic layer into metallic nanoparticles which alters the 

optical properties of the samples. Furthermore, TEM observations revealed that multilayers 

having a smooth AlN/Si interface compared to PLD samples which is associated with the higher 

thickness of the multilayers. 

The LSPR emerged in case of multilayers reveal a new route for the fabrication of plasmonic 

templates due to the simplicity, flexibility and versatility of the proposed approach in 

combination with the capability to control the environmental sensitivity of Ag nanoparticles. 

From the point of view of applications laser annealing of AlN:Ag nanostructures can lead to 

plasmonic template candidates for information storage, optical encoding and recording, security 

tagging, decorative and ophthalmic lenses. 
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Chapter 6 TERNARY Al1-

xInxN ALLOYS 
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6.1 Introduction 

The AlInN ternary system is an important chapter of III-V nitride alloys that although has 

not been studied extensively it is important due to the exceptional optical properties if the Al1-

xInxN that make them candidates to replace other ternary III-V systems in applications such as 

Light Emitting Diodes (LEDs) and Solar cells. 

The growth of these alloys is performed mainly by Metal Organic Chemical Vapor 

Deposition (MOCVD) [6.1-6.6], which is based in chemical reactions at high temperatures, or 

Reactive Sputtering [6.7-6.14], which gives the advantage of depositions at low temperatures an 

important factor taking into account the differences occurred in the melting points between the 

Al (660.32 
o
C) and In (156 

o
C). 

In this chapter Al reach ternary AlInN compounds have been grown and the structural and 

optical properties are studied. On a second step the as grown samples subjected to thermal 

annealing and the structural and optical changes that caused are studied.  

Finally, it is attempted the growth of nanocomposite film consisting of Ag nanoparticles into 

AlInN matrix with different In composition and a study of the structural and optical properties 

is performed. 

 

6.2 Al 1-x In x N ternary alloys 

6.2.1 AlInN ternary alloys growth 

 

Al1-xInxN alloys (x≤ 20% at.) were grown using Magnetron Sputtering technique in a mixed 

Ar-N2 environment using metallic Al target while different number of In pieces were placed on 

Al target in order to vary the In concentration into the samples. The deposition parameters are 

summarized in table VIII below.  In order to investigate the structural and morphological 

characteristics X-Ray Diffraction (XRD) and X-ray Reflectivity (XRR) measurements were 

performed.  
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Table VIII. Deposition parameters of AlxIn1-xN samples 

 

Sample ID 

Al target 

power 

[Watt] 

In 

pieces 

[In] 

(%at) 

Ar 

Flow 

(sccm) 

N2 Flow 

(sccm) 

Deposition 

time (min) 

Sample #16  50 1 3 12 8 30 

Sample #17  50 2 10 12 8 30 

Sample #18  50 2 12 12 8 30 

Sample #19  50 3 20 12 8 30 

 

 

The composition x of the studied samples was evaluated from the XPS wide scan spectra 

(Figure 6.1) considering the integral strength of the Al2p and In 3d photoelectron lines and the 

relative sensitivity factors. Peak labeling of the emerged peaks at the wide scan spectra revealed 

that C 1s and O 1s photoelectron peaks, as well as, the CKLL and OKLL Auger peaks were 

manifested, which can be ascribed in the surface contaminations due to ex-situ XPS 

measurements. The concentrations for each sample are presented in Table VIII above. 
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Figure 6.1. XPS Wide Scan measurements of the as grown samples were used for quantitative 

and qualitative analysis of samples 
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The GIXRD measurements of the as deposited Al1-xInxN with increasing x concentration are 

illustrated in figure 6.2a. All films, irrespective of the x concentration, exhibits the wurtzite 

structure with (002) preferred orientation. A gradual shift of the diffraction peaks compared to 

the pure AlN was observed with increasing the In concentration which is an evidence of macro-

strain in the films. This macro-strain can be attributed in strain which are developed due to 

deformation of the unit cell as the larger In atoms substitutes Al atoms in the lattice. The lattice 

deformation that caused from In incorporation is verified from calculations for the c axis of the 

wurtzite structure which deviates from Vegard’s law (Figure 6.2b) especially for concentrations 

higher than 10% at.   
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Figure 6.2. a)Evolution of the XRD (GIXRD) measurements of the as grown samples with 

increasing In concentration. b) Vegard’s law for the as grown samples at c axis of the wurtzite 

structure along with the experimental values (stars). 

 

X-ray Reflectivity measurements were also performed in order to investigate the variation of 

the sample’s density as a function to the In concentration. Representative XRR patterns of the 

as grown samples with the theoretical fit are illustrated in figure 6.3a. 

The analysis of the XRR measurements revealed that the density of the films was increasing 

with In composition (figure 6.3b), which is the result of Al substitution from larger In atoms 

into the lattice if N concentration remains the same 

Finally, the chemistry that the as grown films provide was investigated by core level XPS 

(HRXPS) measurements of Al 2p, In 3d and N 1s photoelectron peaks. Charging effects in all 
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XPS spectra eliminated by considering C 1s photoelectron peak at 284.6 eV binding energy 

according to literature while a Gaussian-Lorentzian 30% (GL30) function was used for XPS 

photoelectron peak analysis. 
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Figure 6.3. a) X-ray Reflectivity patterns with the theoretical fit for samples #17 and sample 

#19 respectively. b) Density alteration with respect to In composition of the as deposited films. 

 

Al 2p photoelectron peak for all samples is deconvoluted with one component (figure 6.4a.b) 

taking a value within the range 73.2 eV to 73.6 eV which can attributed in Al-N bonding [6.15]. 

The characteristic doublet In 3d photoelectron peak (Figure 6.4c, d) corresponding to In 3d5/2 

and In 3d3/2 respectively, due to spin-orbital splitting, was observed for all samples. The values 

of the In 3d5/2 was in the range of 444 eV while the value of the In 3d3/2 was at 7.6eV more at 

around 452 eV as it is referred to the literature. The values of the In 3d photoelectron peaks 

indicates the formation of In-N bonds [6.16] in our samples. Finally, in N 1s peak two different 

components were identified. The main peak provides a binding energy at around 396,4 eV and 

thus it can be assigned to Al-N bonding [6.15]. The minor component is exhibited in higher 

binding energies and can be attributed in N-C or N-H bonding due to the surface 

contaminations.  On the other hand, indications of In-N from N 1s analysis could not be 

exported as the binding energy of N 1s for In-N bonding provides only 0.2eV difference from 

the corresponding value of Al-N N 1s.  
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Figure 6.4. Representative High Resolution XPS (HRXPS) photoelectron peaks of Al 2p (a, b), 

In 3d (c, d) and N 1s (e, f) respectively.  

 

The values of the photoelectron peaks that obtained after peak analysis and In concentration 

x are summarized in table IX below for all the as grown samples. 

 

 

Table IX. XPS peak values obtained after peak analysis. 

 
Photoelectron Peak Binding Energy 

(eV) 

Sample ID Al 2p N 1s In 3d5/2 In 3d3/2 

Sample #16 73.58 396.32 444.14 451.73 

Sample #17 73.20 396.69 444.45 452.05 

Sample #18 73.21 396.27 444.10 451.70 

Sample #19 73.17 396.37 444.17 451.77 
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As it was already reported the incorporation on InN into AlN alters the band gap of the film 

and therefore the optical absorption of the film. This behavior was confirmed by Optical 

Reflectivity Spectroscopy (ORS) measurements of the as deposited samples (Figure 6.5). In all 

cases interference fringes due to layer-substrate reflections are observed at a long energy range. 

Since the interference fringe begins to vanish in the vicinity of the energy related to the optical 

band gap, we can claim that the optical band gap is related with the concentration x in our 

samples. Thus, for 3% In (red spectra) the absorption is approximately at around 4.8 eV. On the 

contrary higher percentages of In, 10 % (green spectrum) and 12 % (blue spectrum) 

concentration respectively, leads on absorption at lower photon energies, approx 4.0 eV. Finally 

for the highest In composition (black spectrum) that used in this series of samples a further 

reduction on the optical absorption is observed, at approximately 3.6 eV.    
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Figure 6.5. Reflectivity spectra of the as grown films with varying In concentration. 

 

6.2.2 Thermal Annealing 

 

The structural and morphological properties of the samples after annealing were investigated. 

Thus, samples #18 and sample #19, with the highest In composition, were subjected to thermal 

annealing at 800
o
C for 1 hour in ambient in order to avoid oxidation of the films.  
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The XRD measurements of the treated samples (Figure 6.6) revealed that our films consist of 

polycrystalline w-AlN and w-InN with both structures provide a (002) preferred orientation 

while other diffraction peaks are also manifested. On the other hand, according to the 

difractogramms the annealed samples shift from the pdf values were also observed which can 

be attributed in the cell mismatch due to different atomic radius of Al and In respectively. 
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Figure 6.6. Grazing Incidence XRD measurements of annealed samples. 

 

Although the XRD measurements revealed phase separation after thermal annealing, the 

chemical state was not varied according to the HRXPS measurements that were performed. 

Thus, Al 2p is taking a value in the range of 73.5eV binding energy which can attributed in Al-

N bonding. The characteristic doublet In 3d photoelectron peak (Figure 6.4c, d) corresponding 

to In 3d5/2 and In 3d3/2 respectively, due to spin-orbital splitting, was observed as well. The 

values of the In 3d5/2 was in the range of 444 eV indicates the formation of In-N bonds.  
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Figure 6.7. High Resolution XPS photoelectron peak analysis of Al 2p (a, b), In 3d (c, d), N 1s 

(e, f) for samples #18 and #19 respectively, after thermal annealing 

 

The quantitative analysis revealed that after thermal annealing the In concentration was 

altered. Thus, sample #18 In concentration was 6.18% at, instead of 12% of the as grown 

sample, while sample #19 In concentration was 9.3% at, instead of 20% in the as grown. This 

variation of In composition can be attributed in the low melting point that In has. The results 

obtained from the XPS photoelectron peak analysis and the concentration x of the annealed 

samples are summarized in table X. 

 

Table X. In concentration and XPS peak values obtained after peak analysis for the annealed 

samples. 

 

In 

conc. 

[%at.] 

Photoelectron Peak Binding Energy (eV) 

Sample ID  Al 2p N 1s In 3d5/2 In 3d3/2 

Sample #18 9.33 
73.46 

 
396.26 444.03 451.59 

Sample #19 6.18 73.55 396.29 444.02 451.58 
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Thermal annealing and possibly the evaporation part of the In composition affects the 

morphology as it was revealed from the XRR measurements. Thus, the annealed samples 

display lower density values than the as grown (Figure 6.8) which can be assigned in the phase 

segregation and the formation of w-InN phase possible into w-AlN lattice. 
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Figure 6.8. Density of the annealed samples with respect to the In composition.  

 

The In evaporation mainly and the phase separation would affect the optical properties of the 

samples. Thus, reflectivity measurements that illustrated in figure 6.9 were performed. 

Interference fringes from layer-substrate reflections are also manifested. On the contrary, 

interference fringes intensity reduction which relates with optical band gap begins in a different 

energy comparing to the as grown films. Thus, sample #18 fringes vanish started at around 4.07 

eV in contrast to 3.93eV of the as grown sample. A similar value is observed for sample #19 

(4.04eV) relative to the 3.6eV of the as grown sample. This convergence of the annealed 

samples can be attributed in the similar In compositions that the samples have. This observation 

strengthens the argument that In evaporation during annealing is mostly altering the optical 

properties of the samples. 
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Figure 6.9. Optical Reflectivity spectrums of the annealed samples.  

 

6.2.3 Al1-xInxN/Ag nanocomposite films 

 

The last venture of this chapter was to grown nanocomposite films consisting of silver 

nanoparticles into an AlInN matrix. Thus, at first Ag films with different thicknesses were 

grown. XRR measurements were performed (figure 6.10) in order to estimate films parameters 

such as thickness, density and roughness 
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Figure 6.10. X-Ray reflectivity measurements (black squares) with the corresponding fit for 

samples #20 (a) and #21 (b) respectively. 

 

The structural and morphological parameters of the as grown silver samples revealed from 

the XRR curves are summarized in table XI 

 

Table XI. Structural and morphological parameters of as grown thin silver films 

Sample ID 
Deposition 

time (sec) 

Thickness 

(nm) 

RMS 

Roughness 

(nm) 

Density(gr/cm
3
) 

Sample #20  5 4.48 0.70 3.875 

Sample #21  10 6.30 0.77 5.04 

 

By varying the deposition time we managed to grow films with thicknesses 4.5nm and 6.3nm 

respectively. Due to thin thicknesses both samples provide density values lower than bulk 

(Figure 6.11a) something reasonable taking into account that films in this range are not uniform 

but they are just approaching the percolating threshold. On the other hand both films had similar 

values of the RMS roughness as their thicknesses are of the same magnitude (Figure 6.11b).  
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Figure 6.11. Density (a) and RMS Roughness (b) of samples #20 and #21 with respect to the 

film thickness. 

 

The as grown samples were further subjected to hot plate annealing at 300
o
C for 1 minute in 

order to convert the initial layer to metallic nanoparticles. From AFM images it was observed 

the formation of nanoparticles of different sizes. Thus in case of sample #20 (Figure 6.20), with 

the thinner silver film, nanoparticles with an average size of 15m, were performed while other 

with size at about 30nm were also observed. 

 

Figure 6.12. AFM image of sample #20 surface after hot plate annealing.  

On the contrary, in case of sample #21 (Figure 6.13) bigger nanoparticles with an average 

size of 40nm were formed. 
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Figure 6.13. AFM image of sample #21 surface after hot plate annealing. 

 

The formation of silver nanoparticles resulted in Localized Surface Plasmon Resonance 

(LSPR) manifestation in the reflectivity measurements (Figure 6.14). 
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Figure 6.14. Optical Reflectivity spectrums of the annealed samples. According to the 

nanoparticles size LSPR at different wavelengths are manifested. Peaks at around 350nm can be 

attributed in substrate features. 

 

The plasmon resonance wavelength is related to particles size. Thus, for the smaller particles 

(sample #20) an LSPR manifestation at 548nm was observed while for the bigger nanoparticles 
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(sample #21) a more intense SPR at higher wavelengths, 610nm, was observed. Except of the 

plasmon peaks, the ORS spectra exhibit peaks that can be assigned in substrate features.  In 

both cases LSPR peak location was identified by fitting the ORS spectrum using a Lorentzian 

model after background subtraction which illustrated in figure 6.15. 
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Figure 6.15. LSPR peak position (experimental) with the corresponding Lorentzian fit for 

sample #21. 

 

Subsequently, each of the samples cut in two pieces and placed into the sputtering chamber 

in order, nanoparticles to be coated with a film of AlInN with different In concentrations. 

Specifically, for each In concentration a piece of sample #20 and sample #21, respectively, were 

placed simultaneously on the sample holder while a piece of silicon wafer was also placed as 

reference sample. Aim of this batch of experiments was to evaluate the effect of In 

concentration in the spectral position of the LSPR peak 

XPS measurements were performed in order to identify In compositions on our samples. The 

compositional analysis in the wide scan spectrums (Figure 6.16) revealed that nanocomposite 

films with concentrations 7.7% at and 12.50% at respectively were grown. 
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Figure 6.16. XPS wide scan spectrums of reference samples #22 and #23 respectively. 

Quantitative and Qualitative analysis has been performed. 

 

The deposition parameters and In compositions for all samples are aggregated in Table 6.4.  

 

Table XII. Deposition parameters of the nanocomposite samples 

Sample ID 
Power  

DC(Watt) 

[In] 

% at. 

Ar/ N2 

flow 

(sccm) 

Deposition 

time (min) 

Si 

substrate 

reference 

LSPR 

peak 

positi

on 

(nm) 

Sample #22 50 7.7 12/8 10 reference - 

Sample #23 50 12.50 12/8 10 reference - 

Sample #24 50 7.7 12/8 10 
Sample 

#20 
548 

Sample #25 50 7.7 12/8 10 
Sample 

#21 
610 

Sample #26 50 12.50 12/8 10 
Sample 

#20 
548 

Sample #27 50 12.50 12/8 10 
Sample 

#21 
610 
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The XRD measurements performed in grazing incidence (GIXRD) mode within the range 

32
o
 to 52

o
 scattering angle while the tube was at 2

o
. From the diffraction patterns observed that 

only diffraction peaks corresponding to Ag (111) and (200) diffraction planes in contrast to the 

as grown samples where diffraction peaks of the ternary system was manifested which can be 

attributed to the thin film thickness, which was approximately at 80nm. This thin thickness was 

preferred in order to avoid the overlap of the LSPR peak with the interference fringes due to the 

film transparency.  

 

32 34 36 38 40 42 44 46 48 50 52

(2
0

0
)

(1
1

1
)

(1
0

1
)

(1
0

0
)

(1
0

2
)

(1
0

1
)

(0
0

2
)

 

 

X
R

D
 I
n

te
n

s
it
y
 (

a
.u

.)

Scattering angle (2θ
ο
)

 Sample #20 (LSPR @ 548nm)/Sample #22 [(7%) In]

 Sample #20 (LSPR @ 548nm)/Sample #22[(12,5%)In]

 Sample #21 (LSPR @ 610nm)/Sample #22[(7%)In]

 Sample #21 (LSPR @ 610nm)/Sample #22[12,5In]

 wAlN

 InN

 Ag

(1
0

2
)

(1
1

0
)

 

Figure 6.17. Grazing Incidence XRD pattern of the as-grown nanocomposite films. 

 

Optical properties of the nanocomposite films were studied as well by Optical Reflectivity 

Spectroscopy (ORS). For sample #22 ORS spectrum (Figure 6.19a) consisted of a peak that can 

be attributed in interference fringes. On the contrary, samples #24 and #25 (Figure 6.19a) 

revealed a complex behavior. Thus, their reflectivity spectrums consisted of a broad peak which 

is the deconvolution of interference fringes with the LSPR peak. A blue shift of the LSPR peak 

is observed in these cases, although theory predicts a red shift of the SPR when nanoparticles 

are embedded in a denser surrounding. Thus, while the initially LSPR position was at 540 nm 

the coverage of the nanoparticles with AlInN film leads to a LSPR shift at 520nm for 7.7% In 
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and 502nm for 12.5% In.  Similar behavior was observed for the rest samples as well (Figure 

19b). So, sample #23 ORS spectrum consisted from interference fringe due to its transparency 

while the nanocomposite films (samples #25 and #27 respectively) revealed a complex behavior 

with the LSPR peak shifted to blue as well. 
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Figure 6.18. Reflectivity spectrums of the nanocomposite films for various LSPR peaks and In 

concentrations. 

 

Finally, the estimation of the LSPR peak position and its variation with respect to the In 

concentration was investigated. In order these estimations to be accurate the analysis of the 

ORS spectrums included background subtraction and a Lorentzian fit to the LSPR peak.  

The LSPR peak position with respect to the In concentration is plotted in figure 6.20a. As it 

is already mentioned, a blue shift was observed in all cases which are unlike to theory. One 

possible reason for that is that during the deposition of AlInN film the plasma flux could “melt” 

the already formed nanoparticles reducing nanoparticles size. On the other hand, In 

concentration altered LSPR variation, (Figure 6.20b). Thus, as In composition increased the 

LSPR variation, DR, increased linearly which can attributed in the fact that a more optically 

dense film was grown.  
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Figure 6.19. LSPR peak position (a) and variation, in absolute values, (b) with respect to In 

concentration. 

 

6.3 Conclusions 

 

In this chapter, binary Al-rich Al1-xInxN and nanocomposite films consisted of Ag 

nanoparticles capped with Al1-xInxN layer respectively were grown using reactive magnetron 

sputtering with In concentrations ranging up to 20% at.  

Combined XPS and XRD analysis identifies that the variation of In concentration leads in 

the formation of stressed films due to cell deformation as larger In atoms substitutes Al atoms in 

the lattice while in terms of optical properties, In incorporation induces changes in the optical 

absorption of the film as it was demonstrated for the optical reflectivity spectra. 

On the other hand, spinodul decomposition of the samples was demonstrated after thermal 

annealing. The quantitative analysis of the annealed samples revealed an alteration in In 

concentration possible due to sublimation during the annealing without any changes in the 

chemical state of the samples. 

Finally, in order to form nanocomposite films, Ag nanoparticles of different particles size 

were covered with an Al1-xInxN layer. The XRD analysis revealed no significant differences 

compared to the pure ternary Al1-xInxN films while the optical response of the nanocomposite 
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film are not clear indicating that the deposition of the capping layer could affect the silver 

nanoparticles. Thus, a detailed and in depth analysis is required. 
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7.1 Conclusions 
 

The optical properties of nanocomposite films consisting of AlN or Al-In-N matrices and Ag 

inclusions and the effect of laser annealing, a new and very promising technology were studied 

in this PhD framework. 

Specifically, in depth analysis of the optical properties of pure Ag after UV-laser annealing 

and their dependence from a variety of parameters such as film thickness, laser wavelength, 

fluence and number of pulses, respectively, was performed and presented in chapter 4. 

A general conclusion was that laser annealing leads in nanoparticles formation and as a result 

LSPR manifestation was observed in the Optical Reflectivity spectra, at various wavelengths. 

Film thickness is an important factor taking into account that for the thicker film only for 

high fluencies nanoparticles are formed. On the contrary, for thinner thicknesses alterations 

were observed for all fluencies.  

Moreover, laser parameters such as wavelength, fluence and number of the applied pulses 

play a crucial role in the LSPR position. Thus, we can tune the LSPR position covering all the 

visible range according to the requirements. Lower fluencies and number of pulses result in 

bimodal particle distribution, while high fluencies and lot of pulses create particles of a very 

narrow unimodal distribution. 

In chapter 5 the optical properties of the system AlN:Ag in various formations were studied 

while a correlation with the structural features was performed. The first formation consists of 

small Ag nanoparticles with a narrow size distribution (2-5nm diameter) into an amorphous 

AlN host. As a result an LSPR at 2.8eV is manifested. Thermal annealing of the as-grown 

samples did not cause significant changes in both the structural and optical properties. On the 

contrary, UV-laser annealing, at both 193nm and 248nm, led to important alterations of the 

films. Thus, after laser annealing Ag nanoparticle enlargement was observed and extensive 

diffusion was prevented. One more very important feature after laser annealing with 193nm was 

the partial recrystallization of the matrix around the nanoparticle leading in a significant LSPR 

red shift and enhancement and so, our films became spectrally selective. This is the first time 

reported in the literature that inorganic films are photosensitive. 

Subsequently, we focus our study in formations produced by Magnetron Sputtering 

technique which meets the large-scale industrial standards. The first one was nanocomposite 

films, where Ag was atomically dispersed into crystalline and amorphous AlN matrix, 

respectively. In this case we have the simultaneous deposition of Ag and Al into Ar-N2 mixed 

environment. By varying the power of the Ag electrode we managed to control the Ag 

concentration, while by varying the Al power we managed to control the matrix crystallinity. 
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The solubility limit of the Ag into AlN matrix (4% at.) was calculated by XPS analysis for the 

as-grown samples. This result was confirmed from the ORS measurements taking into account 

that sample with the lower Ag concentration reserves its transparency; while for higher Ag 

concentrations a different behavior is observed. In case of a-AlN:Ag (7% at.) a broad peak at 

around 460nm was manifested which can be attributed to LSPR. The as-grown films were first 

subjected to vacuum thermal annealing at 400
o
C to 600

o
C respectively, in Ar ambient. AlN 

phase was not affected from thermal annealing at both temperatures. On the contrary SEM 

images show Ag outdiffusion in the surface for all cases. In the case of w-AlN:Ag 

nanocomposite films extended Ag diffusion was observed with simultaneous nanoparticles 

formation providing a broad size distribution (40-310nm).On the other hand, in case the of a-

AlN:Ag silver diffusion was less pronounced and Ag nanoparticles with average size 75nm was 

observed. The structural modification of the samples after thermal annealing led in the LSPR 

manifestation with a broader peak profile due to broad size distribution. 

The as grown samples were subjected to UV-laser annealing with 1 pulse at 193nm and 

248nm; afterwards, the structural and optical features of the samples were observed. In the case 

of w-AlN:Ag samples the integrity of the samples was maintained and no significant changes 

were observed. Unlike, for the a-AlNAg samples laser annealing increased the SPR peak in 

some cases. 

The second formation that was studied was multilayers consisting of 20 alternating bilayers 

of AlN and Ag, while a final layer of AlN was deposited on the top. In this case also by varying 

the Al target power we managed to grow multilayers with a-AlN and w-AlN layers, while by 

varying the deposition time of the silver we alter the Ag layer thickness. The as grown metallic 

layers consist of silver particles with 5nm diameters, nonetheless they did not exhibit LSPR 

because they are in touch with each other. The as-grown samples were subjected to laser 

annealing using only 193nm wavelength with 1 and 2 pulses in air and under pressure. TEM 

observations show that laser annealing affect the structural features of the samples to a greater 

extent in case of a-AlN/Ag multilayers that w-AlN/Ag. Thus, after laser annealing subsurface 

transformation of the initial metallic layer to nanoparticles was observed. The formed 

nanoparticles exhibit a broad size distribution according to their location. So, nanoparticles of 

around 5nm were observed in the bottom of the film, 8-12nm in the middle of the film while 

approximately 25nm towards the surface of the film. On the contrary, the crystalline w-AlN/Ag 

multilayers seem to be affected in a lesser degree, compared to the amorphous AlN/Ag group of 

samples. The gradual enlargement of the nanoparticles is also observed in this group of films 

with nanoparticles of 3-5nm diameter being in the bottom of the sample and the larger once 

with approximately 20nm diameter being on the top of the sample. Finally, wurtzite w-AlN/Ag 
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multilayers exhibited much less roughening after laser annealing. The formation of metallic 

nanoparticles after laser annealing altered the optical properties of the samples since LSPR peak 

is manifested as it was observed from ORS measurements. The analysis of the optical 

measurements revealed that the LSPR peak position and intensity is related both to the laser 

conditions and Ag layer. This subsurface nanostructure modification is the first time reported in 

the literature. 

Finally, in chapter 6 the growth of ternary Al1-xInxN films and nanocomposite films Al1-

xInxN/Ag with In composition being in the range 0% at < x≤ 18% at. was investigated. The 

XRD measurements of the pure ternary as grown samples revealed that polycrystalline films 

were grown with (002) preferred orientation while a gradual shift of the diffraction peaks from 

the powder values with increasing In concentration was observed. These shifts can be attributed 

to elastic strain in our films, which are developed due to deformation of the unit cell as the 

larger In atoms substitutes Al atoms in the lattice. The different In concentrations altered the 

optical properties of the as grown samples. Specifically, the incorporation on InN into AlN 

altered the band gap of the film and therefore the optical absorption which was at around 4.8 eV 

for 3% In while for the highest In composition a further reduction on the optical absorption at 

approximately 3.6 eV was observed. 

The as grown samples were thermally treated at 800
o
C for 1 hour in Ar ambient in order to 

avoid film oxidation. XRD measurements revealed phase segregation after thermal annealing. 

Moreover, In evaporation due to low melting point of In was caused from thermal annealing 

which altered the optical absorption in comparison to the as grown samples. 

Finally, in case of nanocomposite AlInN/Ag films, Ag nanoparticles produced after hot plate 

annealing of thin Ag films of various thicknesses were capped with Al1-xInxN with x= 7.7% at 

and 12.5 % at., as identified by XPS measurements. Significant structural modifications were 

not observed. On the contrary, the SPR peak position, intensity and variation |DR| is depended 

to the In concentration. 
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7.2 Outlook 
 

Upon completion of this work new issues were raised which can complement the existing 

results of this PhD study or be the beginning of products with great scientific interesting. 

 

 

 Optical properties of thin silver film laser annealing utilizing different wavelengths 

(532nm, 355nm, 1064nm) or pulse durations could be an interesting task. In the first 

case the different reflectivities of the Ag into the UV-Visible range could cause 

different absorption of the laser beam while in the second only electron vibrations 

would play role and not thermal effects. Additionally, polarization of the laser beam 

could also be an extra parameters to be considered in future work 

 As it was mentioned above laser annealing is a very promising technique that is still 

has unexplored paths, such us the effect of the pressure in the laser annealing results. 

Although some preliminary results have been carried out, nonetheless a more 

extended study in required. 

 In case of multilayers laser annealing using 248nm (4.99eV) wavelength could also 

an interesting work taking into account that only Ag will interact with the laser beam.  

On the contrary AlN will be totally unaffected due to higher band gap (6.2eV) 

 Subsurface nanostructure modification that was presented in this study demonstrated 

that we could form nanoparticles from a single metallic layer. This technology could 

be applied in case of Al nanoparticles embedded in AlN on other nitride matrices 

because they are unstable, if not cap, due their fast oxidation. Thus, Ag layers could 

be replaced from Al once and the same procedure could be applied. Al nanoparticles 

have intense research interest, especially for optical encoding, due to LSPR 

manifestation in the UV range. 

 The effect of the dielectric thickness in the particles formation could also be an 

interest task for future work. 

 Furthermore the investigation of the smallest number of bilayers in combination with 

laser annealing could give an extra simplicity in this new technology. 

 Finally, UV laser annealing of the ternary Al1-xInxN films and the effect in the optical 

and structural properties could be an interesting future work. 
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