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 Abstract 
   

The aim of this diploma work is the deposition and characterization of ScN/CrN superlattices with both 

periodic and quasi-periodic structures. ScN as semiconductor material with (2eV) band gap energy was 

selected due to its thermal and mechanical stability and its hardness. High resistivity against oxidation 

and high wear resistance were the reasons for choosing CrN as another candidate for the superlattices. 

The Rudin Shapiro structure was selected as quasi-periodic structure because of its more random 

structure.  

In this research both periodic and Rudin Shapiro as quasi-periodic structures have been deposited and 

investigated. The best optimized temperature for the deposition was 835°C and the selected periodic 

thickness was 6 nm for periodic structure with each ScN and CrN layers having each a thickness of 3 nm. 

The material ratio of Rudin Shapiro superlattices was kept the same as periodic samples. Evaluation of 

quasi-periodic and periodic superlattices was performed by X-ray diffraction measurements. Five peaks 

were recorded for superlattices measurement of periodic structure by diffraction. The envelope of the 

diffraction pattern represents two separated peaks in investigation of Rudin Shapiro investigation. 

 The results of the X-ay measurements showed low quality of the superlattices for both deposited 

structures which suggest the need for further optimization of the deposition process or the use of other 

materials of superlattices. 
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1. Introduction  
 

Superlattices are interesting for several applications due to their periodic and aperiodic structures [1]. 

Research on superlattices and multilayers started since last century [2, 3]. High electrical and low thermal 

conductivity for thermoelectric devices make them interesting to improve the ratio between these two 

properties [4]. In 1987, the first report highlighting the thermal conductivity reduction of GaAs/AlAs 

superlattices in comparison with their bulk structure were reported [5].  

Much research on superlattices of different materials has been done, (e.g. Si/SiGe [6], Si/Ge [7], 

      /       [8]. All of these studies indicate that superlattices thermal conductivity is significantly 

lower than their bulk structure in both in-plane and growth direction.  This initiated work on 

semiconductor superlattices with alternating thin film layers, preventing heat conductance and 

preserving good thermoelectric properties. Heat conductance of superlattices is affected by different 

parameters such as acoustic longitudinal wavelength, grain boundary, polycrystalline structure, bilayer 

period and individual thickness of layers. Several experimental and theoretical researches have aimed to 

understand the physical analysis of thermal phenomena of nanoscale materials and have led to improved 

structures for new generation of thermoelectric devices for instance semiconductor lasers [9]. Different 

band gap of semiconductors is the most important reason that they are being applied in thermoelectric 

devices [10]. This is what research in the area of semiconductor material fabrication with superlattices 

structure is currently aimed for. 

 Periodic and aperiodic structure of superlattices and their expected properties such as optical, 

mechanical, electrical and thermal conductivity [11] due to their structure make them to be important in 

new fields of investigation. It is promised conductivity reduction of heat conductance in quasi-periodic 

superlattices because of their random-like structure, which generated by different thicknesses of 

individual layer and their period, that encourage more research on the aperiodic structure for obtaining 

better thermoelectric devices. Therefore, quasi-periodic semiconductor superlattices are good 

candidates to be investigated.  

  

1.1 Scope of this thesis  

This work is focused on growing and characterizing ScN/CrN superlattices deposited by reactive 

magnetron sputtering. Periodic structure and Rudin Shapiro structure as aperiodic structure of these 

superlattices were deposited. Rudin Shapiro structure was selected between other possible disordered 

structures due to its mostly random structure. The thickness selected for both thickness of ScN layer and 

CrN layer was of 3 nm which is equal to 2.68 nm and 3.4 nm for ScN and CrN in aperiodic structure 

respectively; this variation was necessary, to keep constant material ratio in both periodic and quasi 

periodic structure. The aim of this investigation is the structural characterization of periodic and 

aperiodic superlattices having the same material ratio. 
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                  2.  Bilayers and superlattices structure  
 

Depositing one material on top of another material with total thickness in the order of nanometer up to 

micro meter is known as bilayers. One of the important parameter in bilayers is materials thickness. 

Superlattices are defined as repeating bilayers structures. Comparison of alloy materials and bilayer 

crystal structure indicates that their properties are different according to their different layer 

thicknesses. Many layers of bilayers in both periodic and aperiodic arrangement are named superlattice 

(Figure 2.1 ). If materials A and B are considered to constitute bilayers with the thickness     and     

respectively, the bilayer period is defined as: 

                                                                                   Λ=   +                                                                               (2.1)      

The average lattice constant for periodic superlattices is obtained from equation 2.2 where    and    

represent  the number of lattice planes in each layer for material A and material B,    and    are the 

lattice constants of material A and B. In the case of quasi periodic superlattices the average lattice 

constant can be calculated by equation 2.3 where   is the total number of lattice plane of material A 

and    is the total number of lattice plane of material B in the sample. 

         
           

      
  ,       

  

  
  ,      

  

  
                                                                                            (2.2)                      

          
           

      
         

                              

  
,      

                              

  
      (2.3)     

 

                      Figure 1.1  Bilayer or superlattice schematically 

First report of quasi crystals refers to 1984 [12]. The difference between quasi-periodic and periodic 

crystal structure refers to their ordering. Aperiodic superlattice crystals may have random distribution of 

the layers, but also quasi-periodic ordering. Quasi-periodic structure may be based on three types of 

non-periodic characteristic sequences. Fibonacci, Middle third Cantor and Rudin Shapiro sequences [13]. 

 

                  2.1Fibonacci Sequence 
One of the models to describe quasi-periodic structure is the 1 dimensional Fibonacci sequence. 

Considering the operators α         αβ and β           α  the generation of this substitution will be:   
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                                                     β          α          α β          αβα          αβααβ          αβααβαβα                              (2.4) 

The properties of Fibonacci sequence follow the Fibonacci series mathematically. Number of alphabets          

in each chain is calculated by: 

                                                                                                 =      +                                                                                     (2.5)  

Where                are number of alphabet in chain numbers of  , (   ) and      , respectively. 

 

                   2.2 Middle third Cantor sequence 
The Cantor middle third sequence refers to its structure as the middle thirds character of the two same 

corner character will be removed in the next chain [14]. This is generated by α         αβα and β       βββ 

operators. The middle third generation can be represented as:    

                           α          αβα          αβαβββαβα           αβαβββαβαβββββββββαβαβββαβα                   (2.6) 

Deterministic index [41] for this sequence are: r as the number of α belonging to each generation steps 

which in integer and the smallest   is 2, t is the length between the α and β for in each chain and the 

shortest length between the values of α β is 1 and S which follow equation is number of alphabet in 

each chain (2.5) and due to smallest value of    is 2, the smallest amount of   is 3: 

                                                                                 
   

 
                                                                               (2.7)        

 By this definitions α and β operation can be represented as equation (2.6) 

                                                         α           αβα….βα                                                                                       (2.8)             

                                                          β           βββ…β                                              

 

                    2.3 Golay Rudin Shapiro sequence 
Golay Rudin Shapiro is another quasi periodic sequence introduced by Marcel Golay, Walter Rudin and 

Harlod S.Shapiro independently. There are several ways to obtain Rudin Shapiro generation [14]. One 

mathematic solution for this is the use of binary numbers (  ) according the table2.1 one way to 

represent this sequence is presented [15]. 
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       n                                               n                                    
      0 
      1 
      2 
      3 
      4 
      5 
      6 
      7 

   1 
   1 
   1 
  -1 
   1 
   1 
  -1 
   1 

       8 
       9 
     10 
     11 
     12 
     13 
     14 
     15 

        1 
        1 
        1 
       -1 
       -1 
       -1 
        1 
       -1 

   

                     Table 2.1 Rudin Shapiro sequence with binary numbers  

                                                                

The simplest one can be represented by four characters which can merge two by two. Imagine α   

generates αβ, β generates αϒ, ϒ generates Ɵβ, Ɵ generates Ɵϒ substitutions.  

                                  α              αβ             αβαϒ            αβαϒαβƟβ                                                                      (2.9) 

 

 Chain number                             Sequence 

  1                                                    α           

   2                                                    αβ 

   3                                                     αβαϒ                         

   4                                                    αβαϒαβƟβ  

   5                                                       ϒ  Ɵ    ϒƟϒ ϒ 

 

The number of generated character in each chain is determined by using equation (2.4). If we let α   

α, β       α and  ϒ      β, Ɵ         β, A Rudin shapiro  sequence with these operators is represented as: 

                     α         αα          αααβ          αααβααβα        αααβααβααααβββαβ            αααβααβααααβαααβααβα   

                                                                                                                                                                                                       (2.10) 

Comparison between these three aperiodic structures shows that Fibonacci and Middle third cantor 

present some periodicity. In contrast, Rudin Shapiro does not follow any structure similar to periodic 

one and it is not actually quasi-periodic, but is deterministic aperiodic. In Rudin Shapiro structure there 

is no any similar sequence and resembles a random sequence. A random sequence can have quite large 

parts that are close to periodic if one is unlucky when the random sequence is generated.  
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 3. Thermal conductivity  
 

 Imagine a solid material as a long rod (Figure 3.1) in a steady state of heat flow. The thermal energy 

flux in solid materials is measured with gradient of temperature     ⁄  between two ends of the rod 

[16]. Thermal conductivity coefficient K is specified for each solid material as:  

                                                                      = - K     ⁄                                                                                         (3.1)  

Figure3.1 Schematic of heat flow as temperature gradients in long rod  

                              

Transmission of thermal energy across the unit area per unit time is known as flux of thermal energy as 

  . Thermal transmission process is the diffusion of thermal energy trough the sample; this is affected by 

numerous collisions. Thermal flux is depending from the thermal gradient and  the thermal flux 

expression would depend on temperature difference  T between the two ends of sample. All these 

descriptions imply that conductivity is a random process. The quasi particle flux (phonon flux) along the 

x axis, the phonon concentration n and the average velocity of phonon   is constant in all directions are 

correlated by equation 3.2. 

  

                                                       =( 
 

 
  )     =( 

 

 
  )                                                                                (3.2) 

 

In equilibrium state, quasi-particles moving in opposite directions have the same flux. Moving a quasi-

particle from a T+ T temperature region to a T region with heat capacity c results loss of energy equal to  

     Temperature difference  T can be calculated from equation 3.3 where   represents the mean free 

path of the particle (our case phonon) and τ is the average time between collisions (here phonon 

collisions), Phonon velocity is assumed constant for all directions: 

 

                                               ⁄         
  ⁄        

 

 
   

  ⁄    τ                                                     (3.3)   

                     

Merging equation 3.1, 3.2 and 3.3 results in the net flux energy due to the quasi-particles movement in 

the both directions: 
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                                                              =-
 

 
        c τ     ⁄                                                                       (3.4) 

Indicating C nc and      the thermal conductivity can be extracted by comparing equation 3.1 and 

equation 3.4  

                                                                       
  ⁄                                                                                         (3.5)                                                          

Where C is the heat capacity and is thermal dependent factor. For high temperature C is almost     = 

25             where    is the Boltzmann coefficient. At low temperature heat capacity (IN WHAT?) 

is proportional to   , on the other end for insulators and metal this is proportional to  . 

 

                    3.1 Lattice thermal conductivity  
  The phonon mean free path at high temperatures goes as T: on the other end, at low temperature but 

is proportional to 
 

 
  at low temperatures. As phonons are responsible for lattice thermal conductivity, 

their collisions are the cause of thermal conductivity and thermal resistivity. Scattering with other 

phonons and geometrical scattering govern phonon mean free path. The mechanisms for phonon 

collisions can be explained with the force between crystal atoms and crystal grain boundary, defect and 

lattice imperfection. In anharmonic interaction between crystal atoms the phonons mean free path will 

be finite by coupling between different phonons. This depends of the number of phonons that can 

interact with each single phonon. Thereby the collision frequency of a phonon should be related to the 

number of phonons which their phonon mean free path is proportional with   ⁄ .  

 

                   3.2 Thermal conductivity mechanism  
Limited mean free path of phonons is not enough for clarifying thermal conduction in crystals.  To 

understand the thermal conductivity mechanism in a crystal it is necessary to explain the equilibrium of 

the thermal conductivity mechanism as a function of the local phonon distribution on each side of the 

crystal up to another end of the crystal with different temperatures. There are collisions between 

phonons and crystal boundaries or statistic imperfections. If the frequencies of incident and scattered 

phonons are identical, individual phonon energy is not changed by this kind of collisions and is not able 

to distribute thermal equilibrium. This is also the same even for three phonons collision process because 

the total gas momentum of phonons is zero which means total momentum is not changed. It means that 

  -  -  =0. Three phonons collision process is described by equation 3.6.a and equation 3.6.b where 

     denotes the number of phonon and ℏ is the Plank’s constant. 

                                                                                                                                                                (3.6)                                               

                                                                                 =∑      ℏ                                                                              (3.7)             

Equation 3.6 describes the collision where total phonon’s momentum is not changed so that the 

phonons will diffuse trough the path without any resistivity. 
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                      3.2.1 Normal (N) Process 

Normal process belongs to flux momentum of three phonons collision which does not changed after 

colliding and follows         . Figure 3.2.a indicates a Normal process occurring in first Brillion 

zone. Hence, the   vector in all parts of this process and thermal resistivity are zero. By considering gas 

molecules instead of phonons, gas temperature transport lead us to realize more about the thermal 

conductivity mechanism of phonons in crystals. Figure3.2.b shows two ends tube of gas molecules to 

simulating thermal conductivity of phonons in Normal process. Consider a lamp is used as hot side, so 

phonon flux is preserved along all part of the path and goes toward the left side. The hot side and cold 

side appear as source and sink drain, respectively. In this process it is possible to change phonon energy 

to radiation for instance by using a lamp at the cold side of crystals. 

 

                                                                                    

                                       (a)                                                                                                 (b)  

Figure 3.2 (a) N Process of first Brillouin zone (b) Illustrates Normal mechanism  

3.2.2 Umklapp (U) process 

Three phonon collisions in which total phonon momentum is not conserved          are not 

able to explain thermal equilibrium. There are always some situations of phonon collision, particularly 

in periodic crystal lattices, where total wave vector is changed by wave vector interactions. These are 

called Umklapp process. To describe the phenomenon, Peierls introduced a reciprocal lattice   vector 

which is identical by the total changed wave vector [16]. Since momentum conservation law implies in 

all situations of phonon collisions, there is always a probability to present    vectors.  

                                                                                                                                                             (3.8) 

Meaningful wave vectors of phonons are only located in the first Brillouin zone. But in Umklapp 

process phonon collision creates longer wave vectors, out of the first Brillouin zone and the additional 

   will return it to the first Brillouin zone. In this situation collision between two phonons with positive 

   produced a phonon with a negative   , there will always be a vector     from the reciprocal 

lattice and magnitude of  
  

 
  , parallel with the     axis to bring them back to the first Brillion zone and 

positive direction. This is illustrated in Figure3.3.a where phonon path is depicted as a close ends tube. 

This process occurs when phonons have sufficient energy in the order of 
 

 
    Ɵ to produce long wave 

vector out of the first Brillion zone and wave vectors            be in the order of 
 

 
 G. 
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(a)                                                                                    (b) 

Figure 3.3 Umklapp mechanism (a) First Brillouin zone collision and its G reciprocal lattice vector (b) 

Simulation in two ends tube 

All phonons will be exited if their temperature will be higher than Debye Temperatures T  
  

  
 and a 

substantial fraction of phonon process become Umklapp. Equation 3.5 for phonon mean free path can 

applied only to phonons that obey Umklapp process for their collisions. Thermal resistivity for both N 

and U process is proportional to   : moreover, energy is conserved   +  =  . 

According to Peierls theorem, for infinite crystal dimensions, decreasing temperature results in reducing 

thermal resistance very quickly. However, for finite dimension crystals, there is always a temperature 

below which elastic mean free path of phonons and crystal dimension become comparable and elastic 

phonon scattering by the crystal boundaries induce an additional resistance. Haas and Biermasz verified 

experimentally this argument. They measured heat conduction in KCl and Si  . They distinguished 

specific resistance depending on the sample size [17] as thermal conductivity depends on phonon mean 

free path, at low temperature sample width influences thermal conductivity and thermal conductivity is 

function of dimensions [16]. This means that phonon mean free path and sample width are comparable 

at low temperature where Umklapp mechanism is not important, so the sample size affects temperature 

transmission. They introduce new expression for thermal conductivity coefficient instead of Equation 3.8 

at low temperature: 

                                                                                                                                                                     (3.9)                                                                                                               

        is phonon velocity,   is sample diameter and C is heat capacity which is the only temperature 

dependent parameter in this expression and as described before, is proportional at low temperature, to 

  . So it can be stated that geometrical properties can affect thermal conductivity. Moreover 

amorphous structure, lattice imperfections, crystal boundary scattering, grain boundary scattering are 

other factors having an influence the heat conductance in crystals. 

                    

                    3.3 Thermal conductivity mechanism in superlattices 

As mentioned before superlattices have high efficiency in thermoelectric applications which is an 

important reason for their investigation [1]. In the case of semiconductor/metal superlattices total 

cross-plane or growth direction of superlattices thermal conductivity can be calculated from equation 

(3.9).Where total thickness of superlattices, individual thickness of metal layer, individual thickness of 

semiconductor layer are  expressed by     ,   ,    respectively,    ,    and    represent the thermal 
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conductivity of superlattices, metal layer and semiconductor layer. Λ is the period of the superlattices 

[18]. 

                                                                            
   

   
= 
  

  
+ 
  

  
+ 
 

 
                                                                   (3.9) 

Presence of impurities, nucleation details, interfaces roughness and structural interfaces during growing 

process of superlattices influences their thermal conductivity, too. Several mechanisms associated to 

defects and roughness contributes to thermal conductivity including: phonon spectra mismatch, 

acoustic impedance, miniband formation and interface scattering [4].   

The in-plane and out-of plane thermal conductivity can differ substantially in both thin films and bulk 

materials, even if the bulk material is isotropic. In single crystal semiconducting materials, interfacial 

effects are the reason of the difference between bulk and thin film materials.  Non- continuum 

interfacial phenomena affect heat capacity of superlattices due to their small dimensions [1].  

The mean free path of phonons contributes as an important parameter in thermal conductivity. This is 

defined as the average distance phonon traveled between anharmonic interactions with other phonons 

or scattering phenomena, for instance electrons, imperfections and impurities (Figure 3.5). This can be 

calculated from equation 3.10 and 3.11 where   is phonon mean free path, p is the boundary scattering 

length, D the individual layers thickness, λ express phonon wavelength and η is a fitting parameter 

which is roughness dependent [1]. 

                                                                             
 

   
                                                                    (3.10) 

                                                                                          exp(
   

  
)                                                                                 (3.11) 

                               

                                      

Figure 3.4 Schematic drawing of several phonon scattering mechanisms 
 
 

In thin film materials, phonon interference scattering [19], or anharmonic interaction rates and phonon 

dispersion modification affect the thermal conductivity [20].When the mean free path of phonon is 

larger or, at least, comparable with the thickness of the period, the phonon interfaces scattering 

becomes more important in thermal conductivity [11]. Mean free path of phonon smaller than the 

period of the superlattices causes reduction in heat conductance of the interfaces [1]. Research on 

AlN/GaN deposited on Sapphire substrate with thickness between 2 nm and 100 nm and temperature in 

the range of 90 K up to 600 K, elucidated some of the mechanism of thermal conductivity mechanism in 

superlattices [1]. It is illustrated that superlattice thermal conductivity depended on individual layer 

thickness D; for thickness larger than the phonon mean free path a decrease in thermal conductivity by 
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the phonon finite transmission coefficient across interfaces was reported  [21,22]. Higher layer thickness 

causes slight increases in thermal resistance. It is reported that when the individual layer thickness in 

the order of one percent of the phonon mean free path, or thinner, phonon will scatter in different 

directions.[4] 

Longitudinal acoustic wavelength is another parameter that influences thermal conductivity in 

superlattices. If a significant fraction of the wavelength of thermal longitudinal acoustic (long 

wavelength acoustic) phonons is comparable to the superlattice period, phonon dispersion will be 

important for heating conduction.  Experiments indicate that acoustic phonons are responsible for heat 

conduction and that phonon mean free path ( l ) acts as main factor when it is comparable with the 

thickness of individual layer and superlattice period [1]. High transmission coefficient of long wavelength 

acoustic phonons causes large fraction of thermal conductivity in short-period superlattices.  

In addition study of superlattice, thermal conductivity of         /          short period superlattices 

perpendicular to their interfaces has been investigated [17]. The superlattices with the period equal or 

larger than 50 Å present the minimum thermal conductivity even lower than in alloys. If the period is 

less than 50 Å, the vicinity superlattice layers seem to couple; as a result, the effect is that thermal 

conductivity comes closer to those of the solid-solution alloys. This led us to the assumption that 

superlattices materials are suitable for thermoelectric applications. Furthermore some experiments 

described that thermal conductivity in superlattices and multilayer with periods is larger than 6nm, 

decreases due to the increase in the density of interfaces.  

Some experiments demonstrated phonon scattering at the boundaries of the film which is another 

mechanism of heat conduction reduction in superlattices [1,17]. Recent research at room temperature 

demonstrates that boundary scattering, which depends on phonon scattering rate, is the reason for 

reduction of the thermal conductivity by 50% in films less than 100 nm [23]. Phonon scattering rate     

can be measured by the  equation 3.12 where   is the phonon mean free path, D is the individual layers 

thickness, ν is the phonon velocity, λ is the phonon wavelength and η is the  fitting parameter which is 

roughness dependence.   

                                                                                                                                        

                                                                                          
 

 
(1-exp (

   

  
)                                         (3.12) 

 

Roughness of interfaces is mentioned as an important factor for thermal conductivity in multilayer or 

superlattices. Temperature distribution near the interfaces is not linear. Interface resistance is 

associated to the interface roughness and is independent of the thickness, even, this can overcome 

thermal conductivity especially in the case of small period multilayers or superlattices [4].Thermal 

conductivity of Si/Ge for perfect interfaces and rough interfaces was studied [24]. Rough interfaces have 

been shown to reduce phonon group velocity. Consequently thermal conductivity of perfect interfaces is 

higher than rough interfaces. Moreover, in the case of perfect interfaces, thermal conductivity 

decreased by increasing the period thickness up to the thickness around 10nm; after this thermal 

conductivity was shown to remains constant. Therefore, the thermal conductivity of perfect interfaces 

of in-plane direction decrease by increasing the period thickness up to 5nm, then it will increase only by 
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increasing the thickness of bilayer. This effect can be explained with the increasing of the due to 

increasing tunneling of phonon when period thickness is decreased [24]. 

 

                    3.4 Nitride superlattices 
 As it is mentioned before there are several reasons why total thermal conductivity of superlattices is 

expected to be lower than alloys. Recent experiments indicated that nitride semiconductor/metal 

superlattices possess low thermal conductivity. These properties make them good candidates for low 

temperature thermo electric devices [25]. The presence of nitrogen across the metal/semiconductor 

interfaces and the intermixing of semiconductor and metal material at interface can be indicated as 

reasons for their high conductivity. The highest interfaces thermal conductivity ever measured belong to 

the HfN/ScN and ZrN/ScN superlattices [26].  

It has been reported that thermal conductivity of ZrN/ScN superlattices is decreased by a decreased of 

superlattices period. In this study thickness of each layer of ZrN and ScN were equal, but the 

superlattices period was changed. Period thickness of 8-12 nm possesses lowest thermal conductivity. A 

reasonable explanation is the decreasing period thickness effects upon obtained higher interface and 

enhanced phonon scattering and hence decreased thermal conductivity [27]. 

Another research investigated the nitride superlattice thermal conductivity in HfN/ZrN. In this research 
HfN thickness was kept constant 8 nm and ScN thickness was varied in the range between 2 nm and 16 
nm. It can be concluded that the phonon barrier height of the HfN/ScN is lower than those for ZrN/ScN, 
so the electronic thermal conductivity of HfN/ScN is lower. Higher interface density decreases 
conductivity here, too. But the amount of increased conductivity by lower height barriers is more than 
decreasing conductivity by higher interface density, so the total thermal conductivity is increased. 
Therefore thermal conductivity is increased by the enhanced temperature due to the thermionic 
phenomena. Thermionic effects occur when the given thermal energy is higher than binding potential of 
charge carriers and can overcome it. In this situation heat conductance is induced by transporting 
charge carriers such as electrons or ions [26].  

 

                     3.5 ScN and CrN superlattices 
High corrosion and oxidation resistance, together with also high wear resistivity are the properties 

of CrN which make it a good choice to be used as one of the superlattices materials. In contrast CrN 

is sensitive be recrystallized and loses nitrogen when deposition is performed at high temperatures. 

CrN phase transforms into    N due to its instability at high temperatures making it 

disadvantageous to use of for preparation of thin films grown at high temperature. Several 

investigations reported different temperatures for CrN to    N transition. In summary these works 

reported that for temperatures around 500°C and 550°C, CrN decomposed due to large stress 

during annealing , but at temperature of the order of 700°C decomposition amount is decreased 

until it appeared again at 1100°C. In contrast another research showed that decomposition take 

place at 700°C. Thickness of CrN is another parameter that needs to be considered for CrN layers. 

Increased compressive residual stress is obtained by thickness enhancement. CrN remains stable at 

850°C for 26hrs and at 900°C for 20hrs, after this time it will be decomposed [28,29]. 
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ScN band gap energy (           as a semiconductor material, and its hardness similar to those of 

TiN, are the reasons why this was selected to be investigated as a material in superlattice with 

improved thermal and electrical properties. ScN/CrN layers are mechanically and electrically stable 

at high temperature and ScN behaves as diffusion barrier on top of thin CrN layer if they are 

deposited in this order. Subsequently ScN layer can preserve CrN from the phase transformation to 

   N [28]. In this thesis ScN/CrN superlattices at different temperature are deposited. 

                

  



19 
 

                4.  Sputtering Process  
 

Depositing material on the substrate can be done with different techniques. Due to the material 

characteristics, ambient condition needed during growth and type of desired films suitable technique 

can be selected between: Chemical vapor deposition (CVD), Physical vapor deposition (PVD) and Hybrid. 

PVD is a method for vaporizing materials by applying plasma and deposit them on the substrate, all 

steps follow physical process (except reactive sputtering). Sputtering is one of the physical vapor 

deposition techniques in which ejecting source atoms occurs due to collisional impacts. By applying a 

source (target) potential, incident ions accelerate to the target surface. Ions transfer momentum to the 

source atoms. Depending on ions kinetic energy, different events can happen like ion reflection, ion 

implantation, chemical reaction, adsorption and sputtering [30].  If conveyed Kinetic energy of the 

bombarding particles or ions is larger than bonding energy of the target surface atoms, target atom will 

be ejected. As it is depicted in Figure 4.1.a species particles are obtained by collisional impact of incident 

gas ions. 

                     

                             

                             (a)                                                                                                  (b) 

 Figure 4.1 (a) Represents particle species obtained by sputtering in the vicinity of target surface (b) 

Schematic drawing of reactive magnetron sputtering chamber 

Sputtering efficiency is determined by sputtering yield, defined as number of ejected atom from target 

surface over number of ions impacting the target surface. Several parameters effects the sputtering 

yield such as: Depth of interaction, target density, mass of target atoms and ion impact target surface, 

binding energy of the target surface, incident ion angle and energy. Sputtering rate is proportional to 

the sputtering yield [31, 32]. High working pressure occurs when scattering rate is high enough and vice 

versa with lower collisions of ions low working pressure can be obtained [30].   

Low deposition rate (hundreds of    ⁄  ) is one disadvantages of employing conventional sputtering. In 

addition high working pressure is needed for maintaining plasma, due to the low generation of 

secondary electrons. To eliminate these problems method a new magnetron sputtering method was 

invented [33, 34]. 

Several modes of magnetron sputtering are applied, like Direct current (DC) magnetron sputtering, 
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Radio frequency (RF) magnetron sputtering, Reactive magnetron sputtering, and High-Power impulse 

magnetron sputtering.  

 

                   4.1 Direct Current Magnetron Sputtering 
As mentioned above one of the obtained particles obtained, during the sputtering process in the vicinity 

of targets is a secondary electron. In the DC magnetron sputtering method a magnetic field, generated 

by the use of two permanent magnets, with different N and S poles, located behind the target plates is 

used to captures outgoing secondary electrons. These trapped secondary electrons promote ionization 

by increasing the number of collisions with gas atoms which, in turn produce more ions. Thereby 

deposition rate can be enhanced by increasing the number of bombarding ions. The Lorentz force law is 

employed for created particles interaction along the generated magnetic field:                   

                                                              F= m 
  

  
= e (E + v  B)                                                                             (4.1) 

Where m is the electron mass, v is the velocity, electronic and magnetic fields are indicated as E and B 

respectively. Equation 4.2 describes the ions generation that is the most important step to preserve 

plasma discharge: 

                                                                            +                   +                                                                       (4.2) 

Several kinds of magnetrons are applied in this method such as: balanced magnetrons, unbalanced 

magnetrons, cylindrical magnetrons, cylindrical rotating magnetrons and planar magnetrons. Balanced 

and unbalanced magnetrons are frequently applied in sputtering. If strength of the outer ring and central 

part of magnets are the same this is known as balanced and if they are different this is called 

unbalanced (figure4.2) magnetrons. The use of balanced or unbalanced magnetrons affects the plasma 

space distribution between target (anode) and substrate (cathode). Magnetrons concentrate the plasma 

close to the target. Thereby, the Plasma is spread near the balanced magnetrons.  For film growth the 

sample substrate holder needs to take place outside this area. Because if the substrate is  located inside 

this area  it is not suitable for film quality, as incidence ions and particles impact the sample which 

results creating some defects on deposited film for instance: crystal structure and interstitial, buried 

particles, etc. Plasma density and deposition rate out of this critical distance is low and located substrate 

out of this space give us films with low quality and it is the reason this method to be used rarely [35]. 

The solution is modifying magnetic trap to leak out the plasma in suitable direction using unbalanced 

magnetrons. 
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(a) (b)   

 Figure 4.2 Typical drawing of balanced (a) and unbalanced (b) magnetrons 

 

                   4.3 Radio Frequency (RF) Magnetron Sputtering  
This method is used for material which are not conductive or insulators. If direct current magnetron 

sputtering is used in this type of material, arcing will happens and this is not desirable. Employing radio 

frequency (13.56 MHz) between the electrodes is one of the solutions for depositing on insulator 

materials. Electrons are the lightest particles in the chamber and their mobility is higher than ions. So, 

electrons change electric field between target and substrate, but Positive ions which are heavier than 

electrons cannot respond quickly and it causes formation of negative flow of the charges on the surface 

in plasma. On the other hand it is necessary charge keep neutrality in each cycle. Electrons are attracted 

by the electrodes which are under the positive voltage among of this short time. Thus, electrodes remain 

conductive preserve during the sputtering. High cost, complexity and low deposition rate are drawback of 

this method.  

 

                  4. 4 Reactive Sputtering  
Presence of gas in the sputtering process, of elemental target, that will react with target material is 

known as reactive sputtering [36]. This reactive gas is added to the deposition ambient. Sputtered target 

atoms and reactive gas form compounds at the substrate surface. This technique is suitable for 

depositing nitrides, oxides and sulfides samples. In this thesis reactive magnetron sputtering was used 

for depositing superlattices of ScN/CrN. Bias substrate voltage and magnetron coil with same current 

value but different direction for each magnetron were applied to obtain high quality samples. 
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                   Figure 4.3 schematic drawing of target poisoning causes Hysteresis curve process  

Poisoning of the target surface is a drawback of this technique. Metallic, poisoning and transition modes 

are three regions from started depositing and poisoning films which transition mode occurs between 

metallic and poisoning steps. When deposition is started metallic amount is larger than those of reactive 

gas, in our case nitrogen. Nitrogen is interacting with all surfaces such as target surface, substrate surface 

and wall of chamber, this will continue until poisoning point is achieved; this is a critical point in this 

method.  At this time target surface will be covered by an insulator layer of nitrides and partial pressure 

of nitrogen will be dramatically increased, subsequently deposition rate will decrease. As target surface is 

changed to insulator applying RF magnetron sputtering is one of the solution to overcome this negative 

point. Controlling partial pressure to avoid achieving poisoning point is another way to solve this 

problem. Growing films with good stoichiometric control is one of the positive points in using reactive gas 

sputtering method. Equation4.2 will change to Equation 4.3 

                                                                           +                 +2                                                                (4.3)       

The behavior of reactive gas flow and reactive gas partial pressure is hysteresis loop which is shaped by 

the points A, B, C and D which is shown in figure 4.3 
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                  5. Characterization methods 
 

                   5.1 X-ray diffraction (XRD) and reflectivity (XRR) measurements and analysis 
Several methods are applied for measuring thin films thickness, surface roughness and mass density of 

matters and their crystal structures. X-ray measurement is a method to obtain this information without 

destructive effects [37]. X-rays are electromagnetic waves of small wavelength in the range of 0.5 – 50 . 

Their wave length depends on material of the source which is used (here wavelength of copper is 

1.54   . X-ray diffraction and reflectivity measurements follow scattering principle which is based on 

momentum conversation law: 

                                                                               -    = Q                                                                                  (5.1) 

Where    is the outgoing wave vector,    is the incident wave vector and is equal to 
  

 
and Q is the 

momentum transferred of crystal or scattered wave vector. In elastic scattering internal and outgoing 

wave vector are equal. 

                                                                                      =
  

 
                                                                           (5.2)                                                                                              

 When reciprocal lattice vector        
  

    
   (      is distance between two plans,     are Miller 

indices and     is unit vector) is equal with scattering wave vector Q constructive diffraction or reflection 

happens.  

                                                                                        
  

    
                                                                 (5.3)                                                                                            

By X-ray analysis in Ɵ-2Ɵ geometry, parallel planes to the surface which are perpendicular to the 

reciprocal lattice wave vector are measured. As it is illustrated in Figure 5.1 the magnitude of diffracted 

or reflected wave vectors will change during scanning, but in all situations their directions is 

perpendicular with the      axis. Sample alignment helps us to set the x-ray beam for measuring exactly 

the perpendicular surface of substrate which is also perpendicular with     axis. Otherwise other planes 

which are not perpendicular to      axis, but are perpendicular with     will be probed, too. 

                                                                                     

 Figure5.1 shows momentum transfer and changing amount of scattering vector in X-ray. 

Beams are reflected and diffracted by irradiating X-ray beams to the sample. It can be said that X-rays 

are reflected from 2 parallel planes which distance between planes is d. Reflection from these two 

parallel planes creates a difference in path length of 2dsin  paths as shown schematically in Figure 5.2. 

Information that can be extracted from these phenomena are based on Bragg’s low: 
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                                                                 2d sinƟ=nλ       n=1, 2, 3                                                                  (5.4) 

Where λ is X-ray source wavelength (here is Cu   ) and is equal to 1.5418 Å, Ɵ indicates scattering 

angle and d is the lattice plane distance. Brags law states that constructive difference of X-ray 

scattered by two adjacent (lattice) planes, separated by a distance d, must equal and integral number 

of X-ray wavelengths. 

 

                                                                             

Figure 5.2 Braggs law. Derivation of 2d sinƟ is the path difference of X-rays, with wavelength λ, 

scattered by distance d. 

 

5.1.1 X-ray scans modes 

Due to desired probe of samples, several scanning modes are employing in XRD measurements. 

Symmetric Ɵ-2Ɵ scan mode of sample for sufficient range of 2Ɵ angle is widely used for charactering 

polycrystalline films. Measuring intensity of peak, peak position and broadening of the peak, calculated 

by FWHM, provide information about the shape of the cell. Incident and diffracted angles are equal. 

Furthermore, probed planes are parallel to the film surface because Q scattering vector is normal in this 

scanning mode.  Another scan type is the ω scan where sample is moving, but the 2Ɵ angle is kept 

constant. In ω-2Ɵ or asymmetric 2Ɵ scan which incident angle is not equal by Ɵ value and is changed in 

very small angle α in the range of little degree and results different direction and magnitude of Q. 

 

5.1.2 Crystal Structure 

One of the important information that can be obtained from XRD is crystal structure. Each crystal 

structure has its specified structure factor (S), thus different crystal structures can be identified by using 

this factor. Most of the crystal structures possess some planes which can which give rise to diffracted 

intensity due to their structure factor. In contrasts forbidden planes don’t have any diffracted peak in 

specific crystal structures. Crystal structure not evident in X-ray measurements can be identified by 

other characterization methods such as TEM. 

Periodicity of superlattices can be obtained from x-ray diffraction measurement (XRD) pattern from:  

                                                                        
           

                   
                                                                (5.4)                                                                        
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Where            the orders of the peaks i and j, λ is the wavelength of x-ray source and Λ is the 

periodicity of superlattices.                                                                                      

 

5.1.3 Film thickness and Deposition rate 

One of the information that can be gained with by X-Ray Reflectivity (XRR) is film thickness.  XRR process 

is exactly the same as XRD, except its measured angle is smaller than those angles in XRD. Thickness of 

the film can be obtained from this method, but in superlattices or multilayer it is harder than single 

layers. Thickness of the film and period of superlattices can be obtained from Bragg’s law peaks in XXR 

curves. Modified Bragg’s law is used for thickness calculating 

                                                                      mλ= 2d sinƟ √   
       

       
                                                        (5.5)              

In which    denote the refractive index of the film, d is the thickness of the film and m is Bragg reflection 

order or number of kissing fringes. 

                                                                              = 
       

      
 -                                                                          (5.6)                       

By drawing a diagram of    and     Ɵ for horizontal and vertical axis respectively, thickness can be 

calculated by the straight line’s incline which is equal to 
      

      
. 

Using simulation software is another method to obtained thickness and periodicity in which more similar 

crystal structure is to the probed simulated is selected and Periodicity and thickness will be  achieved by 

comparison of the real measurement and simulated one.          

               
Figure 5.3 X-ray diffraction graph of ScN/CrN periodic superlattice  

 

Some peaks in XRR patterns of multilayers and superlattices disappeared due to formula:   
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= 
 

 
                                                                    (5.7) 

Where    and   are the thickness of material A and B respectively. The number of the peaks which will 

disappear from the reflectivity pattern can be determined using the number n from Equation 5.6. 

Also, in the case of multilayers or superlattices deposition rate can be calculated. By growing material A 

and material B with two different times that are not in linear relation and by using the achieved 

periodicity, the deposition rate for each element of the superlattices can be calculated. 

                                                                        =        +                                                                           (5.8)              

                                                                       =        +        

         and    are the material A and material B periodicity respectively,         ,                are 

the deposition times for first and second superlattices of material A and B,     indicated deposition rate 

of material B and    deposition rate of material B. 

 

5.1.4 Film Density  

One of the information that can be obtained from the x-ray measurement is the critical angle      which 

is often below 0.3° for most of the materials [28]. If the incident angle will be smaller than     total 

internal reflection will happen. But for the angles larger than critical angle intensity will decrease and 

scattering will start. This method can be used to determine mass density of the material that can be 

determined by using Fresnel Equation [37].  

                                                                  = √
     

 
   

      

 
                                                                       (5.9) 

Where λ is the X-ray wave length,    is the Bohr atomic radius, z the number of electrons in per atom,     

the atomic factor     is the Avogadro’s number and ρ is the film density. 

 

 

 

 

 

 

 

 

 



27 
 

                    6 Experiment procedures 
 

The aim of this work is the growth and structural characterization of periodic and quasi periodic (Rudin 

Shapiro) superlattices for thermoelectric applications. All films were grown by reactive DC magnetron 

sputtering. MgO (001) was used as substrate, characteristic of Cr target was 75 millimeter diameter, 

99.95 (3N, 5) pure. Also, characteristic of Sc is 75 millimeter diameter and 99.99 (4N). 

Numerous periodic superlattices and single layer thin films were deposited to optimize conditions for 

temperature and thickness for periodic and aperiodic superlattices. All substrates were cleaned in 

ultrasonic baths of trichloroethane, acetone and isopropanol, respectively, to obtain clean surface and 

each step took 10 minutes.  Also all substrates were preheated before deposition for 1 hour at 935°C , 

prior to the deposition in order to obtain  cleaner substrate surface, then the temperature was set to 

the desired temperature and wait for half an hour to be sure that the temperature was uniform in all 

surface area. The nitrogen gas was used as reactive gas; the applied nitrogen gas flow was kept at 

maximum amount of 100.3 (SCCM) for all films and gas pressure is 8 mtorr. The reason for high flow of 

nitrogen was to increase the probability of nitrogen to combine nitrogen with Sc and Cr to obtain high 

quality ScN and CrN in whole superlattices and single layer films. CrN as a buffer layer was deposited 

for all samples. Lattice constant different between CrN and MgO was lower than substrate and ScN 

and it was the reason of deposited CrN as buffer layer in all samples. Also, all superlattices were ended 

by CrN due to its higher resistance against oxidation than ScN. Magnetron current for Sc was set at 1.0 

A and 0.17 A for Cr. Also 56 W and 300 W were the powers of the magnetron used for Sc and Cr, 

respectively.  

The negative substrate bias voltage was applied to attract ions from the plasma; in order to improve 

this negative bias voltage a Tungsten clamp was used on top of the substrate; minimum contact area 

between substrate and clamp was always aimed. A computer program was applied for controlling 

shutters, whereby timing of the Sc and Cr layers, created the desired periodic or quasi-periodic  

sequences of deposition. 
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                7 Results 

                  7.1 ScN and CrN single layers optimization 
As summarized in Table7.1 different single layers of ScN and CrN were deposited at different 

temperatures. In figure 7.1.a XRR patterns for ScN01 and ScN02 are presented; clearly no reflected 

peaks were recorded and figure 7.1 (b) shows diffraction patterns of these two films.  Both the ScN films 

presented a diffraction peak can be attributed to ScN (2 0 0). 

 

Film    
   (°C) 

Target current 
           (A) 

Deposition time 
           (min)   

Film thickness 
         (nm) 

ScN01 
ScN02 
CrN01 
CrN02 
CrN03 
CrN04 

  650 
  750 
  650 
  750 
  835 
  935 

1.0 
1.0 
0.17 
0.17 
0.17 
0.17 

             14 
             14 
           8.33 
           8.33 
        133.33 
        133.33 

         67.2 
         67.2 
         12.5 
         12.5 
          200 
          200 

                            

 Table 7.1 Single layer samples properties for optimization 

 

 

 

                                           (a)                                                                                  (b) 

Figure 7.1 Single layers ScN01 and ScN02 (a) XRR pattern (b) Ɵ-2Ɵ XRD pattern 

Rocking curve graphs of ScN01 and ScN02 are shown in figure 7.2  .If the crystals in the films are tilted 

with respect to each other, the expected existence of planes (due to appeared substrate crystal plane 

and factor of crystal specified structure) of superlattices or single layer films will be in various directions 

and causes broad pattern of rocking curve. The width of rocking curve can be determined by the full 

width half maximum (FWHM) value. Low value indicates high perfection of the crystal plane. FWHM for 

ScN02 at 750°C substrate temperature was recorded lower value than FWHM of ScN01 at 650°C 

substrate temperature with the same thickness, but this was considered not to be a good value of 
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obtained FWHM yet. This induces us to increase substrate temperature during deposition to optimize 

conditions and obtain better quality of films. 

 

 

Figure 7.2 Omega scan of single layer ScN01 at 650°C   and ScN02 at 750°C substrate temperature 

  

Kiessig fringes were seen in XRR measurements of CrN01 and CrN02 which demonstrate Bragg’s 

reflection peaks (figure 7.3.a). The film thickness and deposition rate can be calculated from modified 

Bragg’s law equation 5.5 and equation 5.8 and computing simulation. No diffraction peaks from XRD 

pattern were recorded for both the CrN01 and CrN02 (figure 7.3.b) which means no information about 

crystal planes in CrN01 and CrN02 can be obtained.   

 

 

Figure 7.3 single layers CrN01 at 650°C and CrN02 750°C substrate temperature (a) XRR pattern (b) Ɵ-2Ɵ 

scan XRD   
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CrN03 and CrN04 were deposited at 835°C and 935°C and investigated by x-ray measurement. CrN was 

detected of both samples and no evidences of decomposition of     N were recorded. Characterization 

of single layers leads us to increase the substrate temperature for growing superlattices by considering 

decomposition of CrN to    N at high temperature which ScN layers deposited on top of the CrN layers 

act as a barrier of nitrogen loss in ScN/ CrN superlattices [28]. 

 

7.2 ScN/CrN superlattices optimization  
Several superlattices were grown to find the best temperature and thickness for the process. Decided 

first group includes 6 samples with two different deposition times of CrN and ScN layers at 3 different 

substrate temperatures without using bias substrate tip. Table 7.1 lists properties of these superlattices. 

CrN buffer layer thickness is equal to the individual layers of CrN.  

 

Films Sc Current 
       (A) 

Cr Current  
       (A) 

  (° C)   ScN  Thickness  
           (nm)        

 CrN Thickness 
          (nm) 

Number of 
period 

SCN01 
SCN02 
SCN03 
SCN04 
SCN05 
SCN06 

    1.0 
    1.0 
    1.0 
    1.0 
    1.0 
    1.0 

      0.17 
      0.17 
      0.17 
      0.17 
      0.17 
      0.17 

   685  
   685 
   735 
   735 
   785 
   785 

          7.2 
           5.6 
           7.2 
           5.6  
           7.2  
           5.6 

            1 
            3   
            1 
            3 
            1   
            3 

         20 
         20 
         20 
         20 
         20 
         20 

 

Table 7.2 indicates some ScN/CrN superlattices properties used for optimization 

X-ray reflectivity curves are shown in figure 7.4 which can provide information about the period 

thickness of superlattices. Deposition rate of CrN layers and ScN layers are obtained by using XRR graphs 

of SCN01 and SCN02 and by considering the thickness of individual layers calculated by X-ray reflectivity 

measurements and equation 5.8.  The obtained deposition rates are 0.25 Å/S and 0.8 Å/S for CrN and 

ScN, respectively.  
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Figure 7.4 XRR measurements of some superlattices used for optimization 

 

Ɵ-2Ɵ scans of the samples are reported in figure 7.5.a and 7.5.b with different thicknesses and same 

substrate temperatures. All superlattices showed a peak of MgO at 42.9° which belongs to Mg0 (200) 

planes. It was expected to see several peaks of superlatitces, but only one peak for each sample was 

recorded, even for SCN04 there is no peak detected. It can be concluded that the deposited films didn’t 

have good quality.  

 

                                                

(a) (b)             

 

Figure 7.5 Ɵ-2Ɵ of XRD of samples at different temperature (a) 8.2 nm period thickness (b) 8.6 nm 

period thickness. 

SCN01, SCN03 and SCN05 have a peak at 40.05° which can be used to calculate the average lattice 

constant from equation 2.2 for these samples with periodicity of 8.2 nm; this was found to be 4.41  . 
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Furthermore highest intensity of diffraction angle, figure 7.5.a was found to belong to ScN05 at 785°C 

substrate temperature, 7.2 nm ScN thickness and 1 nm CrN thickness.  The diffracted angle for SCN02 

and SCN06 (figure 7.5.b) was found to be 40.27° which gives us  an average lattice constant from 

equation 2.2 of 4.37Å. SCN06 785°C substrate temperature, 5.6 nm ScN thickness and 3 nm CrN 

thickness was found to have the highest intensity. Figure 7.6.a compares the intensity of the 

diffraction peaks for SCN05 and SCN06 which is higher for SCN05 at 785°C and 8.2 nm period 

thickness. As it is shown in figure 7.6.b the narrowest FWHM between these superlattices belongs to 

SCN06 at 785°C and 8.6 nm period thickness which is still not the desired value for crystal structure. 

 

 

     

(a)                                                                              (b) 

Figure 7.6 ScN/CrN superlattices (a) X-ray diffraction measurement of SCN05 and SCN06 with same 
temperature and different thickness (b) Omega scan of two batches of SCNs, SCN01, SCN02 and SCN03 
as first batch, SCN02, SCN04 and SCN06 as second batch, with the same thickness of and different 
substrate temperature of each batch. 

According to the result from previous optimization process, it was decided to investigate samples with 

thinner thickness and higher substrate temperature. Next group includes two superlattices grown at the 

same temperature 735 °C, with different thicknesses, 40  number of periods and with deposition time 

half of those used for the first group, i.e. 0.5 nm CrN, 3.6 nm ScN 1.5 nm CrN, 2.8 nm ScN  are the 

individual layer thickness in sample SCN07 and SCN 08, respectively. Figure 7.7.a illustrates reflectivity 

pattern of these two samples. Figure 7.7.b is XRD Ɵ-2Ɵ scan of SCN07 and SCN08. Thereof, diffraction 

angle peak for SCN08, thereby, no information about superlattice structure can be obtained. SCN07 has 

only one peak at 2Ɵ angle of 40.07° which corresponds to an average lattice constant of 4.24Å. We can 

conclude superlattices satellite was not obtained for this new set of samples. 
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                                                     (a)                                                                                    (b) 

Figure 7.7 SCN07 and SCN08 with different thickness and same substrate temperature at 735°C (a) 

Reflectivity measurement of (b) Ɵ-2Ɵ diffractivity measurement  

                           

Selected features of deposited superlattices of a third group are summarized in Table 7.3. CrN buffer 

layer thickness and individual layer are the same in all samples. 

 

Film       (°C) ScN 
Thickness 
         (nm) 

CrN 
Thickness 
         (nm) 

Number 
of Period 

Total 
thickness 
         (nm) 

Total 
deposition 
     time (min) 

SCN09 
SCN10 
SCN11 
SCN12 
SCN13 
SCN14 
SCN15 
SCN16 

      785 
      835 
      885 
      935 
      835 
      885 
      835 
      885 

         3.6 
         3.6 
         3.6 
         3.6 
         0.96 
         0.96 
         0.96 
         0.96 

         0.5 
         0.5 
         0.5 
         0.5 
         0.75 
         0.75 
         0.75 
         0.75 

     40 
     40 
     40 
     40 
     30 
     30 
     61 
     61 

      164.5 
      164.5 
      164.5 
      164.5 
      52.05 
      52.05 
     105.06 
     105.06 

        43.66 
        43.66 
        43.66 
         43.66 
         21.5 
         21.5 
         43.2 
         43.2 

 

Table 7.3 Some ScN/CrN superlattices properties used for optimization process 

Ɵ-2Ɵ of XRD measurements for a third group is illustrated in figure7.8.a. All films have one diffraction 

angle peak which is located at 40.17°, 40.2°, 40.0° and 39.95° respectively for: SCN09, SCN10, SCN11 and 

SCN12. Once more the superlattices satellite structure and a good quality of superlattices were not 

achieved. The average lattice constants of deposited periodic superlattices with periodicity 4.1nm and 

1.71 nm were found to be, respectively, 4.41Å and 4.31Å.  The Omega scan of these samples is shown in 

Figure 7.8.b where the lower value of FWHM belongs to SCN12 with period thickness 4.1 nm which the 
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substrate temperature used was 935 °C. Also, the highest intensity of XRD Ɵ-2Ɵ scan belongs to SCN12. 

But, as explained in section 3.7, there is a good probability of decomposition of CrN at high 

temperatures which is the reason why lowers temperature than 935°C and 885°C were selected.  

Furthermore, all samples showed peaks at     38.69°,    41.12°,    41.49°, 

    42.94°,    43.05° which belong to the peaks of        
                       respectively. 

Tungsten peaks appeared due to X-ray source contamination from X-ray source element. 

 

 

 

                                               (a)                                                                                      (b) 

Figure 7.8 Some ScN/CrN superlattices with same period thickness 4.1 nm and different substrate 

temperature (a) Ɵ-2Ɵ XRD scan (b) omega scan and their obtained FWHM  

XRR patterns and Ɵ-2Ɵ XRD measurements of some superlattices are illustrated in Figure 7.9.a, 7.9.b, 

7.9.c and 7.9.d with different substrate temperature and same individual layer thickness. Period 

numbers of samples in figure 7.9.a and 7.9.c are different with samples in figure 7.9.b and 7.9.d. One 

diffraction peak angle was obtained for all of them from their XRD Ɵ-2Ɵ scans (Figure 7.9.c and 

Figure7.9.d); this peak angle was located at 41.05°. ScN15 with 835 °C substrate temperature and 1.71 

period thickness has highest intensity of this diffraction peak. On the other hand, omega scans for the 

last two samples indicates that the FWHM value for SCN016 with 885 °C substrate temperature and 1.71 

nm period thickness is lower than that recorded for SCN15 deposited with the equal periodicity and 

thickness. SCN16 seems to have the best conditions for our optimization process, but the value of 

FWHM of SCN16 and SCN15 does not differ too much. Furthermore, considering decomposition of CrN 

at high temperature the obtained optimized temperature of periodic and quasi-period superlattices is 

835 °C. 
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                                                                                                  (c)                                                                                 (d) 

Figure 7.9 (a), (b) Reflectivity measurements of samples (c) Ɵ-2Ɵ XRD scan obtained from (d) Omega 

scan  

 

                      7.3 Periodic and quasi- periodic superlattices characterization 
Two new samples, SCN17and SCN18, were then grown, according to the optimal condition identified 

above, as periodic and aperiodic superlattices structures, respectively. Both structures includ 102 

layers and they were grown using 835°C as the substrate temperature. Thickness of each individual 

layers was set to 3 nm in the periodic structure; the thicknesses were changed in the Rudin Shapiro 

structure to 2.68 nm for ScN and 3.4 nm for CrN in order to preserve the material ratio. In both 

samples a buffer layer of 1 nm CrN used. Targets current and bias voltage were the same used used in 

the optimization process. Sc current was 1 A and Cr Current was 0.17 A and the substrate bias voltage 

was -30 V.   

Reflectivity measurement for periodic superlattices is shown in Figure 7.10. In agreement with 

equation (5.7) Γ=
 

 
 which demonstrate second peak of diffracted beam was disappeared and third 

diffracted peas appeared again, its XRR graph. 
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Figure 7.10 XRR pattern of Periodic superlattice 

The XRD Ɵ-2Ɵ scan for the aligned periodic superlattice is reported in figure 7.11. Several peaks were 

obtained from this measurement. Cu  , film peak,    ,    , Cu               are marked  as 

1,2,3,4,5 and 6, respectively in the figure. 

 

 

Figure 7.11 Ɵ-2Ɵ XRD scan of periodic superlattice 

As some peaks are hidden under the substrate peak, this measurement repeated with larger offset; 

this new measurement is shown in figure 7.12. Comparison between aligned offset and artificial offset 

is drawn in Figure 7.12.a.  In the new offset condition the intensity of the substrate peaks decreased 

making possible for peaks before hidden under it to appear (Figure 7.12.b). There are five peaks at 

     38.98°,     40.32°,      41.88°,      43.36°,           . Average lattice constant of 

this periodic superlattice obtained from equation 2.2, is 4.29Å and its distance plane is 2.15Å which is 

close to the d value of      calculated using Bragg’s law and equal to 2.14    Furthermore the average 

of periodicity was calculated from Equation 5.4 to be 6.83 nm. 
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(a)                                                                                          (b)  

Figure 7.12 (a) Comparison between aligned and artificial offset of (b) Artificial offset= 2 of ScN/CrN 

periodic superlattice 

 

Quasi-periodic superlattice was characterized by X-ray measurements. Figure 7.13.a and figure 7.13.b 

report the reflectivity and diffraction pattern, respectively. One peak appeared in the XRD 

measurement of the Rudin Shapiro superlattice.  

 

 

   
                                                   (a)                                                                                          (b) 

Figure 7.13 (a)  XRR pattern (b) Ɵ-2Ɵ XRD of Rudin Shapiro superlattice 

 

 

The increase in offset angle effects resulted on the decreasing of the substrate’s peak and in the 

appearing of new peak, it can be seen in Figure 7.14.a .Two diffracted angles were reported at 40.13° 

and 43.44° which belongs to the Rudin Shapiro sample. Several peaks exist on diffraction pattern of 

quasi-periodic structure that appears as separated two or three peaks representation of the envelope 
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function determined by the structure factor of the superlattice. An envelope of structure factor wills 

occur when the thickness of the layers is approximately more than 5nm [39].  The thicknesses selected 

for the single layer in quasi-periodic structure were 2.68nm for ScN and 3.4nm for CrN; considering to 

Rudin Shapiro structure ScN and CrN were repeated four times in some layers, consequently their 

total thickness will be 10.72 nm and 13.6nm respectively. There are expected to affect the pattern and 

give rise to a structure factor envelope. The comparison of full-width half-maximum for the periodic 

and quasi-periodic structure is drawn in figure 7.14.b; which indicates that FWHM value for the quasi-

periodic structure is lower than those for periodic structure.  Calculated lattice constant and distance 

plane for diffracted angle at    = 40.13° are 2.25 Å and 4.50 Å, respectively. Distance plane 2.08   

and lattice constant 4.16 Å belong to the diffracted angle at    = 43.51°. 

 

 

 

(a)                                                                                             (b)  

      

Figure 7.14 (a) Diffraction pattern of Rudin Shapiro as quasi-periodic superlattice (b) FWHM of Periodic 

and quasi-periodic superlattices                                 

 

Calculated average lattice constant for Rudin Shapiro sample from equation 2.3 was 4.3 Å and its 

corresponding distance plane was 2.15 Å and is equal to the distance plane obtained for a diffracted 

angle of 43.44° which approximately corresponds to the lattice parameter of diffracted angle at    = 

43.51°.  
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   8 Conclusions 
 

Structural characterization of periodic and Rudin Shapiro structure of ScN/CrN superlattices was the 

aim of this thesis. The first step in this thesis was the deposition, by reactive DC magnetron sputtering 

method, of samples with periodic structure and their characterization in order to optimize the 

superlattice quality. 

The single layers of ScN and CrN were grown at different temperatures and different thicknesses or 

different periodicities. Deposited ScN single layer at 750°C had lower FWHM; moreover we showed that 

CrN existed for the single layer deposited at 835°C and 935°C. These results encouraged us to use high 

temperature during the subsequent growth experiments. To prevent decomposition of CrN layer, ScN 

layers were deposited after CrN layers. 

First group of periodic superlattices samples were deposited at 685°C, 735°C and 785°C with two 

different periods thicknesses (8.2 nm and 8.6 nm). ScN/CrN 05 and 06 had better results in comparison 

by other samples in this group which were grown at 785°C. SCN05 with 8.2 nm periodicity had highest 

intensity and SCN06 with 8.6 nm periodicity had lower FWHM. Next group of samples was deposited at 

higher temperature than 785°C and decreased thicknesses. The obtained result from this part leads us 

to decrease the thickness with different temperatures. Then SCN09, SCN10, SCN11 and SCN12 

deposited with the substrate temperature from 785°C up to 935°C which increased 50°C for each one. 

The thickness of all samples were kept constant for ScN 3.6nm and for CrN 0.5 nm which this thickness 

is lower than  the layer thickness of previous investigated group of samples. The highest intensity and 

the lowest FWHM belong to SCN12 with 935°C substrate temperature. But for preventing 

decomposition of CrN The last group of samples were deposited at 835°C and 885°C with the constant 

periodicity thickness but with different period number and different total thickness of the superlattices. 

ScN/CrN grown at 835°C has the highest intensity and the ScN/CrN prepared at 885°C has the lower 

value of FWHM; both these samples have same total thicknesses. Considering the results of the last 

group of superlattices sample and taking in account the possible CrN decomposition it was decided that 

the optimum temperature for sample growth is 835°C.  

Periodic and quasi-periodic superlattices were then deposited at the optimized temperature (835°C). 

Their periodicity was set to the same as 6 nm which is equal to 3 nm for each individual layer in the 

periodic structure and 2.6 nm for ScN and 3.4 nm for CrN in the Rudin Shapiro structure. These layer 

thicknesses allowed us to keep the material ratio constant in both the two structures. Characterization 

by X-ray measurements of the periodic structure showed five peaks of superlattice with 4.295 Å 

average lattice constant and 2.15 Å distance plane that corresponds to the distance plane of diffracted 

angle at 41.88°. Two separated peaks were obtained from diffraction pattern of Rudin structure; these 

were attributed to the structure factor envelope of several peaks with average lattice constant of 4.3Å. 

The obtained amount of FWHM of periodic and Rudin Shapiro structure indicated the quality of both 

films is not good. Lower value of full width half maximum of Rudin Shapiro structure indicates the 

perfection quality of Rudin Shapiro sample is better than periodic one.  
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                 9 Future works 
 

Characterization of deposited films showed a relatively poor quality of the superlattices. Subsequently 

more work is needed to solve this problem and improve superlattices features. 

 

 Substrate quality is crucial to obtain high quality of deposited film on it. Characterization of substrate 

before growing superlattices on it is one approach to get high quality of superlattices. 

 

 Poisoning of target surface is one of the reasons for the preparation of low quality films by direct 

current reactive magnetron sputtering method. Poisoning of target surface can occur due to large 

amount of nitrogen gas in the chamber. Optimization of nitrogen pressure might improve the 

superlattices quality. 

 Optimization of bias voltage to ensure that sufficient amount of ions are attracted to the substrate 

from plasma is needed in order to improve samples quality. 

 CrN is an unstable material at high temperatures. The use of different nitride material, such as ZrN, 

TiN  or other materials which are more thermally stable than CrN and are convenient to be deposited, 

need to be explored to evaluate thermal conductivity of periodic and quasi-periodic superlattices..  
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