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Title: Growth and characterization of phase change materials grown by laser ablation: 

the case of germanium telluride 

 

 

Phase change materials (PCM) represent a unique type of materials that can 

rapidly and reversibly switch between their amorphous and crystalline states. These two 

phases are characterized by significantly different physico-chemical properties such as 

electrical conductivity, optical reflectivity, mass density, and thermal conductivity. 

These differences as well as the repeatability and speed of the switching process make 

these materials very attractive for data storage and memory devices. Germanium 

telluride (GeTe) is a chalcogenide PCM which is particularly interesting for device 

applications because of its large resistivity window (4–5 orders of magnitude between 

the amorphous and the crystalline state), its the high crystallization speed (~20 ns) and 

its high crystallization temperature (~180 
o
C). Typically, thin film deposition techniques 

such as magnetron sputtering and evaporation are used to growth of GeTe films, but 

alternatively, Pulsed Laser Deposition can prove to be a method of choice to grow such 

materials considering its simplicity in depositing high quality materials in a controllable 

and scalable manner. This thesis deals with PLD of GeTe thin films, and the study of 

their chemical and physical properties. All deposition runs were performed at room 

temperature and the effect of experimental growth conditions such as target to substrate 

distance, background pressure, laser energy, and deposition time on the properties of the 

films was investigated. The micro-structure of the films were characterized by X-Ray 

Diffraction (XRD), Rutherford Back-Scattering (RBS) and Scanning Electron 

Microscopy (SEM) whereas UV-VIS-NIR spectroscopy and temperature dependent 

resistivity measurements were used to determine their optical and electrical properties. 

Correlations between deposition conditions and film properties were elucidated and it 

was found that deposition at an argon background pressure of 1 × 10
-4

 mbar, a laser 

energy of 200 mJ and a target to substrate of 6 cm from the substrate, leads to the 

synthesis of amorphous and stoichiometric GeTe films showing low surface roughness, 

a sharp transition temperature at about 170 
o
C and good optical properties with an 

optical band-gap of 0.77 eV.   
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CHAPTER 1 

INTRODUCTION 

 

The necessity to store information has always been one of the basic needs of 

mankind throughout its history. The Cuneiform script, first evidence from 3150 BC, is 

one of the primal systems of writing. Cuneiform was invented by the Sumerians and is 

distinguished by its wedge-shaped marks on clay. Almost together with the invention of 

the cuneiform, the Egyptian hieroglyphs were developed. Hieroglyphics can be pictures 

of living creatures, objects used in daily life or symbols. The process of storing data 

through engraving them continued until 1941 in which the first programmable computer 

–the Zuse Z3 was developed [1]. Since then, electronic and digital data storage has 

expanded significantly and has replaced physical data storage until the invention of 

semiconductor memories in the 1970s [2].  In the last few decades, with the explosive 

development of electronics and computers, this need became an urgency. The past 

century has seen the development of a variety of different approaches for storing 

enormous amounts of data, one of the most successful being optical data storage. In 

optical data storage, information is read from a rotating disc that contains the stored data 

by detecting the change of reflection of a laser beam focused on the disc. Whereas the 

first optical storage products only allowed reading of the encoded information, 

nowadays both recordable and rewriteable storage media have been developed [3]. 

Initially two different classes of rewriteable optical storage media have been introduced, 

magneto-optical and phase change media. However, Phase change memory (PCM) is 

probably the most promising candidate for the next-generation memory. This is based 
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on the rapid reversible switching between an amorphous and a crystalline state. Both 

phases are characterized by very different material properties such as electrical 

conductivity, optical reflectivity, mass density, or thermal conductivity [4].  These 

differences and the repeatability of the switching give these materials the ability to store 

information.  The material used for memory devices can be organic or inorganic in 

nature, but typically Phase Change Material refer to inorganic material which may be 

binary or ternary compositions depending on the application [5].  

The theory behind PCM was described in the 1960s, yet the success of optical 

storage based on phase change materials was only enabled after the discovery of a new 

class of materials that fulfilled the requirements for this technology [6]. While almost 

any material including metals, semiconductors, and insulators can exist in an amorphous 

phase and a crystalline phase, a very small number of materials has the necessary 

properties that make them useful for data storage technologies. It was found that the 

GeTe– Sb2Te3 pseudobinary alloys have large optical contrast and could be rapidly and 

repeatedly switched between the amorphous, low reflectivity and the crystalline, high 

reflectivity phases using laser pulses. This success triggered a wide interest in PCM 

technology and an intense research effort has been devoted in the search of materials 

optimized for this technology [7]. 

It is common practice to present the stoichiometry featuring the exceptional 

combination of properties in the so-called “ternary phase-diagram” as depicted in figure 

1.1. Most technologically relevant phase-change alloys can be assigned to one of the 

following families: 

1. (GeTe)x(Sb2Te3)1-x based alloys: Alloys from the pseudo-binary line between GeTe 

and Sb2Te3 have been employed in rewritable optical storage media [3,8] Sb2Te3-
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rich compositions, such as Ge1Sb4Te7, suffer from low crystallization temperatures, 

which probably preclude the application in memory devices. 

2. Sb2Te-based systems: In such systems, adding Ag, In, and Ge dopants to the base 

material results in compositions such as Ge4In3Sb67Te26 (abbr. GIST) and 

Ag4In3Sb67Te26 (abbr. AIST). A stoichiometry close to the latter is employed in 

rewritable DVDs [3]. 

3. Ge doped Sb: Compositions from this class include Ge15Sb85 and GeSbMnSn alloys 

[8]. 

4. (GeTe)y (SnTe)1-y based alloys: It was recently demonstrated that Ge2Sn2Te4 (y = 

1/2) and Ge3Sn2Te4 (y = 3/4) display the properties required for the application in 

phase-change memories. Again, low crystallization temperatures preclude the use of 

the SnTe-rich alloys and SnTe in particular [9]. 

 

                             

Figure 1.1. Tertiary Ge-Sb-Te phase Diagram with Some Chalcogenide Alloys 

Highlighted [8]. 

 

A phase change material should thus have a short crystallization time 

(nanosecond time scale), a melting point of about 600-800 
o
C and a high crystallization 

temperature, typically around 150 to 400 
o
C [3]. Although much of the existing research 
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has focused both theoretically and experimentally around Ge2Sb2Te5 (GST), other 

materials such as the binary compound GeTe are rapidly gaining great attention. GeTe 

offers a significant improvement of crystallization speed, data retention at high 

temperature and an excellent contrast in terms of electrical resistivity between the 

amorphous and crystalline states, when compared to the GST. Non-volatile optical 

multilevel switching in GeTe phase-change films was identified to be feasible and 

accurately controllable at a timescale of nanoseconds, which is promising for high speed 

and high storage density of optical memory devices [10,11,12]. Crystalline GeTe exists 

in two different forms; the low temperature phase is rhombohedral while the high 

temperature is rocksalt phase cubic (above 400°C).  The crystal structures are related, as 

the low temperature phase can be formed from the rocksalt phase by stretching the 

lattice and displacing the central atom in the〈111〉direction.  

                                                      

Figure 1.2. Crystal Structure of Rhombohedral GeTe.The red, green and white 

spheres symbolize Ge atoms, Te atoms and vacancies, respectively. (From 

reference [15]) 

 

GeTe has proven to be a material with a very rapid phase change, recrystallizing 

in just 1 ns. In thin film form, it can be crystallized down to a thickness of 2 nm. With 



5 

decreasing film thicknesses, the crystallization temperature rises and the melting point 

is reduced, leading to better stability and smaller power consumption in devices [11].  

In GeTe, the density of the crystalline phase is higher than the one of the 

amorphous phase, so the volume is reduced after crystallization. Amorphous GeTe has a 

density of 5.60     , while for the crystalline GeTe it is 6.06        GeTe thin films 

have been prepared and characterized by many research groups:  

 Howard et al. [12] reported results about electrical and optical properties of GeTe 

films prepared by evaporation. Films were characterized by exponential variation of 

resistivity with reciprocal temperature. Both optical absorption and photoconductive 

response have exponential tails toward low photon energies. 

 Edwards et al. [13] presented a series of DFT calculations of the electronic structure 

of crystalline germanium telluride and of the intrinsic vacancy and antisite defects in 

rhombohedral and fcc phases. 

 Sarnet et al. [11] studied GeTe thin films produced by atomic layer deposition. The 

films were conformal and stoichiometric and had the required optical and resistivity 

contrast between amorphous and crystalline phases. Atomic layer deposition is thus 

concluded by the authors to be an excellent technique for depositing phase change 

materials. 

 Luckas et al. [14] investigated the deposition of GeTe films using the sputtering 

technique. The focus of this study was to investigate the influence of defect states on 

electronic transport phenomena. It was shown that it exhibits a high electrical 

threshold switching field and high density of mid gap states 

 Khoo et al. [15] studied the crystallization of amorphous GeTe films prepared by 

sputter deposition onto substrates held at different temperatures and deposited at 
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different sputtering rates. It was observed that the deposition temperature and 

deposition rate have a significant effect on the nucleation of the crystalline phase, 

but a negligible effect on its growth. Raman spectral analysis indicates an increase 

of the number of homopolar Te–Te bonds with decreasing deposition temperature 

and increasing deposition rate. 

As another attractive physical deposition method, pulsed laser deposition (PLD) 

provides several characteristics including high quality films, options for multi-

compositions, quick and accurate control of the deposition process, a simple 

experimental set up, and the possibility of scaling up the process [16]. Only few studies 

dealing with the preparation of phase-change films by PLD technique are present. In 

2017, a study about GeTe thin films deposited by PLD on BaF2 (111) substrates was 

presented by X. Sun [17]. The crystallization temperature for pure GeTe film and its 

activation energy were investigated and the effect of adding oxygen into GeTe was also 

considered. The crystallization process was explored for dominant growth temperature 

regimes related to the amorphous, polycrystalline, and fiber textured states. The optical 

reflectivity and crystalline quality were both characterized. 

Clearly, the potential of PLD as a technique to grow GeTe films has not been 

fully exploited. The focus of this work is to provide a thorough and systematic 

investigation of PLD to grow GeTe thin films and characterize their properties in view 

of their use in data storage systems. The experimental conditions namely target to 

substrate distance, deposition pressure, laser energy and deposition time were varied. In 

order to assess the properties of the films as PCMs, the five major physical aspects 

which include structure transformation, film stoichiometry and thickness, topography, 

optical properties, and electrical properties have been investigated using X-ray 
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Diffraction (XRD), Scanning Electron Microscope (SEM), Rutherford Backscattering 

Spectroscopy( RBS) , UV-Vis spectroscopy, and two probe method, respectively. 

Following this introduction, the second chapter provides a background to the 

theoretical description of the structure of amorphous and crystalline phase of GeTe and 

to the conduction process, as well as to the optical and electrical properties of the 

material. The third chapter is devoted to describe the experimental techniques used to 

prepare the films and characterize them. The results and analysis of the results are 

presented in the fourth chapter, to finally conclude with chapter 5. 
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CHAPTER 2 

THEORETICAL CONCEPTS 

 

A. Motivation for a New Memory Technology 

The ability to store and preserve information is considered an important aspect 

of the progress of the society. Memory devices can be divided into two groups, volatile 

and non-volatile memory. In a volatile memory, stored information are lost if the 

voltage supply is interrupted. Whereas, non-volatile memory can retain the stored data 

without a power supply connected to it. Technologies like magnetic tapes and magnetic 

hard disk drives are used to retain the information. These technologies are non-volatile 

and have random access times of milliseconds to seconds [8]. Information in such 

systems are stored in the different orientation of the magnetic field of ferromagnetic 

domains on tapes or discs. The mentioned properties make it perfectly suitable for data 

backup. 

On the other hand, mobile DRAM (dynamic random-access memory) market 

has been widely used for mobile data storage. Here, light-weight memory is required 

with large capacity, low power-consumption and short random access times. Therefore, 

the ideal memory with all these properties is still missing: Either very fast DRAM can 

be used, which is volatile, thus these memories consume an amount of power even 

without being operated, or flash memory which is non-volatile. Non-volatility is an 

important advantage over other electronic memories that are volatile (e.g. DRAM) 

especially for mobile applications, where battery power is limited and needs to be 

conserved, yet flash memories are slower than current DRAM. 
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One potential concept of a unified memory technology is the phase-change 

random access memory (PCRAM), which is based on the cycling of a phase-change 

material between its amorphous and crystalline phases. This switching process is 

nonvolatile in nature, very fast (less than 1 ns) and works even in small volumes (films 

as thin as 2 nm). Thus, the most fundamental requirements for a unified memory 

technology are available in these materials and the production of working devices is 

based on an optimization of the materials’ properties [18]. 

 

B. Principle of Phase Change Materials 

The phase change materials used today are a result of 30 years of ongoing 

research in the field. They are a rare class of materials in which data is stored through 

the fast and repeated switching between amorphous and crystalline phase. A large 

number of phase change materials have been proposed, but only a few materials meet 

the following requirements: [19]  

1. Writability: Enable writing of data. 

2. Archiving: Stored information has to be stable. 

3. Readability: Easy to read. 

4. Erasability: Information should be erasable. 

5. Cyclability: Storage medium should allow numerous write/erase cycles.  

These data storage requirements can be translated to media requirements (Table 

2.1). 
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Table 2.1. Requirements for Phase Change Media. 

Storage requirement Material requirement Material property 

Writability Glass former Melting point/layer design, 

appropriate optical absorption 

Archival storage Stable amorphous phase High activation energy, high 

crystallization temperature 

Readability Large signal to noise ratio High optical contrast 

Erasability Fast re-crystallization Simple crystalline phase, 

low viscosity 

Cyclability Stable layer stack Low stresses, low melting 

Temperature 

  

 

In general, atomic arrangement in the crystalline phase is characterized by long-

range order, whereas atoms in the liquid state are completely disordered. For the 

amorphous phase, the arrangement of atoms is short-range orders extending over only a 

few atomic distance. 

 

                   

 

Figure 2.1. Schematic Presentation of the Possible Transformation in the Phase 

Changes Crystal–Liquid–Amorphous (record) and Amorphous–Crystal (erase) in 

GeTe [3].  
 

Storage operation in PCMs is obtained through the reversible switching of the 

physical properties between ordered crystalline state and disordered amorphous state. 

This particular feature of these materials is induced by local heating or cooling either 

with a precisely controlled laser pulses or electrical pulses. 
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Crystallization is achieved by heating the amorphous state to intermediate 

temperature levels above the crystallization temperature while remaining below the 

melting point, and subsequently subjecting it to a slow cooling. Such a process is called 

crystallization. On the other hand, amorphization is obtained by heating crystalline 

materials above melting temperature and quick quenching down it to room temperature. 

This rapid annealing process generates numerous dislocations or vacancies causing a 

high resistance [20]. The writing of bits corresponds to the formation of small 

amorphous regions in the crystalline matrix whereas their re-crystallization leads to the 

erasure of information.  

In phase change materials, it is the change of the microscopic, atomic structure 

within the volume of the material (not just the surface topology), which contains the 

information. The low atomic mobility at room temperature allows to preserve the 

information, whereas the high atomic mobility at elevated temperatures facilitates the 

writing process. 

 

                

Figure 2.2. Crystallization and Amorphization Processes Along with the Temporal 

Evolution of Temperature. 
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There are many materials that can be melt-quenched to form an amorphous state, 

but very few materials also possess a significant difference in optical properties between 

the amorphous and crystalline state. This optical contrast is due to the difference in 

atomic arrangement between the two mentioned states, and is found in phase change 

materials used for optical storage. [21] 

In addition, crystallization time commonly considered as the criterion of the 

switching speed, varies for different PCMs and only those materials with a nanosecond 

switching regime become suitable for memory devices [20]. These requirements of 

PCMs are met by the chalcogenide family (Group 6 elements, mainly S, Se, and Te) as 

well as their derivatives. 

 

C. Density of States in Amorphous Semiconductors 

In condensed matter physics, the electronic density of states (DOS) of a system 

describes the number of states at each electron energy level. It is of a great importance 

when considering electron transport and optical properties. These states can be occupied 

or unoccupied and a gap is formed in the density of states characterized by an absence 

of energy levels. In crystalline solids characterized by translational symmetry, different 

calculation methods exist to derive the DOS. They are usually based on Block electron 

theory and results are usually displayed in reciprocal space (k space), inside the first 

Brillouin zone of the lattice showing symmetry labels. In the electronic DOS of 

crystalline semiconductors, there is an energy interval referred to as the gap where we 

cannot find states at any k value (gaps). 

If the maximum energy of occupied and the minimum energy of unoccupied 

states belong to the same k than we say that this semiconductor has direct gap. In a 
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direct band gap, the bottom of the conduction band lies directly above the top of the 

valence band. On the other hand, in an indirect gap semiconductor the bottom of the 

conduction band does not lie directly above the top of the valence band. In this case, the 

electron cannot make a direct transition from the top of the valence band to the bottom 

of the conduction band. Such a transition can still take place but as a two-step process. 

The electron absorbs both a photon and a phonon simultaneously [22]. 

Although crystalline semiconductors have received most attention, yet there is a 

noticeable effort toward understanding amorphous semiconductors. This is due to the 

fact that some amorphous semiconductors show unusual switching properties which are 

important in applications such as memory devices. Moreover, these semiconductors are 

usually cheaper to manufacture than crystalline ones which leads to a significant 

reduction in the cost. However, it is hard to treat electron states in a disordered solid due 

to the pronounced disorder instead of a periodic potential. As a consequence, the Block 

electron theory does not work but band gaps do exist in amorphous materials despite the 

absence of long range crystalline order. 

 

For a crystalline semiconductor, the bottom of the conduction band (CB) is at    

and the top of the valence band (VB) is at   . The interval between these two energies 

is the energy gap where electron states do not exist in a perfect crystal. Once long-range 

disorder is introduced into the crystalline state, the effect of this on the energy levels is 

rather small (only a few percent), because an electron on a particular site interacts most 

strongly with nearest neighbors. Therefore, the effect of the disorder is to shift the levels 

up or down by only a small amount through the band. Near the band edge, the effect of 

the disorder is of great importance since it displaces some levels right into the energy 
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gap thus creating the band tail. This leads to regions within the band, where charge 

carriers can be trapped. As shown in figure 2.3, for an amorphous semiconductor of the 

same substance, the density of states has extended into the gap from both the CB and 

the VB sides. Each of these states has a “tail” (shaded region in the fig. 2.3) entirely 

within what was formerly a band gap.  

Here we have to make a clear distinction between localized and delocalized 

electron states. In a localized state, the electron is restricted to movement around only 

one particular atomic site, while in a delocalized state the electron is extended 

throughout the solid (existing partly at every atomic site). In case of crystal, all states 

are delocalized in accordance with the Bloch theorem, while in the case of amorphous 

solid, both types of states occur simultaneously. The delocalized states are those in the 

main body of the band just as those in a crystal. One the other hand, the states in the 

band tail represent localized electrons. [22]. 

 

 

 

 

 

 

 

 

Figure 2.3. The Density of States Versus Energy. (a) For a crystalline 

semiconductor; (b) for an amorphous semiconductor. Shaded regions represent 

band tails introduced by the disorder [22]. 

a 

(a) 

(b) 
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 The general description for the electronic density of states of pure amorphous 

semiconductors is shown in figure 2.4. The band gap usually present in the crystalline 

semiconductor disappeared. The non-empty gap is referred to as mobility gap (tail), it 

can be found containing localized electron states which states do not exist in any pure 

crystalline semiconductors. The rest of states around gap are delocalized and the 

interface between localized and delocalized states is the mobility edge. 

 

D. Electronic Conduction 

 

Figure 2.4. Traditional Description of the Density of States in Amorphous 

Semiconductor. 

 

Several models were proposed for the density of states of amorphous 

semiconductors. All used the same concept of localized states in the band tails which is 

different than the crystal one with a sharp band. The difference between these models of 

the amorphous semiconductor lies in the estimate of the extent of this tailing [23].  
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The DOS function has well-defined energies   and    that separate extended 

states from localized states as in Figure 2.4. There is a distribution of localized states 

(tail states) below    and above    . The usual band gap     -   is called the mobility 

gap. The reason is that there is a change in the character of charge transport, and hence 

in the carrier mobility, in going from extended states above    to localized states below 

  . The mobility gap is analogous to the band gap in ordered systems but contain the 

spatially localized states. 

Electron transport above    in the conduction band is dominated by scattering 

from random potential fluctuations arising from the disordered nature of the structure. 

The electrons are scattered so frequently that their effective mobility is much less than 

what it is in crystalline. 

The concept of delocalization is important in electronic conduction. A 

delocalized electron moves readily through the solid. Since electrons are distributed 

through the solid, they need a little push (an electric field for example) to set them a 

drift, carrying an electric current which is known as metallic conduction .On the other 

hand, a localized electron is strongly bound to its site and lies deep within the potential 

barrier. This separates the electron from its neighbors by high potential barrier. Thus to 

move to another site, the electron has to be energetically excited above the potential 

barrier. Yet, this barrier is usually about 1 eV such that few electrons are excited at 

room temperature. This process is known as “hopping” and the thermal excitation 

process as “activation” [24]. 

Therefore, electron transport below    requires an electron to jump, or hop, from 

one localized state to another, aided by thermal vibrations of the lattice, in an analogous 

way to the diffusion of an interstitial impurity in a crystal. The jump or diffusion of the 
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impurity is a thermally activated process because it relies on the thermal vibrations of 

all the crystal atoms to occasionally give the impurity enough energy to make that jump. 

The electron’s mobility associated with this type of hopping motion among localized 

states is thermally activated, and its value is small. Thus, there is a change in the 

electron mobility across   , which is called the conduction band mobility edge. 

Since the mobility μ of a localized electron is essentially zero, we see that for the 

conduction band for example, there is a sharp drop in the mobility as the energy 

decreases from the main band to the band tail. The same situation occurs in the valence 

band.  Although a sharp density of states gap is absent, there is a sharp mobility edge in 

the energy range where μ=0. The band is approximately the same as the energy gap in 

the crystalline solid. 

The localized states (frequently called traps) between   and     have a profound 

effect on the overall electronic properties. The tail localized states are a direct result of 

the structural disorder that is inherent in noncrystalline solids, variations in the bond 

angles and length. Various prominent peaks and features in the DOS within the mobility 

gap have been associated with possible structural defects, such as under- and over-

coordinated atoms in the structure, dangling bonds, and dopants. Electrons that drift in 

the conduction band can fall into localized states and become immobilized (trapped) for 

a while. 

Those marked regions between   and    and between    and    are thought to 

arise because of the lack of long-range order and are called tail states. In figure 2.5, the 

states between    and    are defect states which arise from defects in the material and 

the density of these depends critically on the method used to prepare the amorphous 

film. 
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Figure 2.5. Schematic Density of States for Amorphous Semiconductors. 

 

 

1. Extended State Conduction 

The conductivity  (   depends on  (  , so we must take a look at the mobility 

in the various energy ranges. 

Consider first the extended states shown in figure 2.5, at energies well into the 

conduction band where      and     , the mobility is similar to that in the 

crystal. Yet, there is a small probability that carriers occupy these states thus their 

contribution to σ is not significant.  

As the energy decreases approaching    (or   ), the disorder in the lattice 

increases the scattering where just above    the mean free path of the scattering events 

decreases from its crystalline value ( of several hundred atomic distances) to a value of 
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the order of the interatomic spacing [25]. Thus the crystalline theory can no longer be 

considered because the electron transport may no longer be considered as band motion. 

The expression of the conduction in the extended states just above    

               (      (      * 
(      

   
+                                              2.1 

  

Where    is the conductivity pre-factor which contains the additional term 

involving the temperature dependence and  (  . 

To understand the behavior of the Fermi level in the system, it is useful to start 

with the situation where T = 0 K. At this temperature, since the donor-like trap has 

excess electrons, the Fermi level will be between the empty conduction band and the 

filled trap. When the temperature is above 150 K, the Fermi level is shifted to the 

middle of the band gap and carrier can be excited across the band gap. In this case the 

activation energy EA is approximately half of the band gap Eg since it is the difference 

between the Fermi level and the conduction band. Equation 2.7 can thus be expressed as  

 

                         * 
  

    
+                                    2.2 

 

By taking the logarithms of both side of the equation, one has 

  

                          (    
  

   

 

 
                                                    2.3 

 

Thus, 

                       (    
  

   
 
 

 
                                     2.4 
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A plot of log R versus  
 

 
  should therefore yield a straight line whose slope, 

  

   
, 

determines the electrical band gap. [The weak temperature dependence of    is 

neglected]. 

 

2. Hopping Conductivity 

The states between    and    in figure 2.5 which include tail states and defect 

states are localized, this leads to the fact that the transport process will not be the same 

as in the extended states above    or below   . The nature of transport in these states is 

the hopping process. 

                      

Figure 2.6. Hopping Between Localized States: (a) nearest neighbor hoppping, (b) 

variable range hopping at lower tempertaures,       

 

When this process occurs via states close to   , the conductivity takes the 

following form which is referred to as    
 ⁄  behavior [25] 

                     ( 
  

 
)
 

 ⁄

                                                       2.5. 
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   and    are parameters involving  (    and the spatial extent     of the 

electron wavefunction at the Fermi energy. 

Therefore, band transport dominates at temperatures above 100 K where the 

thermal energy is sufficient to excite enough carriers into the bands. Below 100 K and 

70 K, hopping transport in the states around 1.3 eV is predominant. At temperatures 

below 70 K, hopping around the Fermi level takes place [26]. 

 

E. Optical Properties 

A rewriteable CD or DVD comprises a multilayered structure that includes a 

thin layer of phase change alloy, sandwiched between dielectric layers, deposited on a 

substrate and capped with a protective layer. 

 

Optical absorption is a standard technique for investigating band structure, and it 

is therefore of interest to study absorption in semiconductors. 

In semiconductors, a number of distinct optical electronic processes take place 

independently. However, the most important absorption process involves the transition 

of electrons from the valence band to the conduction band. This process is referred to as 

fundamental absorption.  

In fundamental absorption, the electron absorbs a photon (from the incident 

beam) and jumps from the valence band to the conduction band. For this to occur, the 

photon energy must be equal to the energy gap    or larger.  In the transition process, 

the total energy and momentum of the electron-photon system must be conserved [22].   
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As mentioned in section 2.3, when the bottom of the conduction band lies 

directly above the top of the valence band, the absorption process occurs in the direct-

gap semiconductors. 

 In this case, the absorption coefficient has the form [26] 

                     (      
 

                                                           2.6 

 

Where α is the absorption coefficient, h is the photon energy, β is a constant 

involving the properties of the band.  

However, calculation of the indirect-gap absorption coefficient was done by 

Blatt (1968) and the following formula was derived: 

 

                             (  (      
                                                     2.7 

 

Where A(T) is a constant involving the properties of the band and is temperature 

dependent due to the phonon contribution to the process. 

 

E. Pulsed Laser Deposition 

1. Fundamentals and General Features of Pulsed Laser Deposition 

The principle of pulsed laser deposition relies on the use of ultra-short laser 

pulses, typically tens of nanoseconds that are guided through a beam-line into a high 

vacuum chamber and are focused by a lens to ablate a solid target. 

Due to the high power density of the laser pulses, of the order of    
      

 or 

more, the radiation absorbed by the target will be converted not only to electronic 

excitations, but also to thermal and then mechanical energy which causes energetic 
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species such as atoms, ions, electrons, molecules, and micron-sized particulates to be 

ejected from the target in the form of plasma plume. This plasma plume expands and 

reaches a heated substrate placed above the target whose components participate in the 

deposition. Deposition is achieved in vacuum or in a chosen background gas in order to 

reduce contaminants [16]. 

                     
 

Figure 2.7. A Schematic Representation of the Principle of the PLD. 
 

The lasers employed in PLD have ranged from mid infrared radiation such as 

CO2 laser (10.6 μm), to near infrared and visible lasers, like the most often used 

Nd:YAG laser and its fundamental, second and fourth harmonics (1064 nm, 532 nm and 

266 nm respectively), down to the ultraviolet lasers [27]. The latter have been 

constructed from excimers, unstable molecules, which are formed from a noble gas 

(xenon Xe, Krypton Kr, argon Ar) in an excited state temporarily bond to a similar atom 

or a halogen such as fluorine F and chlorine Cl. This molecule then dissociates, within 

few picoseconds, by stimulated emission emitting a photon in the UV range. Lasers in 
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which these molecules participate in the lasing action are hence called excimer lasers. 

Examples are: XeCl (308 nm), KrF (248 nm), ArF (193 nm), F2(157 nm)[28]. 

 

2. Advantages and Disadvantages of PLD 

The technique of PLD was found to have significant benefits over other film 

deposition methods, including: 

1. The capability for stoichiometric transfer of material from target to substrate, i.e. 

the exact chemical composition of a complex material can be reproduced in the 

deposited film. 

2. Relatively high deposition rates with film thickness controlled in real time by 

simply turning the laser on and off. 

3. The fact that a laser is used as an external energy source results in an extremely 

clean process without filaments. Thus deposition can occur in both inert and 

reactive background gases. 

4. The use of a carousel, housing a number of target materials, enables multilayer 

films to be deposited without the need to break vacuum when changing between 

materials. 

In spite of these significant advantages, industrial uptake of PLD has been slow 

and to date most applications have been confined to the research environment. There are 

basically three main reasons for this: 

1. The plasma plume created during the laser ablation process is highly forward 

directed, therefore the thickness of material collected on a substrate is highly non-

uniform and the composition can vary across the film. 



25 

2. The ablated material contains macroscopic globules of molten material. The arrival 

of these particulates at the substrate is obviously detrimental to the properties of the 

film being deposited. 

3. The fundamental processes, occurring within the laser-produced plasmas, are not 

fully understood; thus deposition of novel materials usually involves a period of 

empirical optimization of deposition parameters. 

To a large extent the first two problems have been solved. Films of uniform 

thickness and composition can be produced by rastering the laser spot across the target 

surface and / or moving the substrate during deposition. Line-focus laser spots have also 

been used to obtain large area coverage. The particulate material was initially removed 

from the plume using a mechanical velocity filter, although recently more elaborate 

techniques, involving collisions between two plasma plumes or off-axis deposition, 

have been used to successfully grow particulate-free films. The third problem will be 

resolved by the development of computer simulations to describe PLD, and will further 

our understanding of the fundamental physics and chemistry involved in the deposition 

process.  
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CHAPTER 3 

EXPERIMENTAL TECHNIQUES 

 

A. PLD Experimental Setup 

 Figure 3.3 shows the PLD workstation setup used in this work. It consists of a 

high vacuum deposition chamber that can be pumped down to     
 mbar by a 

turbomolecular backed by diaphragm pumps. The chamber houses a target manipulator 

and a substrate holder; the target manipulator can hold up to four different targets and is 

mounted on rotary drives to allow for its rotation and toggling. The substrate holder is 

placed on top of the chamber (above the target) with a shutter and a heater that can go 

up to 950°C as measured by a thermocouple embedded in the substrate holder. 

 

 
Figure 3.1. Pulsed Laser Deposition (PLD) Setup. 
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The laser used is a KrF excimer laser operating at 248 nm wavelength and 20 ns 

pulse duration is applied. A beam-line consisting of two mirrors and a lens guides and 

focuses the laser pulses on the target. The pulse repetition rate is typically set to 10 Hz 

and the pulse energy is varied between 130 and 350 mJ. GeTe have a high absorption 

coefficient in the UV range         ) [28] and are therefore suitable for the PLD 

process. The working pressure in the PLD chamber was varied between 8 x     to 1 

x       mbar during deposition. The substrates are positioned inside the vacuum 

chamber parallel to the target surface at a target-to-substrate distance of 6 to 10 cm. 

Both target and substrates are rotated in order to avoid deep ablation of the target and to 

improve the thickness homogeneity of the films, respectively. In this study, glass 

substrates have been used.  

The substrates were placed in acetone at 60°C for 10 minutes and then for 

another 10 minutes in methanol at 70°C, after which they were rinsed with double 

distilled water for 2 minutes and dried with    gas. 

 

B. Characterization Techniques and Analysis of Thin Films 

1. X-ray Diffraction (XRD) Technique 

The X-ray measurements were performed using fully automated D8 Discover. In 

the D8 Discover Bruker diffractometer, the X-ray source consists of a ceramic Siemens 

tube operating at 40 kV with a current of 40 mA and emitting a Cu Kα radiation of 

wavelength λ=1.5418 Å. The diverging x-rays emitted from the x-ray tube are 

transformed into an intense parallel beam by a Gӧbel mirror ( Bruker AXS XRD user’s 

manual, 2010), which is free of Kβ radiation eliminated by placing a nickel (Ni) filter. A 

sӧller slit placed between the sample and the detector collimates the diffracted beam. 
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Figure 3.2. Bruker AXS D8 Discover X-ray Diffractometer Used. 

 

The parameters chosen for x-ray measurements of all samples are 0.5 s as the time per 

step, 0.01° as the increment and 15°-90° for the 2θ range. 

 

2. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy is one of the major electron microscopic methods 

in which a focused electron beam from an electron gun scans over and across the 

sample. The electron beam is focused by condenser lenses, beneath which a set of 

scanning coils deflects the electron beam that is allowed to scan the surface, residing at 

each point for few microseconds. The deflected electrons called the secondary or 

backscattered electrons which are in charge of imaging are captured by a detector. The 

detector converts each into a light flash which produces electrical pulses and which, in 
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turn, are amplified by a signal amplifier. These amplified signals modulate the 

brightness of each spot in a two or a three dimensional picture which is displayed on a 

cathode ray tube (CRT). Hence, every spot on the CRT corresponds to a spot on the 

surface of the sample. The brightness of a certain area in a SEM image is a measure of 

the intensity of the secondary electrons detected; the surface areas directly facing the 

detector will appear bright, while holes and cavities will be pictured as dark areas [29]. 

The MIRA 3 series scanning electron microscope, which is available in the CRSL, was 

utilized for imaging the surface of our thin films. It is a family of fully PCcontrolled 

scanning electron microscopes equipped with a Schottky field emission electron gun 

designed for high vacuum or variable pressure operations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Cross Section Representation of the Optical Elements of the SEM. 
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3. UV-VIS Spectroscopy 

The UV-VIS spectroscopy technique is an optical characterization technique that 

uses ultraviolet, visible and sometimes near infrared (NIR) radiation. This kind of 

technique has proven to be an efficient technique in determining the band gap of the 

sample under study. 

Our UV-VIS reflectivity measurements were done using the V570 Model UV-

VIS spectrometer, available in the CRSL lab, which enables measurements in a broad 

wavelength range from 200 nm to 2000 nm with an error less than 5%. Light from the 

spectrophotometer is always polarized by a grating. This spectrometer allows one to 

measure the absorbance, transmittance, absolute and relative reflectance. 

 

 
 

Figure 3.4. The V570 Model UV-VIS Spectroscopy Used. 
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Figure 3.5. Schematic Representation of the Elements in the UV-VIS Setup. 

 

Optical absorption and luminescence occur by transition of electrons and holes between 

electronic states (bands, tail states, gap states).The absorption spectroscopy measures 

the absorption of radiation, as a function of frequency or wavelength, due to its 

interaction with a sample. The sample absorbs energy, i.e., photons, from the radiating 

field and the intensity of the absorption varies as a function of frequency, and this 

variation is the absorption spectrum.  

When an electron absorbs a photon and jumps from the valence band to the conduction 

band such that the photon energy must be equal to the energy gap. 

 

4. Rutherford Backscattering Spectrometry 

Rutherford Backscattering Spectrometry (RBS) is a widely used nuclear method 

for the near surface layer analysis of solids. A target is bombarded with ions at an 

energy in the MeV-range (typically 0.5–4 MeV), and the energy of the backscattered 
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projectiles is recorded with an energy sensitive detector, typically a solid state detector. 

RBS allows the quantitative determination of the composition of a material and depth 

profiling of individual elements. RBS is quantitative without the need for reference 

samples, nondestructive, has a good depth resolution of the order of several nm, and a 

very good sensitivity for heavy elements of the order of parts-per-million (ppm). The 

analyzed depth is typically about 2 µm for incident He-ions and about 20 µm for 

incident protons. The drawback of RBS is the low sensitivity for light elements, which 

often requires the combination of other nuclear based methods like nuclear reaction 

analysis (NRA) or elastic recoil detection analysis (ERDA). 

A typical Rutherford backscattering setup consists of a particle accelerator that 

can deliver beams of low-mass ions in the MeV range. At the Lebanese CNRS, a 

tandem accelerator is used. This machine produces negative ions that are accelerated 

towards positive potential. The particles are transported in a vacuum system and at the 

high voltage terminal electrons are stripped off and the particle charge becomes 

positive. Then they are repelled by the high positive voltage and increase their energy 

further. The beam is then analyzed and directed to the target chamber. The beam 

diameter is about a millimeter at the target. 
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Figure 3.6. Layout of a Typical Ion Beam Scattering Setup Including a Tandem 

Accelerator and Scattering Chamber in Backscattering Configuration. 

  

In our study, RBS technique was used to detect the film composition and its 

thickness. The GeTe target was bombarded with alpha particles at the energy of 3 MeV 

and the data was collected using SIMNRA code. 

 

5. Resistance Versus Temperature Measurements 

In order to determine the transition temperature of the thin films and the 

electrical energy gap, the sheet resistance is measured as a function of temperature using 

two probe method. The four point probe is usually preferable over a two-point probe. In 

a four point probe, very little contact and spreading resistance is associated with the 

voltage probes and hence one can obtain a fairly accurate calculation of the resistivity. 
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Yet, in our case, two probe methods was used because we want to determine the relative 

behavior of resistance and not the actual value of resistivity. 

 The obtained thin film is cut into rectangular pieces. One of the pieces is pasted 

on an iron block using silver paint. The block is placed on a heating plate, and a 

thermocouple is inserted inside it. The thermocouple is then connected to a multimeter 

to read the temperature. Another multimeter is used to read the resistance of the film 

using two probes method, as shown in figure (3.7).  The collected data are analyzed by 

plotting ln(R) versus 
    

 
, where the transition temperature and the transition width are 

determined. The electrical band gap in the amorphous phase is determined from the 

slope of the curve before transition. 

 

 

Figure 3.7. The Setup Used to Measure Resistance Versus Temperature Using Two 

Probe Method. 
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CHAPTER 4 

RESULTS AND ANALYSIS 

 

In this chapter, we present the experimental results obtained in this thesis. In 

particular, we show the effect of several experimental parameters (target-substrate 

distance, chamber pressure, laser energy) on the structural, morphological, optical and 

electrical properties of the films using the characterization techniques described in 

chapter 3.     

One common feature that is observed for all grown films is that they are 

amorphous. This was deduced from their XRD pattern. As an example, Figure 4.1 

shows the XRD pattern of the GeTe target as well as the film deposited at a 6 cm target 

to substrate distance, laser energy 200mJ, argon pressure 10
-4

 mbar and 1:30 hours of 

deposition. The XRD pattern of the target shows diffraction peaks at the angles 26.1
o
, 

29.9
o
, 42.4

o
, and 43.3

o 
whereas the XRD pattern of all our deposited films  show a very 

broad peak in the 2θ range between 25
o
 and 30

o
, indicating an amorphous state of the 

film. 
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Figure 4.1. XRD Spectra of GeTe Target and GeTe Thin Film (H1). 

 

 

A. Effect of Varying the Target to Substrate Distance 

To study the effect of the target to substrate distance on the properties of the 

deposited GeTe films, four samples were prepared at room temperature. 

 

1. SEM Images and Discussion 

Fig. 4.2 shows the SEM images for the films H1, H2 and H3, which were 

deposited at different distances 6, 7 and 10 cm respectively. It is clearly seen that the 

surfaces of the films appear to be comparably smooth with few droplets. These images 
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confirmed the absence of delamination and cracks.  Droplets are frequently observed 

during the preparation of films by PLD and could be attributed to splashing of the target 

depending on the experimental conditions.  

 

              

 

 

              

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. SEM Images of the GeTe Films Deposited at Different Target to 

Substrate Distance.  (a) 6, (b) 7, and (c) 10 cm from the target, 10
-4

 mbar of argon 

pressure, 200 mJ laser energy and 1:30 hours deposition time. 

 
 

 

 

(a) (b) 

(c) 
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2. Film Composition and Thickness Measurements 

Film composition was first estimated using EDX, and most films were found to 

be quite close to the 50/50 stoichiometry however the error on the measurements in the 

EDX is up to 10%. In order to get more accurate measurements, the elemental 

composition, stoichiometry, and thickness of the deposited GeTe thin films were 

determined using RBS technique, uncertainty on the measurements ≃1 %). The 

SIMNRA code was used to fit the simulation over experimental data and give 

information regarding the stoichiometry and film thickness.  

 

 

 

 

 

 

 

Figure 4.3. A Typical RBS Spectrum and Simulation for GeTe Thin Film (H1). 

 

 

Table 4.1 shows the RBS results, where the atomic composition and thickness of 

the film at different target-substrate distances are indicated.  
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Table 4.1. The Atomic Composition and Thickness of Films Deposited at Different 

Target to Substrate Distance, where the atomic ratio = 
           

           
 

 

Sample’s name 
Distance 

(cm) 
Atomic   Ge Atomic   Te 

Atomic 

Ratio 

Thickness 

(nm) 

H1 6 50.5 49.5 1.02 664 

H2 7 50.9 49.1 1.04 456 

H3 10 53.7 46.3 1.16 228 

 

The table shows clearly that the thickness of the film decreases with the increase 

of target to substrate distance as plotted in Fig. 4.4. This is due to the expansion of the 

laser induced plasma plume with the increase of target–substrate distance. Therefore, 

the particle flux of the ablated species in the plume over the substrate area decreases 

with the increase of target–substrate distance which lowers the deposition rate of the 

GeTe films and hence the thickness [30]. It is also obvious that as we increase the target 

to substrate distance there is a significant deviation in the composition of the GeTe thin 

films and thus the atomic ratio. The film obtained at a distance of 6 cm between the 

target and the substrate is the closest to stoichiometry, whereas the film grown at 10 cm 

is rich in Ge with a Ge/Te ratio equal to 1.16. This deviation could be due to the 

difference in atomic masses between Ge and Te. 
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Figure 4.4. Variation of the Films’ Thickness As a Function of Target to substrate 

Distance for a Deposition Time of 1:30 Hours and Frequency of 10 Hz. 

 

3. Optical Properties 

The measurement of the absorption coefficient α as a function of frequency ν of 

the incident beam provides a mean to determine the band gap    of a material. The 

optical band gap in most of the amorphous semiconductors can be determined using the 

Tauc relation [31], which is expressed as 
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Where B is a constant and r is an index which depends on the nature of 

electronic transition responsible for the optical absorption. Values of r for allowed 

direct and indirect transitions are 1/2 and 2 respectively [31]. 

Figure 4.4 shows a Tauc plot of the optical absorption spectrum measured at 

room temperature for the GeTe film deposited at different target-to-substrate distance. 

Our results show a linear behavior of (αhν)
1/2

, which means an indirect transition from 

the valence to conduction bands. The corresponding indirect energy band gap can be 

obtained from the intercept of the resulting straight lines with the energy axis, i.e. for 

(αhν)
1/2 

= 0. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Variation of (αhν)
1/2

 Versus Photon Energy (hν) for the GeTe Films 

Deposited under Different Target to Substrate Distance. 
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The values of the optical bandgap obtained from Tauc plot are given in table 

4.2.Comparing the bandgap values of the three samples deposited at different target to 

substrate distances, the three samples have a very close value around 0.7 eV 

 

 

Table 4.2. The Optical Band Gap of Films Deposited at Different Target to 

Substrate Distance. 

 

Sample’s name Distance (cm) Optical bandgap    (eV) 

H1 6 0.69 ± 0.03 

H2 7 0.70 ± 0.04 

H3 10 0.71 ± 0.04 

 

 

 

4. Electrical Properties 

The amorphous-crystalline transition temperatures (Tc) and its width have been 

determined using resistance measurements as a function of temperature for all samples, 

as plotted on the semi- logarithmic graph in Fig. 4.6. The resistance measurements were 

carried out on samples H1, H2 and H3 at temperatures between 25 and 270 °C and at a 

heating rate of 5 K/min. 

 

 

 

 

 

 

 

 

 



43 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Resistance of the Deposited GeTe Films Measured with Heating Rates 

of 5 K/min  

 

 

As the temperature is raised from 5
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to 125 
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C, the resistance decreases 

exponentially; then a sharp drop, encompassing 3 orders of magnitude, is observed over 

a narrow range. This resistance drop is related to the amorphous to crystalline phase 

transition, which is mainly due to the increase of mobility, rather than of carrier 

concentration [26, 32].  

According to equation 2.4 and by plotting Ln (R) as a function of 1000/T 

(Arrhenius plot), the electrical bandgaps can be determined from the slopes of the 

curves of figure 4.7. All the electrical results are summarized in table 4.3. 
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Figure 4.7. Arrhenius Plots of ln (R) Versus 1000/T for GeTe Films Deposited at 

Different Target to Substrate Distance. 

 

 

Table 4.3. The Crystallization Temperature (     Electrical Band Gap (Eg), and 

Transition Width of Films Deposited at Different Target to Substrate Distance. 

 

Sample’s name Distance (cm) Electrical Eg (eV)       ( ) Transition width ( ) 

H1 6 0.74 ± 0.04 145 20 

H2 7 0.75 ± 0.04 135 10 

H3 10 0.81 ± 0.04 140 30 
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The transition width is defined as the end of the transition subtracted from the 

beginning of the transition, and the crystallization temperature is: 

           
                

 
 

Where    is the temperature at the beginning of the transition. Several studies 

were performed to detect the transition temperature of GeTe thin films and the results 

varied from      to      [5, 17, 32, 33, 34 ]. Numerous factors affect this temperature 

such as deposition technique (PLD, HIND HIVAC coating unit, Atomic Layer 

Deposition, thermal evaporation), temperature at which films were deposited, film 

thickness, chamber pressure, deposition time, and heating rate, etc.  

For this set of samples, the band gap has been varied from 0.74 eV to 0.81 eV 

which is in agreement with the reported band gap of GeTe [35]. However, the variation 

in the band gap values with upon changing the target to substrate distance is within the 

experimental error. If we compare the values of the electrical and optical energy gaps, 

we notice that for all 3 samples the optical band gap is slightly smaller than the 

electrical one. So, here two different values of threshold for bandgap can be determined, 

the optical bandgap and electrical bandgap. The optical bandgap is related to the 

threshold for photons to be absorbed and the electrical bandgap is related to threshold 

for creating the electron-hole pair [36]. This is mainly relevant in amorphous 

semiconductors which can have substantial densities of "tail" states, states near the band 

edge that allow plenty of absorption but little transport, because the states are localized. 

In such materials the electrical gap is typically larger than the optical one.  
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B. Effect of Varying the Deposition Pressure 

To study the effect of the Argon pressure on the properties of the deposited 

GeTe films, four samples were prepared at room temperature. 

 

1. SEM Images and Discussion 

Fig. 4.8 shows the SEM images for the films deposited in vacuum, and argon pressure 

of 10
-4

, 10
-3

, 10
-2

 mbar. Laser 

 

 

          

 

 

 

 

 

 

 

(a) (b) 
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Figure 4.8. SEM Images of the GeTe Films Deposited in Different Deposition 

Pressure. (a) vacuum, and pressure of (b) 1.0x      , (c) 1.2 x     ,and (d) 1.0 x 

    , mbar Argon pressure respectively. Films are deposited at 6 cm target to 

substrate distance, 200 mJ laser energy and 1:30 hours deposition time. 

 

From the SEM images, it is clear that the Argon pressure in the chamber 

influences the surface morphology of the GeTe thin films. The film deposited in 

vacuum Fig. 4.7 (a) has a smoother surface. The film deposited in Argon atmosphere 

was rougher compared to the film prepared in vacuum. The change in the surface 

morphologies were associated to the plasma plume dynamics in a certain atmosphere, 

the PLD process involves laser beam and target material interaction. Consequently, the 

plasma plume will be released from the target surface in a perpendicular direction 

heading toward a substrate. The plasma plume contains ions, electrons, atoms, 

molecules and clusters. Their kinetic energy is high because of the high energy of the 

laser beam. In the case of deposition in vacuum, due to absence of a gas, the particles 

will arrive to the substrate with high kinetic energy and will not encounter collisions 

with background Argon atoms, atoms will consequently diffuse on the film surface and 

(c) (d) 
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smoothen the film. Therefore, the film deposited in the Ar atmosphere were rougher 

than the films deposited in vacuum and as the background Argon pressure increases the 

surface of the film becomes rougher. The presence of the chamber gas can greatly 

change the surface mobility of the arrived particles, and therefore the change in the 

particles surface mobility may affect the surface morphology [37].  

Figures (a), (b) and (c) are homogeneous and crack-free. Yet upon increasing the 

pressure to the order of      (figure d) cracks clearly appear and thin films lose the 

homogenous structure thus decreasing the film quality. So, we can conclude that the 

Argon pressure has a significant impact on the surface morphology of the deposited 

films; as the background Argon pressure increases the surface of the film becomes 

rougher. 

 

2. Film Composition and Thickness Measurements 

The influence of the chamber pressure on the film composition and thickness 

will be studied in the section and the results are summarized in table 4.4. 

 

Table 4.4. The Atomic Composition and Thickness of Films Deposited at Different 

Chamber Pressure. 

 

Sample’s 

name 

Ar Pressure 

(mbar) 
Atomic   Ge Atomic   Te 

Atomic 

Ratio 

Thickness 

(nm) 

H4 Vacuum 49.7 50.3 0.99 215 

H5 1.0x      49.9 50.1 1 614 

H6 1.2 x      51.6 48.4 1.07 600 

H7 1.0 x      48.3 51.7 0.94 304 
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The thickness of the films was strongly affected by the deposition background 

gas. The thickness of the films varied for the films deposited in vacuum and different 

argon pressure. The plume particles dynamics (Kinetic energy, collision, and scattering) 

plays an important role in determining the film thickness, and they are correlated with 

the mean free path of the ejected particles [38]. 

The thinner film recorded for the vacuum environment may be explained by the 

plume dynamics during the deposition process. In vacuum the plume particles move 

with their original energy which is very high. These energetic particles, upon reaching 

the substrate, can induce re-sputtering of the growing layer resulting in thinner layers 

and smoother surface as shown in Fig. 4.8 (a). In the case of the Ar atmosphere, the 

lightest particles (ions and atoms) might be slowed down by the Ar atoms, which results 

in GeTe clusters with enough kinetic energy to stick on the substrate. Consequently, the 

GeTe films deposited in Argon gas are thicker than the vacuum film. It is also well 

known that the characteristics of a thin film strongly depend on the pressure of the 

background gas during PLD, since the ambient particles interact with the particles in the 

plume [39] .The collision between the ambient gas atoms and the particles in the plume 

will decrease the kinetic energies of the particles and hence increase the amount of time 

the particles stay in the plume. This gives the particles enough time to nucleate, 

agglomerate, and grow into bigger particles prior to their arrival on the substrate [40]. 

On the other hand, the particles ejected in vacuum moves freely and are expected to 

have a higher mean free path, and thus, they do not have enough time to nucleate in the 

plume.  

Figure 4.9 indicates the variation of film thickness with the change in Argon 

pressure. This can be explained as follows: In PLD process under ultrahigh vacuum 
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conditions deposition, re-sputtering from the film surface occurs due to the presence 

of energetic particles in the plasma plume, this can be possible by modifying the laser 

energy density or by modifying the deposition pressure in the chamber. Re-sputtering 

process involves re-emission of material deposited during the deposition process. Re-

emission is caused by ion bombardment of the deposited material. In that case, with 

increasing argon gas pressure to     mbar, a reduction of the particle energy is 

accompanied with a decrease of re-sputtering and a rise in the deposition rate. In 

contrast, for higher gas pressures, scattering of ablated material out of the deposition 

path between target and substrate is observed, leading to a decrease in the deposition 

rate. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.9. The Variation of Film Thickness As Function of Argon Pressure 
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-4

 mbar pressure is almost 

1:1 . This one to one composition starts to fluctuate upon adding Argon gas to the 

chamber. The deviation of the film composition increases up to 1.66 % upon increasing 

1xE-4 1xE-3 1xE-2

300

350

400

450

500

550

600

650

 

 

F
il
m

 T
h

ic
k
n

e
s
s
 (

n
m

)

Pressure (mbar)



51 

the chamber pressure from      to     mbar. This indicates that preparing the films 

under vacuum or a 10
-4

 mbar Argon pressure will give the best film composition and 

that the increase in the Ar background pressure will be accompanied with a deviation 

from the 50:50 composition of the GeTe deposited films.  

 

3. Optical Properties 

Figure 4.10 shows a Tauc plot of the optical absorption spectrum measured at 

room temperature for the GeTe film deposited at different Argon pressure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. Variation of (αhν)
1/2

 Versus Photon Energy (hν) for the GeTe Films 

Deposited Under Different Chamber Pressure. 

 

The same approach, as the one discussed in 4.2.3 has been followed to 

determine the optical band gap of the 5 samples under study. The results are listed in the 

table below. 

0.6 0.7 0.8 0.9 1.0 1.1 1.2

0

50

100

150

200

 

 

(
h

) 

(c
m

-1
.e

V
)1

/2

Energy (eV)

 Vacuum

 10
-4
 mbar

 10
-3
 mbar

 10
-2 

mbar



52 

Table 4.5. The Optical Band Gap of Films Deposited at Different Chamber Pressure. 

Sample’s name Pressure(mbar) Optical bandgap    (eV) 

H4 Vacuum 0.75 ± 0.04 

H5 1.0x      0.73 ± 0.04 

H6 1.2 x      0.74 ± 0.04 

H7 1.0 x      0.78 ± 0.04 

 

The variation of the deposition pressure did not have a significant influence on 

the optical band gap of the GeTe thin films. The optical band gaps varied between 0.73 

and 0.78, however this change lies within the experimental error. 

 

4. Electrical Properties 

The resistance measurements were carried out on samples H4, H5, H6 and H7 at 

temperatures between 25 and 270°C and at a heating rate of 5 K/min. 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.11. Resistance of the Deposited GeTe films at Different Argon Pressure 

Measured with Heating Rates of 5 K/min  

0 50 100 150 200 250 300
10

1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

 

 

R
e
s
is

ta
n

c
e
 (

 
)

Tempertaure ( 
o
C)

 Vacuum

 10
-4
 mbar

 10
-3
 mbar

 10
-2
 mbar



53 

In figure 4.12, the electrical band gap of the samples H4, H5, H6, and H7 are 

determined from the slope of Ln (R) versus 1000/T and the results are listed in table 4.6. 

The results are listed in table 4.6. 

 

Fig.4.12. Arrhenius Pots of ln (R) Versus 1000/T for GeTe Films Deposited Under 

Different Argon Pressure. 

 

 

Table 4.6. The Crystallization Temperature (     Electrical Band Gap, and 

Transition Width of Films Deposited at Various Chamber Pressure. 

 

Sample’s 

name 
Pressure (mbar) Electrical   (eV)    ( ) 

Transition Width 

( ) 

H4 Vacuum 0.81 ± 0.04  145 20 

H5 1.0x      0.74 ± 0.04 145 20 

H6 1.2 x      0.75 ± 0.04 143 25 

H7 1.0 x      0.91 ± 0.05 195 20 
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We notice that the best agreement with the reported band gap (0.742 eV) are 

samples H5 and H6. The increase of chamber pressure enhances the scattering of Ar 

particles which reduces the film quality and results in defects in the film. With the 

increase of collisions between GeTe particles and Argon particles, scattering of ablated 

material out of the deposition path between target and substrate is observed, leading to 

a decrease in the deposition rate and thinner films are obtained. All these factors do 

not favor conduction and thus reduce the quality of the films. It can be also observed 

that the sample prepared under vacuum does not show agreement with the reported 

GeTe band gap as well. This can be due to the fact that under vacuum, GeTe particles 

move freely with very high energy. When these energetic particles reach the substrate, 

re-sputtering of the previous layer occurs which leads to a thin layer as well. 

 

C. Effect Laser Energy 

Laser energy plays an essential role in film formation, for this reason five 

samples were prepared at different laser energy. These samples were also 

characterized using the same methodology of the previous parts.  
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1. SEM Images and Discussion 
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Fig.4.13. SEM Images of H8, H9, H10, H11 and H12 Samples, the GeTe Films 

Deposited at Different Laser Energies. (a) 133, (b) 200, (c) 250, (d) 300, and (e) 350 

mJ respectively. All images are captured with a scale bar of 100 m. Films are 

deposited at 6 cm target to substrate distance, 10
-4

 mbar argon pressure and 1:30 

hours deposition time. 

 

The energy of laser energy on the surface morphology of the GeTe films was 

studied by scanning electron microscopy. The SEM micrographs of the GeTe films 

deposited at different energies are shown in figure 4.13. All films are crack free, and 

droplets do exist (this is a general drawback of the PLD technique). Films prepared at 

low laser energy are smooth, uniform and compact, while those prepared at higher 

laser energy contain particulates and clusters in sub-micro size. The formation of the 

clusters or irregular shape particles can be explained by laser splashing. It is clearly 

noticed from SEM images that films prepared at energies of 136 and 200 mJ have the 

best surface morphology and further increasing of the laser energy leads to increasing 

the density of the clusters and droplets on the grown films. 
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2. Film Composition and Thickness Measurements 

Film composition and thickness were investigated using RBS technique and the 

results are summarized in table 4.7.  

 

Table 4.7. The Atomic Composition and Thickness of Films Deposited at Different 

Laser Energies. 

 

Sample’s 

name 

Laser Energy 

(mJ) 
Atomic  Ge Atomic   Te 

Atomic 

Ratio 

Thickness 

(nm) 

H8 136 50.7 49.3 1.03 60 

H9 200 50 50 1 241 

H10 250 50 50 1 266 

H11 300 50.7 49.3 1.03 433 

H12 350 51.8 48.2 1.07 560 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. Variation of the Films’ Thickness As a Function of Laser Energy 
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Figure 4.14 displays the variation of film thickness with laser energy. Thus PLD 

generally can be divided into four stages. 

1. Laser radiation interaction with the target 

2. Dynamic of the ablation materials 

3. Decomposition of the ablation materials onto the substrate 

4. Nucleation and growth of a thin film on the substrate surface 

In the first stage, the laser beam is focused onto the surface of the target. At 

sufficiently high energy density and short pulse duration, all elements in the target 

surface are rapidly heated up to their evaporation temperature. Materials are dissociated 

from the target and ablated out with stoichiometry as in the target. The instantaneous 

ablation rate is highly dependent on the energy of the laser irradiating on the target. 

Therefore, as we increase the energy of the laser beam, more atoms are removed and 

thus thickness of the films increases. 

It is clear from RBS measurements that the best composition is obtained at laser 

energy of 200 mJ. The GeTe film composition starts to fluctuate upon increasing the 

laser energy from 250 to 350 mJ where the deviation from the film composition 

increases from 0.003% to 1.75%. Similarly, decreasing the energy to 136 mJ will 

introduce a deviation of 0.7 %. This indicates that preparing the films under a laser 

energy of 200 mJ will give the best film composition and as we increase or decrease this 

energy, fluctuations in the Ge:Te ratio start to appear.  
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3. Optical Properties 

 

Figure 4.15. Variation of (αhν)
1/2

 Versus Photon Energy (hν) for the GeTe Films 

Deposited Under Various Laser Energies. 

 

The variation of the optical energy gap with laser energy is given in table 4.8.  

 

Table 4.8. The Optical Band Gap of Films Deposited at Different Laser Energies. 

Sample’s name Laser energy (mJ) Optical    (eV) 

H8 136 0.51 ± 0.03 

H9 200 0.65 ± 0.03 

H10 250 0.66 ± 0.03 

H11 300 0.64 ± 0.03 

H12 350 0.64 ± 0.03 
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4. Electrical Properties 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16. Resistance of the Deposited GeTe Films at Different Laser Energies 

Measured with Heating Rates of 5 K/min  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17. Arrhenius plots of ln (R) versus 1000/T for GeTe films deposited at 

different laser energies. 
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Table 4.9. The Crystallization Temperature (     Electrical Band Gap, and 

Transition Width of Films Deposited at Various Laser Energies. 

 

Sample’s 

name 

Laser energy 

(mJ) 
Electrical   (eV)    ( ) 

Transition width 

( ) 

H8 136 0.82 ± 0.04 175 20 

H9 200 0.78 ± 0.04 170 20 

H10 250 0.77 ± 0.04 135 20 

H11 300 0.77 ± 0.04 133 25 

H12 350 0.77 ± 0.04 135 20 

 

The result shows that the phase transition temperature of samples was different 

upon changing the laser energy. The reported transition temperatures were 175, 170, 

135, 133 and 135 °C for samples H8-H12, respectively. It is clear that at low energies 

(136 and 200 mJ) the transition temperature has higher values compared to those at high 

energies (250, 300 and 350 mJ). This was previously reported in a study on the 

influence of laser energy on Ge2Sb2Te5 thin films prepared by pulsed laser deposition 

[41].  

The characteristic of PLD is possibly the cause of the above results. PLD is a 

physical vapor deposition technique that uses the output of a short laser pulse to raise 

the surface temperature of a small portion of the target and cause a plume of evaporated 

material to be ejected from the target forming highly disordered amorphous film. 

However, increasing laser energy will lead to the fact that the plume arriving substrate 

has redundant energy which will cause part particles to form nuclei or crystals. These 

nuclei or crystals exist in amorphous film. The crystallization of GeTe includes 

nucleation and growth. During the process of annealing, the existing nuclei/crystals are 

helpful to the crystallization of film which explains the decrease in the transition 

temperature with the increase of laser energy. 
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The change in laser energy did not have any significant effect on the electrical 

band gap where all the obtained results are around 0.77 eV. 

 

5. Effect of Deposition Time  

 

 

 

 

 

 

 

 

 

 

Figure 4.18. SEM Images of the GeTe Films Are Deposited at Different Time 

Intervals.  (a) 1:30, and (b) 3:30 hours respectively, films are deposited at 6 cm 

target to substrate distance, 200 mJ laser energy and 10
-4

 mbar argon pressure. 

 

 The aim of this section is to study the influence of changing deposition time on 

the films prepared, 2 samples are prepared at 1:30 and 3:30 hours. 

 

a. SEM Images and Discussion 

 The thin films prepared for 3:30 hours (fig.4.18 b) are more dense and new 

particulates are present in comparison with the thin films grown for 1:30 hours (fig.4.18 

a) . The growth of thin films starts from a nucleation process: when the nuclei reach a 

critical size, the grains grow rapidly and an additional growth appears. This additional 

(a) 
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growth may affect the direction and the velocity of thin films formation [42]. So we can 

conclude that the deposition time affects the surface morphology of GeTe thin films; as 

the deposition time increases the surface of the film becomes rougher. 

 

b. Film Composition and Thickness Measurements 

Film composition and thickness were investigated using RBS technique and the 

results are summarized in table 4.10. 

 

Table 4.10. The Atomic Composition and Thickness of Films Deposited at 

Different Deposition Intervals. 

 

Sample 

Name 

Deposition 

Time (hrs) 
Atomic    Ge Atomic   Te 

Atomic 

Ratio 

Thickness 

(nm) 

H13 1:30 50 50 1 241 

H14 3:30 51.6 48.4 1.07 376 

 

Figure 4.19 shows the variation of thickness with deposition time of GeTe films. 

The film thickness increased from 241 nm to 376 nm as deposition time increases from 

90 minutes to 210 minutes. Deposition time has a strong influence on the films’ 

thickness which is an expected result. As deposition intervals increase, more elements 

in the target surface are heated up to their evaporation temperature and thus more 

materials are dissociated from the target and ablated out. Therefore, as we increase the 

deposition time, more atoms are removed and thus thickness of the films increases. 

It is noticed from table 4.10 that the best film composition is obtained at a 90 

minutes deposition interval where the Ge: Te ratio obtained is 1 to 1. The increase in 

deposition time is introduces a deviation from stoichiometry (1.61%); as the thickness 

of the film increased, the atomic percentage of Ge increases while those of Te 
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decreased. The deviation from stoichiometry upon increasing film thickness was 

previously recorded in thin films [42, 43, 44]. From this it may be confirmed that the 

atomic percentage of the thin films is altered as the films are prepared at different 

duration time and thus we can conclude that a deposition time of 90 minutes will give 

the best film stoichiometry.  

 

c. Optical Properties 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19. Variation of (αhν)
1/2

 Versus Photon Energy (hν) for the GeTe Films Deposited 

Under Various Deposition Intervals. 

 

 

Table 4.11. The Optical Band Gap of films Deposited at Different Deposition Time. 

Sample Name Deposition Time (hrs) Optical    (eV) 

H13 1:30 0.66 ± 0.03 

H14 3:30 0.70 ± 0.04 
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The values of the optical bandgap accompanied with the increase in the 

deposition time are previously reported [45] and fall within the experimental error. 

 

d. Electrical Properties 

 

 

Figure 4.20. Resistance of the Deposited GeTe films at Different Deposition 

Intervals Measured with Heating Rates of 5 K/min  
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Figure 4.21. Arrhenius Plots of ln (R) Versus 1000/T for GeTe Films Deposited at 

Different Deposition1intervals. 

 

 

The results of the electrical measurements are summarized in table 4.12. 

Table 4.12. The Crystallization Temperature (     Electrical Band Gap, and 

Transition Width of Films Deposited at Various Deposition Times. 

 

Sample 

Name 
Deposition Time (hrs) 

Electrical Eg (eV) 

 
   (

o
C) 

Transition 

Width ( ) 

H13 1:30 0.78 ± 0.04 170 20 

H14 3:30 0.84 ± 0.03 180 20 
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The obtained electrical band gaps are 0.78 eV and 0.84 eV at deposition time of 

1:30 and 3:30 hours respectively. However, these values lie within the experimental 

error. The values of both the transition temperature and transition width are reasonable. 

From the resistance-temperature curves, we observe two or more transitions. 

The sharpest one (first transition) represents the amorphous-crystalline transition as 

mentioned above. The other could be certain transitions from metastable phase to a 

stable one in the crystal structure. Four possible crystal structures: R3m, P1, Cm, and 

Fm3m can coexist in crystalline GeTe where Cm transforms into P1 or R3m after laser 

irradiation [45]. In order to explore those phases, XRD measurements as a function of 

temperature are needed. Unfortunately, this technique is not available in our lab.  
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CHAPTER 5 

CONCLUSION 

 

In this work, we accomplished the growth of GeTe thin films by laser ablation 

and investigated their physico-chemical properties as a function of experimental 

parameters namely target to substrate distance, deposition pressure and laser energy. 

The experimental techniques employed were X-Ray Diffraction (XRD) for 

studying the crystalline quality, Scanning Electron Microscopy (SEM) for imaging the 

surface of the films, Rutherford Backscattering technique (RBS) to determine their 

chemical composition and thickness. In addition, UV-VIS- NIR spectroscopy was used 

to measure the optical band gap of the deposited films. Finally, the measurement of the 

sheet resistance as a function of temperature using two probe method allowed us to 

determine the amorphous to crystalline transition temperature of the thin films as well 

as their electrical energy gap. 

Our results have led to the following conclusions: 

Increasing the target to substrate distance from 6 to 10 cm lead to a decrease in 

deposition rate and a noticeable deviation of 3.75% in the film stoichiometry. The 

change in the optical and electrical band gaps were within the experimental errors where 

the values of the optical energy gap is slightly smaller than the electrical one.  

Deposition under Argon pressure greatly influences the surface morphology of 

the films; upon increasing the pressure to      mbar (maximum pressure used in this 

work), cracks clearly appear and thin films lose the homogenous structure. Film 

stoichiometry is little affected by pressure, but the film thickness decreased at higher 
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pressure respectively. The film deposited at 10
-2

 mbar shows a relatively high transition 

(195
o
C) temperature compared to films deposited at lower pressure (≃140 

o
C). 

Films prepared at low laser energy are smooth, and uniform, while those 

prepared at higher laser energy contain particulates and clusters in sub-micro size. The 

increase in laser energy leads to higher deposition rate but little deviation in the film 

stoichiometry and band gap. 

Furthermore, increasing deposition time leads to an increase in film thickness 

but rougher films. The change in electrical and optical band gaps is within the 

experimental error. 

The GeTe films deposited at  6 cm target to substrate distance, 200 mJ laser 

energy, 10
-4

 mbar argon pressure and 1:30 hours of deposition gives the best film 

conditions due to the smooth surface morphology, 50 to 50 composition, acceptable 

band gaps , transition temperature and width. 

As for future work, there are two main issues that require further investigation. 

The effect of adding certain metals to the GeTe target and its impact on the deposited 

thin films would an interesting follow-up to this work. It is also of great importance to 

go into the details and investigate the multi-transitions obtained in the resistance versus 

temperature curves and compare the results with those obtained from Raman spectra 

measurements.  
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APPENDIX A 

LIST OF FILMS DEPOSITED IN THIS WORK 

 

 

 

 

  

Sample Name Distance 
Ar Pressure 

(mbar) 

Laser 

Energy (mJ) 

Deposition 

Time (hrs) 

Frequency 

(Hz) 

H1 6 1.4 x      200 1:30 10 

H2 7 1.4 x      200 1:30 10 

H3 10 1.9 x      200 1:30 10 

H4 6 Vacuum 200 1:30 10 

H5 6 1.0x      200 1:30 10 

H6 6 1.2 x      200 1:30 10 

H7 6 1.0 x      200 1:30 10 

H8 6 1.9x      136 1:30 10 

H9 6 2.2x      200 1:30 10 

H10 6 1.6x      250 1:30 10 

H11 6 1.4x      300 1:30 10 

H12 6 1.6x      350 1:30 10 

H13 6 2.2x      200 1:30 10 

H14 6 1.4x      200 3:30 10 
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