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1. Introduction 

Chalcogenide glasses are a chemical compound consisting of at least one chalcogen element, 
sulphur, selenium, or tellurium, in combinatio n with other elements. These glasses obtained 
great attention after discovery between 1962 and 1969 by Kolomiets, Eaton, Ovshinsky and 
Pearson of the S-shape current-voltage characteristic in chalcogenide glasses and the 
switching phenomenon from high to low resi stivity states (Popescu, 2005). In 1968 S. R. 
Ovshinsky demonstrated very short (about of 10 -10 seconds) reversible electrical switching 
phenomena in Te81Ge15Sb2S2 thin films due to amorphou s-crystalline phase transition 
(Ovshinsky, 1968). This work opened a new area of phase change technology, which now is 
one of the most important technologies for memory devices and applications in computers, 
CD, DVD, phase-change random access memories, etc. 

The first electrical phase-change memory devices used various binary, ternary and 
quaternary Te-based films with compositions made up of Ge:Te, Si:As:Te, Ge:As:Si:Te, etc., 
systems (Stand, 2005). The early phase change materials used in optical storage comprised 
simple alloys based primarily on compositions  in the vicinity of the tellurium-germanium 
eutectic. Antimony was primarily used, although  other elements including selenium, arsenic 
and bismuth were all shown to have beneficial effects. Based on the results obtained from 
films with Ge 15Sb4Te81 composition (Ovshinsky, 1971) the first application of Ge:Sb:Te alloys 
was reported for phase change rewritable optical disks.  

In the early 1990s, a second generation of high speed phase change materials based on 
Ge:Sb:Te alloys was reported by several optical memory research groups (Ohta et al 1989, 
Yamada et al, 1991, Gonzalez-Hernandez et al, 1992). These alloys have stoichiometric 
compositions along the GeTe–Sb2Te3 pseudobinary line of phase diagram such as Ge2Sb2Te5, 
Ge1Sb2Te4 and Ge1Sb4Te7.  

Ge:Sb:Te stoichiometric alloys have three phases: one amorphous and two crystal structures. 
The first crystalline phase is the rock salt NaCl-like and the second more stable phase is 
hexagonal. When the amorphous films are heated, the transition from  amorphous to rock 
salt-like structure o ccurs at around 120-1700C; subsequent heating transforms this phase into 
a stable hexagonal structure at temperatures around 200-2500C. The exact transition 
temperature depends on the composition of the film. The hexagonal structure remains stable 
over a wide temperature range from 200-2500C to around the melting point (593-630 0C, 
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depending on composition) (Gonzalez-Herna ndez et al, 1992). The principle of phase-
change memory operation is based on a reversible phase-transformation from the 
amorphous (high resistance/low reflectivity state) to crystalline NaCl-type (low 
resistance/high reflectivity state) under short lase r or electrical pulses. It is necessary to note 
that for phase-change memory applications only the amorphous-NaCl -type transition has 
been used, probably because the heating time produced by the laser or electrical pulse is too 
short to form the stable hexagonal structure (Yamada, 1991). This transformation is always 
accompanied by abrupt changes in reflection (about 20-30 %) and resistivity (about 3 orders 
of magnitude) in chalcogenide films. The reversible transformation from crystalline to the 
amorphous structurally disordered state can be obtained by increasing the local temperature 
of the Ge:Sb:Te layer above its melting point by short intense laser, or electrical pulses and 
the subsequent quenching with a cooling rate about 1010 deg/s (Yamada et al, 1991).  

The phase transition between the amorphous and NaCl-type crystalline phase in 
stoichiometric materials is fast because atoms in the amorphous state do not need to travel 
long distances to take their position in the crystal lattice. On the other hand, non-
stoichiometric compounds require long-range  diffusion when they crystallize from an 
amorphous state (Yamada et al, 1991, Yamada 1996), which in general slows down the 
crystallization process. For example, 30 at. % of the deviation from Ge2Sb2Te5 stoichiometric 
composition increased the crystallization time  from 220 to 500 ns (Kyrsta et al., 2001). 

For several years, Ge:Sb:Te alloys along the pseudobinary GeTe–Sb2Te3 line have been used 
as the main material for optical phase-change data storage devices and are currently being 
investigated for nonvolatile electronic storage purposes (which utilize the difference in the 
electrical resistance of the two phases) due to the high reflectivity and resistivity contrast 
between the amorphous and crystalline phases. Many investigations have been carried out 
on this type of phase-change materials with the purpose of improving their properties and 
to increase its storage capacity, stability, speed and versatility. These investigations have 
shown that the crystallization of the phase-change (or amorphous-NaCl-type transition) can 
be considered as a rate-limiting process to obtain a fast data transfer. That is why there are a 
considerable number of experimental and theoretical studies investigating the amorphous-
to-crystalline NaCl-type phase transformation. In  spite of the large number of publications, 
the activation energy for crystallization of Ge :Sb:Te materials reported in the literature 
shows a large discrepancy; the activation energy of crystallization for Ge 2Sb2Te5 reported in 
the literature varied between 0.8 and 2.9 eV, for example. Such dispersion in the kinetic 
parameters might depend on the differences in the deposition methods, type of substrate, 
dielectric cover layer, film thickness and/or pa rameters of deposition processes, which lead 
to differences in the crystallization temperature,  activation energy, and the like. In addition, 
experimental data show relatively long incubation times for crystallization of Ge:Sb:Te films 
and a relatively large amount of crystallized material during this period of time (Morales-
Sanchez et al 2010). Incubation time manifests itself as the time necessary to reach critical 
values of nucleus for the crystallization to occur (Senkader et al, 2004). The existence of a 
non-negligible amount of crystallite during the incubation time could also be responsible for 
the dispersion in the kinetic parame ters reported in the literature.  

Based on such antecedents, we aimed in this chapter at investigating the crystallization 
kinetics of thin films on a glass substrate obtained by the same deposition process (DC 
sputtering), with the same thickness (around 200 nm), and composition along the GeTe–
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Sb2Te3 pseudobinary line (Ge2Sb2Te5 Ge1Sb2Te4 and Ge1Sb4Te7) including GeTe and Sb2Te3 

(which lie at the end of GeTe-Sb2Te3 pseudobinary line), taking into account the processes 
during the incubation time. It is necessary to note that GeTe and Sb2Te3, as well as Ge:Sb:Te, 
can be used in phase-change data storage. Additionally, the crystallization kinetics of 
Ge4Sb1Te5 films will be present in this chapter. The structure of this alloy is unclear. In 
contrast to other Ge:Sb:Te ternary compounds, it does not belong to the GeTe – Sb2Te3  
homologous series, although it lies on (or very close to) the GeTe-Sb2Te3 pseudobinary line 
in the Ge:Sb:Te phase diagram between GeTe and Ge2Sb2Te5. It is suggested (Coombs et al., 
1995) that this alloy is a solid solution between GeTe and a compound with a composition 
close to Ge4Sb1Te5. This material, in contrast to stoichiometric alloys, demonstrates only one 
amorphous-NaCl-type phase transition, but it has the largest optical (Kato et al., 1999) and 
electrical (Morales-Sanchez et al., 2005) contrast between the crystalline and amorphous 
states, compared with other Ge:Sb:Te ternary alloys. 

Necessary to note that as-prepared and melt-quenched Ge:Sb:Te amorphous materials show 
different crystallization kinetics (Nobukuni et al., 1999, Park et al., 1999, Khulbe et al., 2000, 
Wei et al., 2003, Kalb et al., 2004, Raoux et al., 2008). It has been proposed in the literature that 
for melt-quenched amorphous materials may exist: embryos following the condensation and 
evaporation of embryos to form crystalline cluste rs (Khulbe et al., 2000), preexisting clusters 
(Park et al., 1999), crystal nuclei (Wei et al., 2003), sinks and voids after repeated overwriting 
(Nobukuni et al., 1999), locally ordered regions with  structure similar to that of crystalline Sb 
(Naito et al., 2004) or a crystalline amorphous border (Raoux et al., 2008). In spite of different 
models, crystallization in the melt-quenched amorphous material can start from these 
nucleation centers, which decrease incubation time and increase crystallization speed. But in 
this chapter only crystallization of as-p repared materials will be discussed.  

Studies of crystallization kinetics of phase change materials are mostly analyzed using the 
Johnson–Mehl–Avrami-Kolmogorov (JMAK) mode l for isothermal annealing (see for 
example: (Weidenhof  et al., 2001, Ruitenberg et al., 2002,  Trappe et al., 2000, Morales-
Sanchez et al., 2010)), which permitted to determine the activation energy for the 
crystallization process. This method will be used for investigation of the crystallization 
kinetics in the compositions mentioned above.  

Figure 1 shows in-situ optical reflection (u sing a laser diode emitting at 650 nm) as a 
function of temperature with a heating rate of 5 0C/min for all investigated films with 
composition indicated on the graph. An abrupt change in reflection is associated with the 
onset of phase crystallization. Stoichiometric Ge2Sb2Te5, Ge1Sb2Te4 and Ge1Sb4Te7 materials 
demonstrate two changes: the first corresponds to amorphous-NaCl-typ e transition and the 
second to NaCl-type-hexagonal transformation. In contrast, GeTe, Ge4Sb1Te5 and Sb2Te3 
show only one amorphou s-crystalline transition . The highest crystallization temperature (T c) 
has been observed in GeTe, the lowest in Sb2Te3. The crystallization kinetics of the GeTe-
Sb2Te3 pseudobinary line will be analyzed according to this Figure from the highest to the 
lowest crystallization temperature. 

2. Deposition of phase change films 

An important aspect to develop thin films of  phase change materials is the deposition 
method. It is well known from the literature  that deposition technology strong ly affects 
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the microstructure and as a results the optical, electrical and crystallization (especially the 
crystallization temperature) properties of phase-change materials. For example, the 
crystallization temperature of the films wi th the same composition but obtained by 
different deposition methods can differ for more than 20 0C, and no suitable explanation 
has yet been proposed (Morales-Sanchez et al., 2005). That is why, to compare 
crystallization properties all studied films have to be obtained with the same deposition 
process (DC sputtering), with the same thickness (around 200 nm), and composition along 
the GeTe–Sb2Te3 pseudobinary line. This method has been chosen because sputtering can 
produce films with the desired stoichiometr y. Compared, for example, with thermal 
evaporation, in sputtering the thickness and ch emical composition of thin films are easier 
to control.  

 
Fig. 1. Dependencies of optical reflection on temperature for films with compositions 
indicated on the graph. 

 
Fig. 2. Surface topography of as-prepare amorphous (a) and crystalline (b) Ge2Sb2Te5 films. 

a b
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The thin films have been prepared on glass and Si substrates by DC magnetron sputtering 
from one composite target. The deposition conditions were: 4.5x10-6 mbar base pressure, 
2.0x10-5 mbar work pressure, 180 cm3/min Ar gas input flow, 0.49 W/cm 2 DC power 
density, and 10 min deposition time. Before f ilms sputtering, the targets were cleaned for 10 
minutes by sputtering to remove the ox ide from the surface. According to XRD 
measurements all films were obtained in amorphous state. Energy dispersive spectroscopy 
has shown that deviations of films compositio ns from the targets were approximately 2%.  

Figure 2a shows typical surface topography obtained from AFM measurements of as-
prepared amorphous thin films. All amorph ous films demonstrated vary smooth surface 
with the surface roughness between 1 and 3 nm. In contrast, in the crystalline films 
(annealed to the temperature of 2000C) the topography image shows grains with average 
size between 20-120 nm (Fig. 2b). The dimensions of grains are dependent on the films 
composition.  

3. Crystallization of GeTe  

GeTe is a promising candidate for the application of in phase-change technology due to its 
higher crystallization temperature (onset of crystallization temperature at about 1840C) 
when compared to other alloys, since it offers a significant improvement in data-retention at 
high temperature (Perniola et al., 2010, Fantini et al., 2010). Amorphous films, in contrast to 
Ge:Sb:Te ternary alloys, crystallize in the rhombohedral phase. This phase can be viewed as 
a rock salt structure distorted along the [111]-direction (Caravati et al., 2010). Additionally, 
the central atom is displaced along the [111]-direction from the center of the rhombohedron. 
Upon crystallization, in a rhombohedral (disto rted rock salt) structure appeared about 10% 
of vacancies occurring on Ge sites (Kolobov 2004). GeTe is a classical ferroelectric material 
that shows displacive type ferroelectric-par aelectric transition from a rhombohedral 
ferroelectric phase to a rock salt type structure with paraelectric prop erties. Two sublattices 
form this rock salt structure: Ge atoms compose one of the lattices and tellurium atoms the 
other (Rabe et al., 1987).  

The NaCl type crystalline structure of GeTe is an unstable phase. This crystalline structure 
exists for temperatures above 300°C. The ferroelectric-paraelectric transition occurs in the 
interval of 327-4270C depending on various factors, such as exact composition, carrier 
density, etc. For example, changes in Te composition from 50 to 50.7 at. % shift the transition 
temperature from 4270C to 3560C (Okura, 1992). 

Activation energy of amorphous to rhombohedral phase crystallization reported in the 
literature demonstrates large dispersion: 1.7 eV (Libera et al., 1993), 1.77 eV (Lu et al., 1995), 
1.96 eV (Fantini et al., 2010), 2.5 eV (Fan et al., 2004), 3.9 eV (Matsushita et al., 1989). Such 
dispersion can be dependent on the differences in the deposition methods, type of substrate, 
method of results interpretation, etc. Accord ing to the literature and to our measurements 
(Fig. 1), GeTe has the highest crystallization temperature for materials on the GeTe-Sb2Te3 

pseudobinary line and must demonstrate the hi ghest activation energy of crystallization.  

Figure 3 shows X-ray patterns of GeTe film measured at the temperature indicated on the 
graph. At temperatures below 1800C, the material shows only wide bands, which are 
characteristic of amorphous materials. At hi gher temperatures, a rhombohedral GeTe phase 
appears. At a temperature of 3500C two phases have been observed: rhombohedral and 
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NaCl-type, and at higher temperatures the material transforms into a NaCl-type phase. This 
phase exists only at temperatures above 4000C and in the process of cooling, again 
transforms into the stable rhombohedral phase.  

Crystallization kinetics in GeTe, as in other materials, has been investigated using optical 
reflection during isothermal measurements. Reflection measurements were made with a 650 
nm wavelength laser diode and a PIN diode as detector. In the reflectance measurements, 
the generally employed assumption has been used; the reflection signals are linearly related 
to the total transformed crystalline volume fractions x (Weidenhof et al., 2001): 

 [ ( ) ] /[ ]x R t Ra Rc Ra�  � � � �,  (1) 

where R(t), the experimental measurement value of reflectance, Ra and Rc are reflectance of 
amorphous and fully crystalline phases, respectively. 

 
Fig. 3. XRD patterns of GeTe film measured at the temperature indicated on the graph. Blue 
patterns correspond to rhombohedral phase. Red patterns correspond to NaCl-type phase. 

Figure 4 shows the evolution of the total crystalline volume fraction x, for GeTe samples, 
calculated from reflection measurements for films isothermally annealed at the 
temperatures indicated on the graph. 

In this chapter, crystallization kinetics wi ll be analyzed using the Johnson–Mehl–Avrami-
Kolmogorov (JMAK) model for isothermal annealing. According to the classical JMAK 
model, the transformed volume fraction x can be determined by the following expression: 

 ( ) 1 exp( )nx t Kt�  � � � �, (2) 

where K=�Äexp(-E/kT),  �Ä is the frequency factor, E is the effective activation energy, t is the 
annealing time, and n the Avrami exponent, which provides information about the 
mechanisms of crystallization. The value of n can be evaluated from the slope of the  
ln[-ln(1- x)] versus ln(t)  plot, which in materials with random nucleation and isotropic 
growth should be linear. The JMAK model is based on several assumptions such as: 
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homogeneity of the system, random and unifor m nucleation, and nucleation rate taking 
place at the very beginning of the transformation is time independent and applied for 
isotropic growth at a constant rate.  

 
Fig. 4. Dependencies of the volume fraction x versus time obtained for GeTe samples from 
reflection measurements at the temperature indicated on the graph. 

The value of activation energy for GeTe obtained using Equation (2) was very high: close to 
12 eV. Such high value of activation energy has been obtained because GeTe, as other 
Ge:Sb:Te materials, shows long incubation times �Õ for crystallization, namely, the annealing 
time required to reach a critical nuclei size or to observe an abrupt increase in the crystalline 
volume fraction. In this ca se, the nucleation rate cannot be considered to be time 
independent for the entire crystallization process as is considered in classical JMAK models 
(Senkader et al., 2004).  

In the case of GeTe, the volume fraction of crystalline phase approximately equals zero 
during all the incubation time (see Fig. 4). In such cases than the volume fraction of 
crystalline phase does not demonstrate a substantial increase during the incubation time it is 
possible to define the beginning of the transformation after the incubation time (Weidenhof 
et al., 2001). The JMAK equation can now be expressed as: 

 ( ) 1 exp[ ( ) ]nx t K t �W�  � � � � � �,  (3) 

where �Õ is the incubation time. According to Equation (3) the plot ln[-ln(1- x)] versus ln(t- �Õ) 
must be a straight line with slope n. Figure 5 shows such modification of an Avrami plot for 
GeTe. The insert shows the rate constant as a function of the reciprocal temperature.  

The calculated activation energy for GeTe as determined from the modification of the 
Avrami Equation (3) using the Arrhenius type relation for K was 3.98±0.12 eV. The value of 
the Avrami exponent was about 1.6, which corresponds to diffusion controlled growth from 
small dimension grains with decreasing  nucleation rate (Christian, 1975).  
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In addition, X-ray measurements have shown that during isothermal annealing from 
amorphous phase only one rhombohedral phase appeared. As time increases, the volume 
fraction of amorphous phase decreases (Figure 6); in the same time, the volume fraction of 
crystalline phase increases. No shift in the position of diffraction peaks was observed. This 
observation will be important in the anal ysis of crystallization processes of Ge2Sb2Te5 and 
Ge1Sb2Te4 materials. 

 
Fig. 5. Avrami plot of ln[ �ï ln(1�ïx)] vs ln(t �ï�Õ) for GeTe. Points – experiment, lines – result of 
fitting using JMAK equation (3). Th e insert shows the rate constant K as function of the 
reciprocal temperature. 

 

 
Fig. 6. X-ray diffraction spectra for a GeTe film obtained in the process of isothermal 
annealing at a temperature of 1640C during the time indicate d on the plot. The upper 
pattern corresponds to film annealing at 2000C. 
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4. Crystallization of Ge 4Sb1Te5 

As mentioned above, the structure of Ge4Sb1Te5 is not known. It lies on or is close to the 
GeTe-Sb2Te3 pseudobinary line in the Ge:Sb:Te phase diagram between GeTe and 
Ge2Sb2Te5. Because of such position, the onset of crystallization temperature is about 
1600C, less than in GeTe but higher than in another Ge:Sb:Te ternary alloys. This alloy 
crystallizes in NaCl-type structure (Gonzalez-Hernandez et al., 1992, Wamwangi et al., 
2002, Ruiz Santos et al., 2010). For Ge4Sb1Te5 films the reported values of the activation 
energy varied in a wide range: 1.13 eV (Kato et al., 1999), 3.09 eV (Morales-Sanchez et al., 
2005), 3.48 eV (Wamwangi et al., 2002). 

In addition, similarly to GeTe , bulk material and thin Ge 4Sb1Te5 films demonstrate at a 
temperature of approximately 327 0C ferroelectric-paraelectric transition (Bahgat et al., 2004,   
Ruiz Santos et al., 2010). But in contrast to GeTe, in which ferroelectric-paraelectric 
transition relates to a transformation from a rhombohedral phase to a rock salt type 
structure, in Ge4Sb1Te5 the ferroelectric-paraelectric transition relates to a transformation 
between two different rock salt type structures. 

Figure 7 shows DSC measurements on a crystalline Ge4Sb1Te5 bulk alloy and on the 
amorphous material obtained by removing the as-deposited films from  the glass substrates. 
In the bulk alloys, a nonsymmetrical en dothermic peak at a temperature of 3290C has been 
observed. In contrast, DSC measurements on amorphous material showed an exothermic 
peak at 1760C, which is associated with the crystallization of the sample and a broad 
endothermic peak, with a maximum at approximately 327 0C, and that corresponds to the 
same temperature as in the bulk alloy. The observed endothermic peak can be associated 
with the ferroelectric-paraelectric transition.  

 
Fig. 7. DSC measurements on a bulk crystalline alloy and on the amorphous material, 
obtained by removing the as-deposited films from the glass substrates. 
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Additional confirmation of ferroelec tric-paraelectric transition in Ge 4Sb1Te5 films has been 
obtained by temperature capacitance measurements (Ruiz Santos et al., 2010). In this work, 
it has been shown that the reciprocal capacitances (which are proportional to the reciprocal 
dielectric constant) as a function of temperature show a typical Curie–Weiss behavior for 
temperatures above 3270C.  

Specific data of crystallization process and ferroelectric-paraelectric transition in Ge 4Sb1Te5 

films can be obtained by in situ XRD measurements at different temperatures. Figure 8 
shows that below the crystallization temperature the film is in an am orphous state (pattern 
at 1400C). As the temperature is increased, the material crystallizes in the NaCl type 
structure. As the temperature continue  increasing, the position of all Ge4Sb1Te5 peaks shift to 
lower 2�É values, reaching saturation at a temperature of approximately 3270C at positions 
close to the NaCl type of GeTe structure (ICSD cart #602124), which demonstrate 
paraelectric properties. The position of the NaCl  type of GeTe is marked on the graph with 
the horizontal line. This shift can be clearly seen on the insert of Figure 8, which shows the 
temperature dependence of the (200) diffraction peak in Ge4Sb1Te5. The horizontal line on 
the insert indicates the position of the (200) peak in crystalline GeTe.  

Figure 9 shows the evolution of the total crystalline volume fraction x, for Ge4Sb1Te5 
samples, calculated from reflection measurements for films isothermally annealed at 
temperatures indicated on the graph. As in the case of GeTe, the volume fraction of 
crystalline phase of Ge4Sb1Te5 is approximately equal to zero during all the incubation time. 
The same as for GeTe, kinetics parameters for Ge4Sb1Te5 can be calculated using Eq. (3).  

 
Fig. 8. XRD patterns of Ge4Sb1Te5 film measured at the temperature indicated on the graph. 
The insert shows temperature dependence of (200) diffraction line in Ge4Sb1Te5.  

Figure 10 shows the modification of an Avrami plot for Ge 4Sb1Te5. The insert shows the rate 
constant as a function of the reciprocal temperature. The effective activation energy, 
determined from the Avrami plot for differe nt temperatures using the Arrhenius type 








































