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CHAPTER 1 

Introduction 
This chapter presents a brief introduction to the field of data storage with phase-change 

materials. The science and technology of phase-change recording, motivation, current 

trends and various challenges in this field are highlighted. Finally, the objectives of the 

research presented in this thesis are briefly mentioned. 

1.1. INTRODUCTION 

As a consequence of rapidly increasing digital information storage requirements, the 

search for a universal data storage device that facilitates higher storage capacities, faster 

writing/reading and nonvolatility has been trigged and it is driving the development of 

new materials technology. Among the various choices, phase-change recording and 

magnetic recording are the well-known and evolving techniques. Phase-change 

technology is based on the reversible switching between the amorphous and crystalline 

phase of a chalcogenide material in thin film form using optical or electrical means 

(typically a laser or electric pulse). Data writing generally involves forming an 

amorphous mark in a thin crystalline film. Data erasing is nothing but recrystallizing the 

written amorphous mark. Applying a high energetic laser/electric pulse for short duration 

to the crystalline phase results in an amorphous phase due to local melting followed by 

rapid quenching. Applying a relatively long pulse with moderate energy locally heats the 

amorphous region and leads to crystallization.  

The crystalline and amorphous phases considerably differ in their physical properties. 

For instance, the crystalline phase has a higher optical reflectance and electrical 

conductance than the amorphous phase. By sensing the differences in the physical 

properties between the phases (with very low energy lasers), data reading is possible. In 

the case of phase-change optical recording, a laser beam is used for write/erase operations 

and data reading is performed based on the optical reflectance. In phase-change electrical 
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recording, electrical (typically voltage) pulses are used for write/erase operation. Data 

reading is based on the differences in the electrical conductivity (or resistivity) of the 

phases and very low magnitude voltage pulses are used for this purpose. The concept of 

phase-change recording is illustrated in Fig. 1.1.  
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Fig. 1.1. Phase-change recording principle: (a) an electrical or optical pulse with relatively large pulse 
width and moderate energy (locally) heats the phase-change material above its crystallization 
temperature (Tc) but well below its melting temperature (Tm). This annealing-like process results in a 
low-resistive and high-reflective crystalline phase irrespective of the initial phase of the material.      
(b) Heating the material above its Tm by the pulse with high energy and narrow pulse width followed 
by rapid cooling results in a high-resistive and low-reflective amorphous phase. Rapid cooling (at rates 
higher than 109 K/s) quenches the liquid-like state into an amorphous phase. 
 

Magnetic recording is based on the switching of magnetic polarity of magnetized 

domains in the recording medium using magnetic or combination of magnetic, electric 

and optical means. The advantages of phase-change recording compared to the magnetic 

recording include, i) direct overwrite with a single pass (laser/electrical) and ii) good 

compatibility with read only systems. In the past decade, phase-change recording has 

significantly emerged as a mature technology for rewritable data storage applications. 

Several types of rewritable optical disc formats such as compact disc (CD), digital 

versatile disc (DVD), Blu-ray disc (BD) or high definition digital versatile disc          

(HD-DVD) have been successfully developed. Particularly, in recent years, phase-change 

recording has also given a considerable impetus to the development of nonvolatile 

memories based on the electrical resistance difference between the amorphous and 

crystalline phases of the phase-change material. 
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1.2. PHASE-CHANGE RECORDING MATERIALS 

There are many materials showing transitions between amorphous and crystalline states. 

However, for successful memory devices the states and the switchability have to meet 

several requirements. Hence, the research of exploring potential materials, particularly 

those exhibiting two different physical states with a good contrast in optical and electrical 

properties between them received great attention for use in optical and electrical phase-

change recording. After the seminal work of Ovshinsky [1], who explored a reversible 

amorphous-crystalline transition for the first time in GeTeSbS alloy, numerous 

chalcogenide alloys have been examined for phase-change recording applications and 

several of them are listed in table 1.1 [2-25]. These alloys showed a fast amorphization 

process however, most of them required longer crystallization times typically in the order 

of several hundreds of nanoseconds and therefore not attractive for fast direct overwriting 

[24]. GeTe and GeTeSnAu were the first materials showing short crystallization times 

with good optical contrast. However, in GeTe, the crystallization time was composition 

dependent and only stoichiometric GeTe showed a reasonably short crystallization time 

(30-ns).-In general, materials not crystallizing in a single-phase require longer 

crystallization times and this would add difficulties for practical applications. 
 
Table 1.1. Chalcogenide materials of various compositions as tested for phase-change recording. 
   

 

 

 

 

 

In Fig. 1.2, various materials investigated in the last few decades for the rewritable 

(optical) phase-change media are shown in the phase diagram. Many of the most 

successful alloys were drawn from either one of the following material families;            

(i) pseudo-binary alloys lying on GeTe-Sb2Te3 tie line [19] and (ii) doped SbTe alloys 

[23]. Ternary alloys formed along the GeTe-Sb2Te3 pseudo-binary tie line [26] showed 

short crystallization times and among them the well known alloys are Ge1Sb4Te7 (30 ns), 

Ge1Sb2Te4 (40 ns) and Ge2Sb2Te5 (50 ns). Most studies have been focused on Ge2Sb2Te5 

Binary Ternary Quaternary 

SbTe, InSe, 

SbSe, GeTe 

GeSbTe, InSbTe, InSeTl, 

GeTeTi, GaTeSe, GeTeAs, 

SnTeSe, GeTeSn, SbSeBi   

GeSbTeSe, AgInSbTe, 

GeTeSnPd, GeTeSnAu, 

GeTeSnO, InSeTlCo  
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[27-31] due to its excellent optical (reflectivity) contrast difference between the 

amorphous and crystalline phase, cyclability of recording and erasing, and durability at 

room temperature. This alloy exhibits two crystalline states, namely a meta-stable (NaCl 

structure) and stable hexagonal phase [27,32-34]. It has been reported that adding dopants 

to this alloy enhances the nucleation probability and hence an increased crystallization 

rate is obtained [35,36]. Ge2Sb2Te5 and some of its related materials such as GeBiTe, 

GeSbTeBi, GeSbTeIn, GeSbTeN and GeSbTeSn are used in commercial products [37].  
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Fig. 1.2. Ternary phase diagram showing various phase-change alloy compositions studied for various 
phase-change memory devices in the past 2 decades. D: dopant. This figure is adapted from Ref. 37. 
 

In the second material family, the choices of dopants were often one or more of the 

following elements: Ag, In and/or Ge [37]. One of the widely used compositions from 

this family is the quaternary Ag5In5Sb60Te30 (AIST) alloy with a crystallization time less 

than 200 ns. This alloy or a composition closer to this one is used in rewritable DVD 

formats [37]. From this family, Ge and In doped Sb-rich SbxTe eutectic compositions are 

also popular for their growth-dominant crystallization behaviour (explained in the next 

paragraph) and reported to be the most obvious choice for both high data transfer rate and 

high density recording [38-42]. These materials are currently used in optical disc formats 

including DVD+RW, DVD-RW, Blu-ray disc [43], and HD-DVD [44] and are also 
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proposed for the PRAM line-cell concept [45]. Apart from these wellknown two 

categories of materials, yet another family of materials composed of doped Sb has been 

recently explored [46]. 
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Fig. 1.3. Schematic drawing representing (a) nucleation-driven crystallization and (b) growth-driven 
crystallization during the laser erasure of a written amorphous mark in a crystalline background.  
 

The abovementioned groups of materials can also be distinguished based on their 

crystallization mechanism. The first one (GeTe-Sb2Te3 tieline alloys) shows a nucleation-

driven (or nucleation-dominant) crystallization process and the second family of 

materials (doped SbTe) show a growth-driven (or growth-dominant) crystallization 

process. In the nucleation-driven crystallization, the nucleation rate is higher than the 

growth rate, whereas in the growth-driven crystallization the growth rate is higher than 

the nucleation rate. These processes can be explained in order to have a better 

understanding as follows: Consider a process of writing an amorphous mark in a 

crystalline background and subsequently recrystallizing the mark using a (pulsed) laser. If 

the crystallization starts by (homogeneous) nucleation in the centre or all over the 

amorphous mark and proceeds towards the circular rim of the amorphous mark (i.e. the 

interface between the amorphous mark and crystalline surrounding), it is a nucleation-

driven process. Whereas, if the crystallization starts at the rim and proceeds towards the 

centre of the mark, it is a growth-driven process. The two types of crystallization 

mechanisms are schematically depicted in Fig. 1.3. Materials from the family of doped 

Sb exhibits a very fast (explosive type) growth-driven crystallization. In our present 

study, we investigated alloys from the first two major categories and the alloy 

compositions are: (i) Ge2Sb2+xTe5, (ii) stoichiometric Ge2Sb2Te5 and (iii) doped SbxTe. 
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1.3. CHALLENGES  

The crucial aspects of a successful phase-change material for rewritable storage 

applications include a large memory capacity (high density data storage), fast transition 

between the amorphous and crystalline phases (high speed data transfer), large number of 

reversible transitions (large number of overwrite cycles), prolonged thermal and chemical 

stability of the phases at room temperature (mark stability), large optical reflectance or 

electrical resistance change between the two phases (high signal to noise ratio) [47]. 

Therefore, investigations addressing the abovementioned key factors are of great 

importance for the development of phase-change data storage technology. In the 

following sections these essential properties of phase-change materials are briefly 

discussed. 

1.3.1. High storage capacity 

The written mark (or bit) size has to be reduced in order to increase the data storage 

capacity and there are several methods to tackle this issue depending on the recording 

technique. Today’s commercial phase-change memories (e.g. CD-RW, DVD-RW and 

Blu-ray discs) use a laser beam for data recording. In this optical recording technique, 

reducing the spot size of the laser (used for data writing) will lead to higher data 

densities. There are two straightforward ways to reduce the spot size, (i) reducing the 

wavelength (λ) of the laser and (ii) increasing the numerical aperture (NA) of the 

objective lens (which focuses the laser beam), because of the size of the (diffraction-

limited) laser spot is proportional to λ/NA. Most efficient way is using short wavelength 

lasers (moving to blue-violet regions) together with lenses having large numerical 

apertures (using solid immersion lenses and near-field optical technologies). Schep et al. 

[48] demonstrated 22.5 GB rewritable digital versatile recording discs using a blue laser 

(λ = 405 nm) and a lens with NA = 0.85.  

The second approach is to use more than one recording layer for example dual-layer 

recording as proposed by Nagata et al. [49]. Yet another possibility to increase the 

storage density is multilevel recording. This was first announced in a phase-change 

electrical memory device in 1997 which showed 16 switching levels and later in 2000, 

O’Neil [50] showed 8 level phase-change recording technology, which enabled 2 GB of 
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capacity on a CD-RW disc. In phase-change optical recording, this multilevel recording 

is realized by modulating the reflectivity level. The storage capacity is at present 

increased to 50 GB by using the combination of blue laser, high NA and a dual-layer. 

This capacity is higher than the required capacity of 45 GB needed to replace the video 

tape recorders. Figure 1.4 shows the development in data storage density of the phase-

change optical recording technology. Comparing the first (CD-RW) and recent (BD-RE) 

version of the optical disc format, the data density has been increased almost 100 times. 
 

 

Fig. 1.4. Technological evolution in phase-change optical recording showing various disc structures 
with enhanced data densities. Laser wavelength is reduced from 780 nm (red) to 405 nm (blue-violet), 
Numerical aperture of the objective lens system is increased from 0.5 to 0.85. The mark size is reduced 
from about 800 nm to 150 nm i.e., the data density is increased about 7 times going from CD to DVD 
and about 10 times going from DVD to the dual-layer Blu-ray rewritable (BD-RE) discs.  

 
Near-field systems have also been proposed to increase storage density including 

solid immersion lenses with NA larger than 1, and super-hemispherical solid immersion 

lenses [51,52]. The air gap between a rotating disc and a near-field optical head is only  

50 nm. This led to development of other types of near-field systems, such as super-

resolution near-field structure (super-RENS) which realizes recording and readout of 

marks beyond the diffraction limit [51]. Super-RENS is unique in that the near-field 

aperture is fabricated in the optical disc itself, for example, a Sb thin film. At the 

recording process, the Sb layer forms an aperture smaller than the diffraction limit size 

when it is heated by the laser beam and marks are recorded through an underlying 

dielectric layer. Although much work has been done on the super-RENS effect, the 

mechanism is still not fully understood. 



Chapter 1 

 8 

In phase-change electrical recording, effective reduction of memory cell size, for e.g. 

using advanced nanolithography techniques, will enhance the data density. However, the 

cell size cannot be reduced below certain limits (about 50 nm) because of many physical 

constraints at nanoscale level including: (i) fabricating the cell and its electrode contacts 

and (ii) equipping supporting electronic components of the cell. As an alternative 

technology, atomic force microscopy (AFM) or probe-based data recording is being 

developed to achieve ultrahigh data densities. In recent years an impetus has given to this 

technology as it shows several attractive features including the following: (i) producing 

marks smaller than 20 nm size is readily possible, (ii) writing, reading and erasing 

operations can be performed with same apparatus [53-60] and (iii) high recording speed 

is also attainable by using a large number of sharp tips together [61]. Because of its 

versatility, this technology is emerging as a promising candidate with only a few 

limitations, among the other phase-change recording methods, to yield high data storage 

densities. In our present work, AFM based (reversible) data recording is demonstrated  

(in chapter 3) at nanoscale level for Ge2Sb2+xTe5 phase-change thin films. Marks smaller 

than 50 nm were written and it is also shown that the same AFM setup is able to read and 

erase the marks. In principle, together with a high data storage capacity, a faster data 

transferring capability is also essential for a successful phase-change memory. Therefore 

the next section briefly discusses the data transfer rate of a phase-change memory and the 

associated developments. 

1.3.2. High data rate 

Data transfer rate of a phase-change media is related to amorphization and crystallization 

rate of its recording material. Amorphization process of the phase-change recording 

material is generally a much faster process (t << 1 ns) than the crystallization. Therefore, 

crystallization becomes the rate limiting factor i.e., the maximum attainable data transfer 

rate of a phase-change media is dominantly determined by the crystallization kinetics of 

the phase-change material. Generally, crystallization occurs via two steps namely;         

(i) crystal nucleation and (ii) crystal growth in phase-change materials. This means that 

by accelerating the crystal nucleation and/or growth processes, increased crystallization 

rates can be obtained and several methods have been reported on this. One option is to 

use stoichiometric phase-change materials which crystallize into a single-phase, so that 
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any time consuming diffusion processes associated with phase segregation are excluded 

[62]. Fortunately, most of the materials listed in section 1.2 possess single-phase 

composition. The other options are (i) adding dopants (e.g. N and O) to the phase-change 

material to enhance its nucleation and (ii) sandwiching the phase-change film between 

the nucleation promoting (dielectric) layers such as SiC, GeN and GeCrN. Very small 

quantities of dopants are added confirming that they do not have any decelerating effects 

on the growth rates.  
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Fig. 1.5. (a) Schematic of the layer stack in a conventional phase-change optical disc, where a 
polycarbonate substrate contains 1: 1st dielectric layer, 2: phase-change film, 3: 2nd dielectric layer and 
4: reflective (Al-based) layer. (b) Schematic of the layer stack in a modified disc. This is designed to 
improve the data transfer rate and overwrite cyclability by introducing interface layers between the 
phase-change film and dielectric layers. The layers on the polycarbonate substrate are 1: 1st dielectric 
layer, 2: 1st interface layer, 3: phase-change film, 4: 2nd interface layer, 5: 2nd dielectric layer and           
6: reflective layer. 
 

In Fig. 1.5, the (multi) layer structures of a conventional (a) and modified (b) phase-

change optical disc are shown. Frequently used sandwiching or capping layer materials 

are GeCrN, Si3N4 and a mixture of ZnS and SiO2. GeCrN was developed to improve the 

nucleation rate and also to serve as an interface layer between the phase-change and other 

dielectric layers. The interface layer is also crucial to prevent the possible sulfur diffusion 

into the phase-change film form the sulfur containing dielectric layers such as ZnS-SiO2. 

It should be noted that the abovemotioned methods to improve the nucleation rate are 

based on the growth-driven (GeSbTe) materials and may not be compatible for the 

nucleation-driven (doped SbTe) materials. Data transfer rates as high as 80 Mbps have 

been demonstrated in six layer stacked optical disc structures [38,63-65]. However, these 

rates are still considerably below the required rate (100 Mbps) for handling the high 

definition television (HD-TV) signals. 

In our work, we investigated the crystallization properties of fast-growth type doped 

SbxTe specimens using a transmission electron microscopy technique. The specimens 
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have trilayer stack, where a 20 nm thick phase-change film is sandwiched between 3 nm 

thick dielectric layers (GeCrN or ZnS-SiO2), comparable to Fig. 1.5b. In particular, we 

have investigated the influence of the capping layers on the crystallization properties of 

the phase-change film including the nucleation and growth rates. 

1.3.3. Overview of the developments in data storage capacity and transfer rate 

Figure 1.6 gives an overview of the phase-change recordings in the mark size (storage 

capacity) and response time (data transfer rate). In the 70s (after Ovshinsky [1] explored 

reversible amorphous-crystalline transitions in GeTeSbS), several works reported mark 

sizes in the order of a few microns and long response times in the range between µs and 

ms, making the materials not attractive for practical usage. Then later, Yamada et al. [19] 

demonstrated that such slow response is caused by long range atomic diffusion (during 

amorphous to crystalline phase transitions) leading to phase-separated crystalline 

structures in the nonstoichiometric films. They also discovered a new system, quasi-

binary GeTe-Sb2Te3, showing response times between 10 and 50 ns due to short range 

atomic migrations upon crystallization. In later stages, short wavelength (blue-violet) 

semiconductor lasers together with high numerical aperture focusing lens system have 

reduced the mark size from about 400 to 150 nm [compare also Fig. 1.4].  
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Fig. 1.6. Roadmap showing the developments in data transfer rate (response time) and storage capacity 
(mark size) of electrical and optical phase-change recordings. The star represents the present probe-
based data storage. This figure is adapted from Ref. 57. 
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The expected future trend is that the optical and the electrical storage technologies 

will progress toward different extremes. As is demonstrated in chapter 3 of this thesis, the 

(probe-based) electrical data storage technology is capable of producing 50 to 10 nm 

marks (3 to 15 times smaller than the laser produced marks), whereas the associated 

electrical circuits introduce an intrinsic limit to the response time (from ns to µs), which 

is probably governed by stray capacitance. On the other hand, in the optical recording 

technology, the laser wavelength will set a mark size limit of about 100 nm, provided 

using advanced near-field optical technologies [31,66]. Regarding the data transfer rates 

in the optical recording, some recent studies have demonstrated that ultra short         

(picosecond) laser pulses are able to induce (reversible) phase transitions [67]. Although 

such observations do not necessarily suggest that the phase transitions are completed 

within picoseconds, they confirm the possibility of attaining high data transfer rates. 

Nevertheless, it can be predicted that with the future advancements and optimization, 

both the optical and electrical recording techniques will provide a dramatic progress in 

the performance of memory devices.  

1.3.4. Overwrite cyclability 

Overwriting means writing a new mark (data or bit) over an existing one in a single step 

instead of performing two steps namely, i) erasing the existing mark and ii) writing the 

new mark. The optical reflectivity contrast between the phases deteriorates for larger 

number of direct overwrite cycles. Therefore, the overwrite cyclability also becomes one 

of the important parameters in phase-change (optical) recording. Various potential factors 

responsible to this issue are listed below. 

1) Local changes in the film thickness during phase transitions and void formation in the 

film due to material flow along the recording track on laser irradiation [68-70].  

2) Sulfur diffusion from the adjacent dielectric layers into the recording layer due to 

multiple overwriting. 

3) Defect formation: Microscopic defects are caused by the induced thermal stresses 

during the cyclic phase transitions in the recording layer. These defects then start to 

accumulate with number of overwrite cycles and subsequently resulted in optically 

detectable macroscopic defects, which can reduce the signal to noise ratio [71]. 

4) Phase separation or segregation upon repetitive overwrite cycles. 
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The material flow can be controlled by adding dopants to the phase-change recording 

layer. The dopant materials are almost the same as those used to modify the 

crystallization rates. Since the dopants have higher melting points than the phase-change 

material (implies that dopants are clustered and aggregated which is not necessarily true), 

they remain in solid form when the recording layer melts upon writing or overwriting 

processes and suppress the material flow [36,72]. Achievement of 5×105 overwrite cycles 

upon adding 6 at.% of oxygen to a GeSbTe film is reported in Ref. 36.  

As already mentioned in section 1.3.2, the sulfur diffusion can be solved by 

introducing interface layers between the phase-change and the sulfur containing dielectric 

layers. Choices of material for such interface layers include GeCrN, GeN and SiC, which 

are also the same nucleation promoting layers discussed in section 1.3.2. Because of their 

high hardness, high chemical stability, high melting point and highly closed structures, 

the interface layers enhance the overwrite cyclability and these characteristics are also 

responsible for their shielding effect to sulfur diffusion [63,64]. Yamada et al. [64] 

reported 5×105 overwrite cycles with no significant modification in the optical 

reflectivity, signal amplitude and jitter for an optical disc with GeSbTe recording layer 

and GeN interface layer.  

To reduce thermal stress effects dielectric layers showing high thermal fatigue 

resistance such as ZnS-SiO2 can be used. To deal with phase separation problem,    

phase-change materials crystallizing into a single-phase should be employed because, in 

general, the single-phase materials (e.g. GeSbTe) show higher overwrite cyclability than 

the multi-phase crystallizing materials (e.g. AgInSbTe) [62]. In our present investigation, 

we examined GeSbTe alloys and also reported a different switching mechanism named as 

polarity-dependent resistance (PDR) switching, which does not rely on the conventional 

amorphous-crystalline phase transitions. In this PDR switching, therefore, effects like 

thermal stress and phase separation are limited [73].  

1.3.5. Data stability 

The data stability or archival life stability of a phase-change memory is generally 

determined by the thermal stability of the recorded amorphous marks. When the device is 

subjected to high temperatures, part of the amorphous marks may spontaneously           

recrystallize, leading to an increase in jitter (the relative variation in pit length or mark 
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size) and eventually data loss. In general, an estimate of the amorphous phase stability 

can be made a priori by calculating the glass transition temperature (Tg), which can be 

considered as the lower limit of the crystallization temperature (Tc) [46,74]. A good 

estimate of the archival life stability can be obtained by determining the activation energy 

(Q) for crystallization and then using this value to estimate the lifetime of recorded marks 

at ambient temperature. Q can be calculated experimentally from (various types of) 

crystallization measurements [75-80]. For good data retention, Q is expected to be 

reasonably higher than the average thermal energy (kBT), which is about 0.025 eV at 

room temperature. In our present work, Q is determined for the growth-dominated type 

SbxTe phase-change film from the isothermal annealing experiments using in-situ 

transmission electron microscopy (TEM).  

1.4. OBJECTIVES OF THE THESIS 

As discussed in section 1.3.1, it is crucial to develop the potential methods and 

technologies with phase-change materials to realize high data storage densities. In 

addition, exploring new switching concept(s) with attractive features will also contribute 

to the progress of phase-change memory, which is expected to enable a path towards a 

universal memory. In chapter 3, electrical data recording studies are presented. Two types 

of resistive switching mechanisms have been addressed with Sb-rich Ge2Sb2+xTe5 thin 

films: one is based on the amorphous-crystalline phase transition and the other is related 

to the solid-state electrolytic behaviour of the phase-change material. Using an atomic 

force microscopy technique, both types of switching are demonstrated at the nanoscale 

level. Moreover, an extensive investigation was carried out on the switching parameters 

such as reversibility, cyclability and response time of the second type of switching with 

(millimeter or micrometer sized) capacitor-like prototype memory cells. 

As discussed in section 1.3.2, from the point of view of data transfer rate, 

crystallization is the rate limiting process. Therefore, studying the crystallization kinetics 

of (potential) phase-change materials and exploring the underlying mechanisms becomes 

crucial to the development of phase-change memory. Such studies can provide valuable 

information to improve the switching behaviour of the existing phase-change materials 

and develop also new materials with improved crystallization properties. Moreover, the 
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factors affecting the crystallization kinetics of the phase-change film also play a role of 

equal importance from application point of view. Hence in this work, in chapters 4, 5 and 

6, we report on the crystallization kinetics of fast-growth type doped SbxTe films 

determined by isothermal annealing experiments using in-situ transmission electron 

microscopy and the various factors influencing the crystallization kinetics such as the 

chemical composition of the phase-change film, type of the capping layer and electron 

beam of the microscope:  
 

-  Chapter 4 focuses on the influences of Sb/Te ratio and the type of capping layer on the 

crystal growth parameters. 
 

-  Chapter 5 focuses on the influences of dielectric capping layers, GeCrN and ZnS-SiO2, 

on the nucleation and growth properties of Sb3.3Te phase-change films. 
 

-  Chapter 6 explicitly discusses the effects of electron beam of the transmission electron 

microscope on the crystallization of SbxTe films. The role of GeCrN and ZnS-SiO2 

capping layers during the electron beam interaction with the crystallization of the 

phase-change film is also discussed.  
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